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Abstract 

Mrp (Multi resistance and pH adaptation) are broadly distributed secondary active antiporters 

that catalyze the transport of monovalent ions such as sodium and potassium outside of the cell 

coupled to the inward translocation of protons. Mrp antiporters are unique in a way that they 

are composed of seven subunits (MrpABCDEFG) encoded in a single operon, whereas other 

antiporters catalyzing the same reaction are mostly encoded by a single gene. Mrp exchangers 

are crucial for intracellular pH homeostasis and Na+ efflux, essential mechanisms for H+ uptake 

under alkaline environments and for reduction of the intracellular concentration of toxic 

cations. Mrp displays no homology to any other monovalent Na+(K+)/H+ antiporters but Mrp 

subunits have primary sequence similarity to essential redox-driven proton pumps, such as 

respiratory complex I and membrane-bound hydrogenases. This similarity reinforces the 

hypothesis that these present day redox-driven proton pumps are descended from the Mrp 

antiporter. The Mrp structure serves as a model to understand the yet obscure coupling 

mechanism between ion or electron transfer and proton translocation in this large group of 

proteins. In the thesis, I am presenting the purification, biochemical analysis, cryo-EM analysis 

and molecular structure of the Mrp complex from Anoxybacillus flavithermus solved by cryo-

EM at 3.0 Å resolution. Numerous conditions were screened to purify Mrp to high homogeneity 

and to obtain an appropriate distribution of single particles on cryo-EM grids covered with a 

continuous layer of ultrathin carbon. A preferred particle orientation problem was solved by 

performing a tilted data collection. The activity assays showed the specific pH-dependent 

profile of secondary active antiporters. The molecular structure shows that Mrp is a dimer of 

seven-subunit protomers with 50 trans-membrane helices each. The dimer interface is built by 

many short and tilted transmembrane helices, probably causing a thinning of the bacterial 

membrane. The surface charge distribution shows an extraordinary asymmetry within each 

monomer, revealing presumable proton and sodium translocation pathways. The two largest 

and homologous Mrp subunits MrpA and MrpD probably translocate one proton each into the 

cell. The sodium ion is likely being translocated in the opposite direction within the small 

subunits along a ladder of charged and conserved residues. Based on the structure, we propose 

a mechanism were the antiport activity is accomplished via electrostatic interactions between 

the charged cations and key charged residues. The flexible key TM helices coordinate these 

electrostatic interactions, while the membrane thinning between the monomers enables the 
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translocation of sodium across the charged membrane. The entire family of redox-driven proton 

pumps is likely to perform their mechanism in a likewise manner.  
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1  I nt r o d u cti o n  

1. 1  S e c o n d a r y a cti v e t r a ns p o rt e rs 

S e c o n d ar y tr a ns p ort ers ar e wi d el y distri b ut e d a n d c a n b e f o u n d i n all p h yl a of lif e. T h es e 

m ol e c ul ar m a c hi n es e m pl o y t h e e n er g y est a blis h e d b y t h e tr a ns m e m br a n e el e ctr o c h e mi c al 

p ot e nti al of o n e s ol ut e t o tr a ns p ort a n ot h er s ol ut e u p hill its el e ctr o c h e mi c al p ot e nti al. T his 

tr a ns p ort is s e c o n d ar y i n a w a y t h at t h e el e ctr o c h e mi c al gr a di e nt, t h e s o ur c e of e n er g y, m ust 

first b e pr o d u c e d b y pri m ar y tr a ns p ort, w hi c h ar e A T P- d e p e n d e nt pr o c ess es 1 ,2 .  

T h e s ol ut e tr a nsf err e d d o w n its el e ctr o c h e mi c al gr a di e nt is t h e “ dri vi n g s ol ut e ” si n c e its 

tr a nsl o c ati o n dri v es t h e m o v e m e nt of t h e ot h er s ol ut e u p its el e ctr o c h e mi c al gr a di e nt ( “ dri v e n 

s ol ut e ”) 1 ,2 .  

S e c o n d ar y a cti v e tr a ns p ort is a n i o n- c o u pl e d tr a ns p ort m e a ni n g t h at t h e m o v e m e nt of t h e 

dri vi n g a n d dri v e n s ol ut e is c o u pl e d. T his i m pli es t h at b ot h s ol ut e s p e ci es h a v e t o i nt er a ct wit h 

t h e tr a ns p ort er f or m o v e m e nt a cr oss t h e m e m br a n e t o h a p p e n. Tr a ns p ort er s ar e m e m br a n e-

b o u n d e n z y m es t h at d o n’t c h a n g e t h e c h e mi c al n at ur e of its s u bstr at e 1 ,2 .  

T h er e ar e t w o t y p e s of s e c o n d ar y a cti v e tr a ns p ort, s y m p ort ( c otr a ns p ort) a n d a nti p ort 

( e x c h a n g e). I n s y m p ort, t h e dri vi n g a n d dri v e n i o n ar e tr a ns p ort e d i nt o t h e s a m e dir e cti o n. I n 

a nti p ort, t h e dri vi n g a n d dri v e n i o n ar e tr a ns p ort e d i nt o o p p osi n g dir e cti o ns ( Fi g. 1)1, 2 .  

 

 

S y m p ort ers a n d a nti p ort ers m a y b e el e ctr o g e ni c or el e ctr o n e utr al. A n el e ctr o g e ni c tr a ns p ort 

r es ults i n t h e tr a nsl o c ati o n of n et c h ar g e i n c o ntr ast t o a n el e ctr o n e utr al tr a ns p ort w hi c h r es ults 

Fi g ur e 1 . S c h e m ati c of b a ct eri al s e c o n d ar y a n d pri m ar y a cti v e tr a ns p ort er s. Mr p is a s e c o n d ar y a cti v e a nti p ort er t h at c at al ys e s a n 
el e ctr o g e ni c e x c h a n g e of N a +  wit h a gr e at er n u m b er of H+ . S e Cit S is a s e c o n d ar y a cti v e s y m p ort er t h at c at al ys e s a n el e ctr o g e ni c 
c otr a ns p ort of N a +  a n d citr at e. Mr p a n d S e Cit S ar e e n er gi z e d b y t h e el e ctr o c h e mi c al p ot e nti al of o n e s ol ut e, g e n er at e d b y pri m ar y 
a cti v e tr a ns p ort. C o m pl e x e s of t h e r e s pir at or y c h ai n ar e pri m ar y a cti v e tr a ns p ort er s t h at us e t h e r e d o x e n er g y a s a s o ur c e of e n er g y 
t o tr a nsf er pr ot o n s a cr oss t h e m e m br a n e a g ai nst t h eir c o n c e ntr ati o n gr a di e nt. 
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in no change of charge across the membrane. The movement of charge generates small 

electrical currents, which can be measured by electrophysiological methods1,2.  

1.1.1  Mrp  

Mrp (Multi resistance and pH) is a cation/H+ antiporter that catalyses the transport of 

monovalent ions such as sodium and potassium outside of the cell coupled to the inward 

translocation of protons3,4,5,6,7. Mrp belongs to the secondary active transporters that are 

energized by the proton motive force, which is created by primary proton pumps across the cell 

membrane (Fig. 1). The main physiological function of Mrp is Na+ efflux and pH homeostasis. 

pH homeostasis is a process that enables bacteria to alkalinize or acidify their cytoplasm 

relative to the outside. That allows non-extremophilic bacteria to grow in environments of pH 

5.5 - 9.0, while maintaining the cytoplasmic pH in an optimal range for a proper functioning 

of their proteins3,7. At high pH, the pH component of the proton motive force is inverted from 

normal, and so a substantial Δψ component (electric potential) is crucial to drive proton 

translocation into the cell4. 

 

Mrp was found in a mutant of the alkaliphilic Bacillus halodurans strain C-125, where it was 

identified as a crucial Na+/H+ antiporter for cytoplasmic pH hoemostasis8,7. Mrp is different 

from any other antiporter since it is comprised of multiple subunits in contrast to other 

cation/H+ antiporters which are single membrane proteins, often arranged as dimers3,9,7. The 

mrp gene cluster from Anoxybacillus flavithermus WK1 contains seven genes mrpA-G (Fig. 

2).  

 

 

The expressed proteins are all membrane proteins that build a multi subunit complex, arranged 

as a dimer10,11,7.  

Apart from pH homeostasis, Mrp plays different physiological roles, such as sporulation in 

Bacillus subtilis12,7, bile salt resistance in Vibrio cholera and Bacillus subtilis13,14,7, plant 

infection in Sinorhizobium meliloti15,7, Na+ homeostasis and tolerance in Bacillus subtilis14,16,7, 

Figure 2. Operon of Anoxybacillus flavithermus WK1 mrp encoding seven subunits (MrpA-MrpG). The molecular weight of the 
individual subunits is shown below the respective subunits. Adopted from (Steiner and Sazanov, 2020).  
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arsenic resistance in Agrobacterium tumefaciens17,7, and in the pathogenesis in Pseudomonas 

aeruginosa18,7.  

 

The Mrp antiporter is widely spread and can be found in many different bacteria and archaea. 

The mrp gene cluster is versatile and has been classified into three groups (Fig. 3). Group 1 

antiporters are comprised of seven genes (mrpABCDEFG). Group 2 antiporters are comprised 

of six genes (mrpA’CDEFG), where MrpB is fused to MrpA7,13,18. In group 3, the antiporter is 

encoded by all genes, but the gene order is irregular, such as the mrp gene cluster of 

cyanobacteria which has two mrpB genes (mrpDCDEFGBB)19,7. Staphylococcus aureus, the 

marine bacterium Oceanobacillus iheyensis and the alkaliphilic Bacillus clausii feature two 

sets of mrp gene clusters, while Microbacterium sp. TS-1 exhibits even three gene 

clusters20,21,22,7. Nevertheless, the functional and physiological distinction between them is not 

yet clear7.  

 

 

Because of the differences to other cation/H+ antiporters, an own category has been designated 

for Mrp in the Transporter Classification system, the cation:proton antiporter-3 (CPA3)23,7. 

Moreover, it’s important to mention that Mrp is known under several names. The mrp operon 

was also refered to as mnh (multi-subunit Na+/H+ antiporter) in Staphylococcus aureus24,7, pha 

(pH adaptation) in Sinorhizobium meliloti15,7, mrp (multiresistance and pH-related) and sha 

(sodium-hydrogen antiporter) in Bacillus12,14,7. 

 

The Mrp Na+/H+ antiporter system is not present in entire groups of bacteria and archaea. 

Hence, Na+-resistance and alkali-tolerance is not entirely reserved for monovalent cation/H+ 

antiporters. In E. coli, the cation/H+ antiporter NhaA is involved in Na+ resistance and pH 

Figure 3. Gene arrangement of mrp operons. Group 1 operons comprise organisms whose 
mrp operons is built by seven genes, mrpA-G. Group 2 comprises organisms whose mrp
operons are built by six genes, mrpA’,C-G and whose mrpA’ gene also contains mrpB.
Group 3 operons comprise organisms possessing mrp genes in an irregular order and 
number. Figure adopted from Swartz et. al (2005).  
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homeostasis up to pH 9.0 whereas MdfA is used to extend the alkali-tolerance above pH 

9.025,26,7.  

 

Depending on the bacterial species, Mrp catalyses Na+/H+ or K+/H+ antiport or sometimes both: 

Mrp of alkaliphilic Bacillus species and Mnh of S. auereus are Na+/H+ antiporters27,28,24,7; Pha 

of S. meliloti catalyses K+/H+ antiport15,7; Mrp (Sha) of B. subtilis and A. flavithermus WK1 is 

both a Na+/H+ and K+/H+ antiporter14,16,7. Mrp-dependent antiport can be energized by a 

transmembrane potential generated by H+ pumping complexes of the respiratory chain, as well 

as by a difference in pH between the inside and outside of everted membrane 

vesicles14,24,27,28,29,7. Since Mrp can perform its function by means of an imposed 

transmembrane electrochemical gradient, it is an electrogenic monovalent cation/H+ antiporter 

that transfers net charge across the membrane. This means that the stoichiometry of H+:Na+ 

during each turnover is more than 1, enabling proton entry to be driven by the Δψ. For example, 

the stoichiometry for E. coli NhaA is 2H+/1Na+30. The exact stoichiometry has not yet been 

determined for Mrp due to challenges in the purification of the intact complex31 but is likely to 

be also about 2, consistent with its function32. 

 

Moreover, Mrp of Anoxybacillus Flavithermus WK1 is tightly regulated by pH. Its activity is 

downregulated at pH 7.5 (~10% activity) in contrast to pH 8.5 where it shows around 90% 

activity (Steiner and Sazanov, 2020).  

 

Why are multiple subunits required for cation/H+ antiport, especially since other cation/H+ 

antiporters are comprised of homodimers? 

It was suggested that Mrp is able to perform a novel primary antiport activity in which the Mrp 

itself utilizes redox energy as a source of energy for cation/H+ antiport7. Hence, some Mrp 

subunits would perform redox activities, explaining the presence of many different kinds of 

mrp operons. A primary antiport activity also addresses the energy problem of pH homeostasis 

at high pH. At high pH the proton concentration is low, what makes secondary active transport 

using protons as a source of energy challenging. Nevertheless, the idea of Mrp performing 

primary antiport was tested and proven to be wrong33,7.  

Other suggestions why multiple Mrp subunits are required for secondary Na+/H+ antiport are 

that they increase proton capture on the large Mrp surface in alkaline conditions, that they 
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might be involved in Na+ recycling in environments limited in Na+ and/or facilitate transient 

membrane depolarization during antiport7.  

1.1.2 Examples of secondary active Na+/H+ antiporters 

Multiple types of monovalent Na+/H+ antiporters can be found in almost all prokaryotes. 

Different functions have been proposed for them, including important roles in decreasing the 

cytoplasmic concentration of toxic ions such as Na+ and Li+ and in proton uptake that facilitates 

cytoplasmic pH homeostasis in alkaline environment34,35, 36.  

1.1.2.1 NhaA 

NhaA is the major Na+/H+ antiporter in Escherichia coli and belongs to the CPA2 superfamily. 

NhaA is encoded by a single gene building two domains, the dimerization domain and the core 

domain, arranged as a dimer. The molecular structure (Fig. 4) of the inward facing NhaA 

revealed that a negatively charged, cytoplasm-facing cavity is built between the dimer and core 

domain. The core domain contains two helices which are interrupted in the middle of the 

membrane by an extended loop (Fig. 4). These discontinuous helices cross at the center of the 

protein, close to two conserved, essential aspartates, which are believed to build the sodium 

binding site. This specific arrangement of aspartate residues located close to the crossover of 

two antiparallel discontinuous helices, is considered as a common feature of Na+/H+ 

antiporters. The same aspartate is suggested to function as the H+ binding site together with a 

close by lysine which might be a second H+ binding site. NhaA is electrogenic with a 

stoichiometry of 2H+:1Na+37–39.  

Figure 4. NhaA monomer shown in ribbon 
representation parallel to the membrane 
(4AU5). Magnified view of crossing helices 
and key aspartates shown in red sticks.  
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1.1.2.2 NapA 

NapA is a Na+/H+ antiporter from Thermus thermophilus and belongs to the CPA2 superfamily. 

NapA has a 21% sequence homology to the human NHA2 antiporter and a 15% sequence 

homology to E. coli NhaA. Residues important for Na+/H+ antiport are well conserved between 

the mammalian NHA2 and NapA. Similarly to NhaA, NapA is comprised of a core and 

dimerization domain and arranged as a dimer. In the molecular structure (Fig. 5) of the 

outward-facing state of the protein, a cavity is formed between the two domains, facilitating 

access to the ion-binding site which is a conserved aspartate residue in proximity to 

discontinuous, crossing helices (Fig. 5). NapA is electrogenic with a suggested stoichiometry 

of 2H+:1Na+40.  

 

1.1.2.3 PaNhaP 

PaNhaP is an electroneutral sodium proton antiporter from the hyperthermophilic archaeon 

Pyrococcus abyssi and belongs to the CPA1 superfamily. The molecular structure of PaNhaP 

shows that it is built very similarly to NhaA and NapA, containing a core and dimerization 

domain (Fig. 6). This antiporter contains an ion binding site which is built by three acidic 

residues, a serine, a water molecule and a main-chain carbonyl of a discontinuous helix at the 

base of a negatively charged cytoplasm-facing channel. PaNhaP exhibits a second cytoplasm-

facing polar channel which may work as proton channel. The cavities are facing inwards in 

both alkaline and acidic conditions, with the difference that the putative proton channel is 

inaccessible under acidic pH and open under basic pH41,42.  

Figure 5. NapA monomer shown in ribbon 
representation parallel to the membrane 
(4BWZ). Magnified view of crossing helices 
and key aspartate shown in red sticks. 
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1.1.2.4 NHE 

NHE is a Na+/H+ antiporter in mammalian cells. It catalyses a coupled reaction of the efflux of 

intracellular H+ with the import of extracellular Na+. To its functions belong the removal of 

excess acid, control of the cellular volume and uptake of Na+ across intestinal, renal and other 

tissues. NHE is a (glyco)phosphoprotein present in all mammalian epithelia. This Na+/H+ 

antiporter can be found in the plasma membrane as well as in the mitochondrial inner 

membrane43–45. Five different isoforms of NHE (NHE1-NHE5) have been discovered so far46–

50. All isoforms have a transmembrane region comprised of 10-12 helices connected to a large 

cytoplasmic region. The membrane region is highly conserved between the isoforms in contrast 

to the cytoplasmic region which shows a lower degree of homology. The membrane region of 

NHE probably builds a homodimer51,52. To date, the molecular structure of NHE has not been 

solved.  

1.1.3 Alternate access model of transport 

Due to the exceptionally fast transport rate of Na+/H+ antiporters it was proposed that the 

antiport mechanism is performed by small local changes of the electrostatically balanced 

discontinuous helices39,53. A structural comparison between the two Na+/H+ antiporters NhaA 

(in inward facing state) and NapA (in outward facing state) however showed, that the position 

of the core domain relative to the dimerization domain is the main structural difference. Hence, 

Na+/H+ antiporters are suggested to perform their Na+/H+ antiport activity by big structural 

changes using the alternate access model of transport (Fig. 7). This model is a conceptual 

foundation to explain secondary active transport, which was first suggested by Jardetzky54. In 

this model, the transporter sequentially opens to one side of the membrane and thereby provides 

alternate accessibility to the substrate binding site, which itself does not perform significant 

Figure 6. PaNhaP monomer shown in ribbon 
representation parallel to the membrane 
(4CZ8). Magnified view of crossing helices 
and key aspartate shown in red sticks. 
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movement. A (sub)domain of the transporter may function as a gate that controls the access to 

the substrate binding site from both sides of the membrane. Hence, the regulation of the gates 

is separate from the substrate translocation. Biochemical, kinetic and theoretical research gave 

rise to a detailed characterization of putative conformational events and corresponding kinetic 

steps in various transporters55,56, 57, 58,59,2.  

 

 

1.2  Examples of Mrp related protein complexes 
The largest two Mrp subunits, MrpA and MrpD, are homologous to each other, have 14 

conserved TM helices, and are thought to participate in proton translocation60. Their 

homologues (Table 1) (called antiporter-like subunits, which we will abbreviate to APLS) are 

found in many proton-pumping protein complexes where they are present in one to three (and 

recently discovered four61) copies per complex, depending on the energy availability and needs 

of the organism32. These include bacterial62,63 and mitochondrial respiratory complex I64,65, 

NDH complex from cyanobacteria66 and chloroplasts67, Fpo complex from archaea68 as well as 

various membrane-bound hydrogenases32 including MBH complex from archaea69. These 

modern enzymes represent some of the largest membrane protein complexes known and are 

thought to have evolved from the unification of the membrane transporter Mrp-like module 

with the soluble NiFe-hydrogenase module, sometimes followed by the addition of an electron 

input module, such as the NAD-linked formate dehydrogenase in case of complex I32. The Mrp 

Figure 7. Alternate access model of transport explained 
based on the molecular structures of inward-open PaNhaP 
and outward-open MjNhaP1. The transition of the 
transporter between the inward-facing (left) and outward-
facing (right) conformations is achieved by the movement 
of the dimerization domain (orange) against the core 
domain (blue). The transport of Na+ (green) and H+ (red) is 
carried out by the same Asp residue. The direction of 
transport can be reversed, depending on the H+ and Na+

gradients across the membrane. The closing of gates (dark 
blue) inhibits ion leakage and is coupled to the domain 
movement. Figure adopted from Okazaki et al., 2019.  
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complex thus represents an ancient ancestor of diverse protein families and is thought to have 

been among the few membrane proteins present in the last common ancestor of prokaryotes70. 
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Table 1. Homologous counterparts among Mrp (Anoxybacillus pseudofirmus WK1), Complex I (Thermus thermophilus) and MBH 
(Pyrococcus furiosus) 

Proposed Mrp 
Module 

Mrp complex MBH Module of 
MBH 

Complex I Module 
of CI 

 - -  Nqo1 N-
module 

 - -  Nqo2 N-
module 

 - -  Nqo3 N-
module 

 - MbhL Membrane-
anchored 
hydrogenase 

Nqo4 Q-
module 

 - MbhK Membrane-
anchored 
hydrogenase 

Nqo5 Q-
module 

 - MbhN Membrane-
anchored 
hydrogenase 

Nqo9 Q-
module 

 - MbhJ Membrane-
anchored 
hydrogenase 

Nqo6 Q-
module 

 - MbhM Membrane-
anchored 
hydrogenase 

Nqo8 P-module 

 - MbhI N-
terminal 

 Nqo7 N-
terminal 

P-module 

 - MbhI C-
terminal 

 Nqo12 C-
terminal 

 

Proton 
translocation 

MrpA TM1-TM16 -  Nqo12 TM1-
TM16 

P-module 

Sodium 
translocation 

MrpA TM17-TM19 MbhD Proton 
translocation 

Nqo10 P-module 

Sodium 
translocation 

MrpA TM20-TM21 
 

MbhE Proton 
translocation 

Nqo10 P-module 

Sodium 
translocation 

MrpB MbhF Sodium 
translocation 

-  

Sodium 
translocation 

MrpC MbhG Proton 
translocation 

Nqo11 P-module 

Proton 
translocation/ 
Sodium 
translocation 

MrpD MbhH Proton 
translocation 

Nqo13/14 P-module 

Sodium 
translocation 

MrpE MbhA Sodium 
translocation 

-  

Sodium 
translocation 

MrpF MbhB Sodium 
translocation 

-  

Sodium 
translocation 

MrpG MbhC Sodium 
translocation 

-  

 

1.2.1 Complex I 

Complex I is the first enzyme of the respiratory chain and crucial for the cellular energy 

generation. The enzyme catalyses a coupled reaction of the transfer of two electrons from 
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cofactor NADH to coenzyme Q (ubiquinone), with the translocation of four protons across the 

inner mitochondrial or bacterial membrane71. 

Complex I is built by the membrane and hydrophilic domains, arranged in an L-shaped 

structure (Fig. 8). The hydrophilic domain contains the NADH binding pocket (NADH-

oxidizing dehydrogenase module or N-module), which facilitates the electron entrance into the 

Fe-S clusters and the Q-module, which directs electrons to the quinone-binding site. The 

membrane domain contains the P-module which performs proton-translocation. The 

connection between the hydrophilic and membrane domain is built by the membrane subunit 

Nqo8/NuoH/ND1 (nomenclature from Thermus thermophiles/Escherichia coli/mitochondrial), 

which also contains the quinone binding site71,63.  

The P-module of complex I contains antiporter-like subunits, exhibiting homology to each 

other and to Mrp (Table 1). Nqo12/NuoL/ND5, Nqo13/NuoM/ND4 and Nqo14/NuoN/ND2 

are homologous to the two biggest subunits of Mrp, MrpA and MrpD. Nqo11/NuoK/ND4L of 

complex I is homologous to the small Mrp subunit MrpC60,72. The antiporter-like subunits of 

complex I contain highly conserved glutamic acid and lysine residues, which are involved in 

H+ translocation63,71. MrpA and MrpD from different bacterial species have the same conserved 

residues at homologous positions and the mutation of these residues has been shown to inhibit 

Na+/H+ antiport activity in Mrp73,73,74,75.  

  

Figure 8. Schematic view of complex I (protein databank identifier 4HEA) shown in 
ribbon representation. Figure adapted from (Steiner and Sazanov, 2020).  
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1.2.2  MBH 

MBH is a membrane-bound hydrogenase from the hyperthermophile Pyrococcus furiosus 

which lacks complex I and uses a sodium-pumping mechanism to generate the chemical 

potential for ATP synthesis76,69. MBH comprises a group 4 [NiFe]-hydrogenase module and 

catalyses the oxidation of reduced ferredoxin and the generation of H2 gas by reducing protons. 

The redox reaction results in the creation of a sodium ion membrane potential across the cell 

membrane which is subsequently used by Na+-driven ATP synthase76,77,78,79. Similarly to 

complex I, MBH is comprised of a membrane and a hydrophilic domain (Fig. 9). The [NiFe] 

site is located in the hydrophilic domain, where also the coupling of electron transfer to 

hydrogen gas production takes place. The membrane domain contains the subunits which are 

involved in sodium and proton translocation80,81. Subunits of MBH are homologous to subunits 

of Mrp and complex I. For example, MbhD and MbhE together, MbhG and MbhH are 

homologous the C-terminal region of MrpA, MrpC and MrpD of the Mrp antiporter, and to 

Nqo10/NuoJ/ND6, Nqo11/NuoK/ND4L and Nqo13/14/NuoM/NuoN/ND4/ND2 of complex I 

(Table 1), respectively. Additional subunits of MBH are homologous subunits in Mrp but lack 

in complex I and vice versa80,81. The fold of homologous subunits and the arrangement of key 

residues is well preserved in MBH, Mrp and complex I.  

 

1.2.3 Coupling mechanism  

The Mrp-like membrane domain of complex I63,65,82,83, MBH69 and NDH66 are responsible for 

proton translocation (or sodium in case of MBH) and the attached hydrophilic redox domain is 

responsible for electron transfer between substrates (e.g. NADH to quinone in case of complex 

Figure 9. Schematic view of MBH (protein databank 
identifier 6CFW) shown in ribbon representation. Figure 
adapted from (Steiner and Sazanov, 2020).  
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I). Therefore, the electron transfer and proton translocation processes are separated by large 

distances (up to 200 Å) and how they are coupled to each other remains a mystery. Upon 

solving the first structures of complex I, the authors proposed that redox reactions may drive 

proton translocation via long-range conformational changes63,84. However, such changes have 

not been visualized till now despite significant efforts85. Electrostatic interactions between the 

key charged residues have also been proposed to play an additional84or main86,87 role in the 

mechanism. 
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1.3 Guiding hypothesis  
This PhD project was guided by hypotheses that addressed crucial outstanding topics on Mrp. 

The first hypothesis was that Mrp antiporters perform their activity by the alternating-access 

mechanism. This mechanism suggests that the substrate binding site is located in the middle of 

the transporter and can be accessed from both sites of the membrane by an alternating 

conformational change of the transporter. The structures of single subunit Na+/H+ antiporters, 

arranged as homo-dimers, revealed that an aspartic acid which is close to two discontinuous, 

crossing helices functions as the ion binding site for both, cations and H+. The molecular 

structure of Mrp should reveal whether the antiporter works in an unique yet obscure way of 

cation/H+ antiport and whether the alternating-access mechanism used by NhaA, NapA and 

PaNhaP is conserved amongst cation/H+ antiporters.  

The second hypothesis was that Mrp might be used as bacterial model to determine the 

molecular mechanisms underlying complex I activity, especially the coupling between electron 

transfer and proton translocation, which still remained obscure. The homology of the 

antiporter-like subunits of complex I to MrpA and MrpD implied that the protein complexes 

perform proton translocation through these subunits in a similar way. Moreover, it was 

proposed that Na+ is transported between MrpA and MrpD, by means of a conserved glutamate 

which is in close proximity to two conserved lysines71. Similarly, other Na+/H+ antiporters 

which are not related to Mrp, use conserved aspartates, which are close to the breaks of 

discontinuous helices for ion binding9,39,41. Mutations of either glutamate or lysine inhibit Mrp 

activity73–75. The coupling of Na+ and H+ translocation might be facilitated by electrostatic 

interactions between the glutamate and the lysines, which would explain the role of conserved 

lysines in the Mrp family. If Mrp is indeed an ancestor of complex I, the functional role of 

lysines in proton translocation would be preserved. Since complex I presumably developed 

from the association of distinct proteins with different functions, deeper insights of such 

evolutionary and functional relationships is of great importance to understand the molecular 

mechanism of present day complex I71.  

The third hypothesis was that the molecular structure of the antiporter might provide crucial 

information about the detection of certain parts of Mrp that can be used as targets for designer 

drugs. The Mrp system of Pseudomonas aeruginosa is involved in the pathogenesis of the 

bacterium18 P. aeruginosa. This gram-negative bacterium inhabits natural humid environments 

as well as drinking water, tabs and showers. P. aeruginosa is an opportunistic pathogen and a 

leading cause of nosocomial infections in hospitals. It gives serious systemic and chronic 
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pulmonary infections, especially in patients with cystic fibrosis, immunosuppression and 

burns88. During infection, the bacterium has to endure large environmental changes in osmotic 

and/or ionic strength, oxidants, pH and temperature. The Mrp operon of P. aeruginosa is built 

by six genes, PA1054 to PA1059. An infection of mice with a Mrp deletion mutant of the first 

gene, PA1054, results in a reduced virulence in urinary, pulmonary and systemic tract 

infections as well as a decreased colonization of the infected organs18.  

1.4 Goal of the project 
The bacterial CPA2 proteins NhaA, NapA and the CPA1 protein PaNhaP are the only 

representative molecular structures of Na+/H+ antiporters. In contrast to NhaA, NapA and 

PaNhaP, which function as single membrane proteins assembled as homo-dimers, a molecular 

structure of a cation/H+ antiporter comprised of multiple subunits such as Mrp has not yet been 

determined. The overall goal of the project was the ascertainment of the protein structure of 

the multi-subunit cation/H+ antiporter Mrp using cryo-electron microscopy. The structure gave 

deeper insights into the process underlying cation/H+ antiport, a mechanism crucial for pH 

homeostasis in pro- and eukaryotes. The molecular structure also provided a better 

understanding of the transport cycle of secondary active antiporters in general and the 

particular antiport mechanism of Mrp. Furthermore, it gave valuable information about the 

evolutionary relationship with complex I and the working mechanism of its antiporter-like 

subunits. Finally, comprehending the structure and mechanism of Mrp might give rise to new 

therapeutics against pathogenic bacteria.  

The goal of this project could only be accomplished through the determination of the molecular 

structure of the Mrp cation/H+ antiporter. Thus, it was split into several experimental stages: 

1. Mrp production to adequate yield.  

2. Mrp purification to high homogeneity.  

3. EM grid-preparation and screening 

4. Data collection  

5. Data processing  

6. Model building  

7. Determination of the mechanism  

I will elaborate on the outcome of each stage in this thesis. 
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2  M E T H O D S 

2. 1  A n al yti c al m et h o d s 

2. 1. 1  A g a r os e g el el e ct r o p h o r esis 

1 % ( w/ v) a g ar os e w a s diss ol v e d i n 1 x T A E ( 0. 0 4 M Tris- b as e, 0. 0 2 M a c eti c a ci d , 1 m M E D T A 

p H 8. 0) b uff er a n d mi cr o w a v e d u ntil t h e a g ar os e w as c o m pl et el y diss ol v e d. 5 μ L Mi d ori gr e e n 

a d v a n c e w er e a d d e d p er 1 0 0 m L a g ar os e g el s ol uti o n. T h e s ol uti o n w as p o ur e d i nt o a n a g ar os e 

g el c asti n g tr a y wit h w ell c o m bs i n pl a c e. O n c e t h e g el h a d  s oli difi e d, t h e g el w as c o v er e d wit h 

1 x T A E. T h e D N A s a m pl es w er e mi x e d wit h 1 x D N A G el L o a di n g D y e ( T h er m o S ci e ntifi c T M) 

a n d l o a d e d i nt o t h e w ells of t h e g el. T h e g el w as r u n wit h 1 0 0 V f or 4 0 mi n ut es. T h e D N A 

fr a g m e nts w er e vis u ali z e d wit h a U V d e vi c e, c ut o ut a n d p ut i nt o E p p e n d orf t u b es f or f urt h er 

p urifi c ati o n. M ar k er s ( B e n c h T o p 1 K b D N A L a d d er, Pr o m e g a) of k n o w n m ol e c ul ar w ei g ht 

w er e r u n al o n gsi d e t h e D N A s a m pl es o n e v er y g el.  

2. 1. 2  S D S P ol y a c r yl a mi d e g el el e ct r o p h o r esi s 

BI O Crit eri o n T M  X T Bris- Tris Pr e c ast G els 4- 1 2 % ( R A D) w er e us e d a c c or di n g t o t h e 

m a n uf a ct ur er’s i nstr u cti o ns. Pr ot ei n s a m pl es w er e mi x e d wit h 1 x S D S s a m pl e b uff er ( 5 0 m M 

Tris p H 6. 8, 2 % S D S, 2 % D T T, 1 0 % gl y c er ol, 0. 0 1 % br o m p h e n ol bl u e). T h e g el w as r u n i n 

1 x N u P A G E M E S S D S r u n ni n g b uff er ( 2. 5 m M M E S, 2. 5 m M Tris B as e, 0. 0 0 5 % S D S, 0. 0 2 

m M E D T A p H 7. 3) at 1 8 0 V f or 3 5 mi n ut es. Pr ot ei n b a n ds w er e vis u ali z e d b y st ai ni n g t h e g el 

wit h I nst a nt Bl u e T M  ( M E R C K) a n d d est ai n e d usi n g distill e d w at er. M ar k ers ( Pr ot ei n- M ar k er V, 

p e q G ol d, V W R C h e mi c als) of k n o w n m ol e c ul ar w ei g ht w er e r u n al o n gsi d e t h e pr ot ei n s a m pl e s 

o n e v er y g el.  

2. 1. 3  M e as u ri n g t h e t ot al p r ot ei n c o n c e nt r ati o n i n m e m b r a n es  

Pr ot ei n c o n c e ntr ati o n w as d et er mi n e d usi n g t h e Pi er c e B C A ( T h er m o S ci e ntifi c) pr ot ei n ass a y 

a c c or di n g t o t h e m a n uf a ct ur er’s r e c o m m e n d e d i nstr u cti o ns. 

B o vi n e s er u m al b u mi n ( B S A) w as us e d as st a n d ar d a n d dil ut e d o v er a r a n g e of 0. 1 – 1 m g/ m L. 

M e m br a n es w er e dil ut e d 1: 1 0 ( v/ v) i n a b uff er wit h o ut gl y c er ol ( 2 0 m M H E P E S p H 7. 0, 5 m M 

M g Cl 2 ). T his dil uti o n w as t h e n f urt h er dil ut e d o v er a r a n g e of 1: 3 – 1: 5 0 ( v/ v) wit h t h e s a m e 

b uff er. 1 0 μ L of e a c h B S A st a n d ar d a n d 1 0 μ L of t h e m e m br a n e dil uti o ns w er e pi p ett e d i n 

tri pli c at es i nt o a 9 6- w ell pl at e ( br a n d). 2 0 0 μ L w or ki n g s ol uti o n w as a d d e d t o e a c h w ell a n d 

t h e pl at e w as i n c u b at e d at 6 0 ° C f or 1 0 mi n ut es. T h e a bs or b a n c e w as m e as ur e d at 5 6 2 n m usi n g 
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a Spectrophotometer (Spectramax M2e Plate). The protein concentration was determined from 

the BSA reference curve.  

2.1.4 Measuring concentrations of pure protein and/or DNA  

Concentrations of purified DNA or protein samples were measure using a Spectrophotometer 

(Denovix).  

2.1.5 Western blots 

2.1.5.1 Anti-His 

Samples were run on a SDS-PAGE according to 1.1.2. Trans-Blot Turbo Transfer System RTA 

Transfer Kit (BIO RAD) was used according to the manufacturer’s recommendations, to 

transfer the proteins from the gel to a nitrocellulose membrane. Following protocol was used 

for the transfer: 25 V, 2.5 A and 5 minutes. The membrane was incubated in casein blocking 

buffer (MERCK) for 1 hour. The membrane was washed for 3 x in tris buffered saline with 

tween (TBS-T) for 10 minutes each. The membrane was placed in a small plastic bag and 

incubated with Anti-His HRP conjugate diluted in a total volume of 5 mL TBS-T at a ratio of 

1:2000 (antibody:buffer) for 1 hour. The membrane was removed from the plastic bag, placed 

into a small container and washed for 3 x in TBS-T for 10 minutes each. The membrane was 

incubated in ECL solution (ThermoFisher) for 50 seconds and chemiluminiscence was detected 

with an Amersham Imager 600, in auto-mode.  

2.1.5.2 Anti-Strep 

The western blot against the Strep-tag was performed in the same way as explained in 1.1.6.1. 

A Strep Tag II antibody HRP conjugate (Novagen) was diluted in TBS-T at a ratio of 1:4000 

(antibody:buffer). 

2.1.5.3 Anti-FLAG  

The western blot against the FLAG-tag was performed in the same way as explained in 1.1.6.1. 

Monoclonal ANTI-FLAG M2-Peroxidase (HRP) antibody was diluted in TBS-T at a ratio of 

1:1000 (antibody:buffer). 

2.2 Cloning  
Used bacterial strains and vectors are shown in Table 2.  

2.2.1 Preparation of competent cells 
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One aliquot of competent cells was plated on LB agar with the respective antibiotics and 

incubated overnight at 37°C. 10 ml LB medium were inoculated with a single colony and 

incubated overnight at 37°C while shaking at 180 rpm. 50 ml of LB medium was inoculated 

with 1 ml overnight culture and OD600 was measured every 10 minutes. Bacteria reached an 

OD600 of 0.3 after 50 minutes. At OD600 0.34 - 0.4 the cells were transferred into a sterile ice 

cold 50 ml Falcon tube and cooled on ice for 10 minutes. The cells were centrifuged at 4000 

rpm for 10 minutes at 4°C. The supernatant was discarded and the tubes were placed upside 

down for 1 minute to drain remaining media. Each pellet was resuspended in 10 mL of ice cold 

0.1 M CaCl2 and incubated on ice for 30 minutes. The cells were centrifuged at 4000 rpm for 

10 minutes at 4°C. The supernatant was discarded and the tubes were placed upside down for 

1 minute to drain remaining liquid. Each pellet was resuspended in 2 ml of ice-cold 0.1 M 

CaCl2 including 15% glycerol. The competent cells were dispensed into 100 μL aliquots, flash 

frozen in liquid N2 and stored at -80°C.  

2.2.2 Creation of DNA fragments with overlapping ends for Gibson assembly  

Various pGEM7zf(+), pET Duet-1 and pBAD Myc-His C-based expression plasmids were 

constructed with the mrp operon from Bacillus pseudofirmus OF4 or Anoxybacillus 

flavithermus WK1 inserted (Table 3, Table 4). Affinity tags were added at different positions 

within the mrp operon. 

Gibson assembly was used as a method of choice for a fast and efficient creation of expression 

plasmids, employing three enzymatic activities in a single-tube reaction. Each expression 

plasmid was generated by combining two big DNA fragments of similar size by means of 

Gibson assembly. The Gibson assembly method requires that the DNA fragments have ~20 

base pairs overlaps with the adjacent fragment. The overlaps as well as affinity tags, spacers 

and cleavage sites were added to the ends of the fragments by means of primers.  

For the construction of expression plasmids containing N- or C-terminal affinity tags, two 

independent polymerase chain reactions (PCRs) were performed with primers listed in Table 

5 and Table 6 using pBADmrp or AF_mrp as templates. A plasmid without any tags had to 

be produced in order function as a template for the creation of expression plasmids containing 

internal affinity tags. For the plasmid without tags, two independent PCRs were performed.  

Table 2. Used bacterial strains and vectors  

Bacterial strains Genotype Source 

KNabc TG1 (∆nhaA, ∆nhaB, ∆chaA) Terry A. Krulwich 
C43(DE3) F– ompT gal dcm hsdSB(rB- mB-)(DE3) Merck 
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Lemo21(DE3) fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS/ pLemo(CamR) λ DE3 = λ 
sBamHIo ∆EcoRI-
B int::(lacI::PlacUV5::T7 gene1) i21 
∆nin5 pLemo = pACYC184-PrhaBAD-
lysY 

Merck 

BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] 
∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B 
int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

Merck  

DH5α F– endA1 glnV44 thi1 recA1 relA1 gyrA
96 deoR nupG purB20 φ80dlacZΔM15Δ(
lacZYA-argF)U169, hsdR17(rK–mK+), 
λ– 

Martin Loose 

   
Vectors  Description Source  

pBAD Myc-His-
C 

Expression vector Invitrogen 

pET Duet-1 Expression vector Invitrogen 
pGEM-7Zf(+) Cloning vector Invitrogen  

 
 
Table 3. Cloning and expression vectors with mrp operon from Bacillus pseudofirmus OF4. Abbreviations: Xa - factor Xa cleavage site, 3C 
– HRV 3C PreScission Protease cleavage site, His – His-Tag, Strep- Strep-Tag, FLAG – FLAG-Tag, S – spacer, T7 - T7 tag, c-myc – c-myc 
tag, HA – hemagglutinin tag.  

Plasmid name Description Purpose Source  

pBADmrp pBAD Myc-His-C with 
mrp (MrpG-Xa-His) 

Expression Masahiro 
Ito 

pETmrp pET Duet-1 with mrp 
(MrpG-Xa-His) 

Expression Masahiro 
Ito 

pBAD_BP noTag pBAD Myc-His-C with 
mrp  

Cloning; 
Plasmid without 
tags; Needed for 
creation of 
expression 
plasmids with 
internal tags 

This study 

pBAD_BP GS3C-
H 

pBAD Myc-His-C with 
mrp (MrpG-S-3C-His) 

Expression; 
On-column 
cleavage 

This study 

pBAD_BP S-
3CSA 

pBAD Myc-His-C with 
mrp (Strep-3C-S-MrpA) 

Expression; 
N-terminal Strep-
tag 

This study 

pBAD_BP GS3C-
S 

pBAD Myc-His-C with 
mrp (MrpG-S-3C-Strep) 

Expression; 
C-terminal Strep-
tag 

This study 

pBAD_BP ES3C-
S 

pBAD Myc-His-C with 
mrp (MrpE-S-3C-Strep) 

Expression; 
Internal Strep-tag 

This study 

pBAD_BP DS3C-
S 

pBAD Myc-His-C with 
mrp (MrpD-S-3C-Strep) 

Expression; 
Internal Strep-tag 

This study 
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pGEMmrp 
TFCHAH 

pGEM7sf(+) with mrp 
(MrpA-T7, MrpB-FLAG, 
MrpC-c-myc, MrpD-HA, 
MrpG-His) 

Expression; 
Different tags on 
different subunits 

31 

pGEMmrp 
TFCHS7 

pGEM7sf(+) with mrp 
(MrpA-T7, MrpB-FLAG, 
MrpC-c-myc, MrpD-His, 
MrpG-Strep) 

Expression; 
Different tags on 
different subunits 

11 

 
 
Table 4. Cloning and expression vectors with mrp operon from Anoxybacillus Flavithermus WK1. Abbreviations: Xa - factor Xa cleavage 
site, 3C – HRV 3C PreScission Protease cleavage site, His – His-Tag, Strep- Strep-Tag, FLAG – FLAG-Tag, S – spacer 

Plasmid name Description Purpose Source  

AF_mrp pGEM7sf(+) with mrp 
(MrpG-Xa-His) 

Expression Masahiro 
Ito 

pBAD_AF noTag pBAD Myc-His-C with 
mrp (No tags at all) 

Cloning; 
Plasmid without 
tags; 
Needed for creation 
of constructs with 
internal tags 

This study 

pBAD_AF GS3C-
S 

pBAD Myc-His-C with 
mrp (MrpG-S-3C-Strep) 

Expression; 
C-term Strep-tag 

This study 

pBAD_AF DS3C-
S 

pBAD Myc-His-C with 
mrp (MrpD-S-3C-Strep) 

Expression; 
Internal Strep-tag 

This study 

pBAD_AF GS3C-
H 

pBAD Myc-His-C with 
mrp (MrpG-S-3C-His) 

Expression; 
C-term His-tag 

This study 

pBAD_AF G-H pBAD Myc-His-C with 
mrp (MrpG-His) 

Expression; 
C-term His-tag 

This study 

pBAD_AF GS3C-
F 

pBAD Myc-His-C with 
mrp (MrpG-S-3C-FLAG) 

Expression; 
C-term FLAG-tag 

This study 

pBAD_AF G-F pBAD Myc-His-C with 
mrp (MrpG-FLAG) 

Expression; 
C-terminal FLAG-
tag 

This study 

pGEM_AF 
GS3C-F 

pGEM7sf(+) with mrp 
(MrpG-S-3C-FLAG) 

Expression; 
C-terminal FLAG-
tag 

This study 

pGEM_AF G-F pGEM7sf(+) with mrp 
(MrpG-FLAG) 

Expression; 
C-terminal FLAG-
tag 

This study 

pGEM_AF 
GS3C-S 

pGEM7sf(+) with mrp 
(MrpG-S-3C-Strep) 

Expression; 
C-terminal Strep-
tag 

This study 

pGEM_AF G-S pGEM7sf(+) with mrp 
(MrpG-Strep) 

Expression; 
C-terminal Strep-
tag 

This study 
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Table 5. Primers for the creation of expression plasmids with mrp operon from Bacillus pseudofirmus OF4. 

Construct Sequence 5`-3`   Primer name 

pBAD_BP 
GS3C-H 

GCTAACAGGAGGAATTAACCATGA
CCGTATTACATTGGGCTAC 
 

FW cHis_fwMrp 

 CACTTCCAGACTACCTCCACCGTTG
CTTCCTTTCATTTTCTTC 

RV cHis_rvMrp 

    
 GGTGGAGGTAGTCTGGAAGTGCTG

TTTCAGGGCCCGGGTGCACACCAC
CATCACCATCACCATCACTAAGGT
ACCATATGGGAATTCG 

FW cHis_fwpBAD 

 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 
pBAD_BP 
GS3C-S 

GCTAACAGGAGGAATTAACCATGA
CCGTATTACATTGGGCTAC 

FW cHis_fwMrp 

 AAAGAGGACTTCAAGACTACCTCC
ACCGTTGCTTCCTTTCATTTTCTTC 

RV cStrep_rvMrp 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAAGGTA
CCATATGGGAATTCGAAG 

FW cStrep_fwpBAD 

 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 
pBAD_BP S-
3CSA 

CAGGGACCCGGTGGAGGTAGTACC
GTATTACATTGGGCTAC 

FW NStrep_fwMrp 

 CGAATTCCCATATGGTACCTTAGTT
GCTTCCTTTCATTTTC 

RV NStrep_rvMrp 

    
 GGTACCATATGGGAATTCG FW NStrep_fwpBAD 
 ACTACCTCCACCGGGTCCCTGAAA

GAGGACTTCAAGTGCACCCTTTTCG
AACTGCGGGTGGCTCCAGCTTGCC
ATGGTTAATTCCTCCTGTTAGC 

RV NStrep_rvpBAD 

pBAD_BP 
DS3C-S 

GCTAACAGGAGGAATTAACCATGA
CCGTATTACATTGGGCTAC 

FW cHis_fwMrp 
 
 

 AAAGAGGACTTCAAGACTACCTCC
ACCCTCCTTAAGTACAGATTCG 

RV DStrep_rvAD 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAGATGC
TAATGGCTTTTCAAATATTATTAAA
C 

FW DStrep_fwEG 

 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 
pBAD_BP 
ES3C-S 

GCTAACAGGAGGAATTAACCATGA
CCGTATTACATTGGGCTAC 

FW cHis_fwMrp 

 AAAGAGGACTTCAAGACTACCTCC
ACCTTTGGTCACCTCCAAAATAG 

RV EStrep_rvAE 
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 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAATATG
TTCCAATCCATTTTAAT 

FW EStrep_fwFG 

 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 
pBAD_BP 
noTag 

GCTAACAGGAGGAATTAACCATGA
CCGTATTACATTGGGCTAC 

FW cHis_fwMrp 

 CGAATTCCCATATGGTACCTTAGTT
GCTTCCTTTCATTTTC 

RV NStrep_rvMrp 

    
 GGTACCATATGGGAATTCG FW NStrep_fwpBAD 
 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 

 

Table 6. Primers for the creation of expression vectors with mrp operon from Anoxybacillus flavithermus WK1. 

Construct Sequence 5`-3`  Primer Primer name 

pBAD_AF 
noTag 

GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 CGAATTCCCATATGGTACCTTATTT
GCCGCCAGCTTTTT 

RV rvAfMrp  

    
 TAAGGTACCATATGGGAATTCG FW fw pBAD 
 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA

D 
pBAD_AF 
GS3C-S 

GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 GGACTTCAAGACTACCTCCACCTTT
GCCGCCAGCTTTTTG 

RV cstrep_rvAfMrp 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAAGGTA
CCATATGGGAATTCGAAG 

FW cstrep_fwAfpBA
D 

 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA
D 

pBAD_AF 
DS3C-S 

GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 CTTCAAGACTACCTCCACCCTCCTT
TAACACCGCTTCAATG 

RV Dstrep_rvAfMrp
E 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAGAGAA
CATGGCATTTCAAATTTTATTAAAC 

FW Dstrep_fwAfMrp
E 

 GGTTAATTCCTCCTGTTAGC RV cHis_rvpBAD 
pBAD_AF 
GS3C-H 

GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 
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 GGACTTCAAGACTACCTCCACCTTT
GCCGCCAGCTTTTTG 

RV 101 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCACACCACC
ATCACCATCACCATCACTAAGGTA
CCATATGGGAATTCGAAG 

FW 100 

 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA
D 

pBAD_AF G-H GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 GGTGATGGTGATGGTGGTGTTTGCC
GCCAGCTTTTTG 

RV 103 

    
 CACCACCATCACCATCACCATCACT

AAGGTACCATATGGGAATTCGAAG 
FW 102 

 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA
D 

pBAD_AF 
GS3C-F 

GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 GGACTTCAAGACTACCTCCACCTTT
GCCGCCAGCTTTTTG 

RV 105 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCAGATTACA
AAGATGACGACGATAAAGGTTAAG
GTACCATATGGGAATTCGAAG 

FW 104 

 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA
D 

pBAD_AF G-F GCTAACAGGAGGAATTAACCATGT
TGAAAAAAAATGAAAC 

FW cstrep_fwAfMrp 

 CGTCGTCATCTTTGTAATCTTTGCC
GCCAGCTTTTTG 

RV 107 

    
 GATTACAAAGATGACGACGATAAA

GGTTAAGGTACCATATGGGAATTC
G 

FW 106 

 GGTTAATTCCTCCTGTTAGC RV cstrep_rvAfpBA
D 

pGEM_AF 
GS3C-F 

CGCTTATTTTTTACTATATATGTTG
AAAAAAAATGAAAC 

FW 112 

 GACTTCAAGACTACCTCCACCTTTG
CCGCCAGCTTTTTG 

RV 115 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCAGATTACA
AAGATGACGACGATAAAGGTTAAT
CGTCAGCGGGTTCGAAATC 

FW 114 

 ATATAGTAAAAAATAAGCG RV 113 
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pGEM_AF G-F CGCTTATTTTTTACTATATATGTTG
AAAAAAAATGAAAC 

FW 112 

 CGTCGTCATCTTTGTAATCTTTGCC
GCCAGCTTTTTG 

RV 117 

    
 GATTACAAAGATGACGACGATAAA

GGTTAATCGTCAGCGGGTTCGAAA
TC 

FW 116 

 ATATAGTAAAAAATAAGCG RV 113 
pGEM_AF 
GS3C-S 

CGCTTATTTTTTACTATATATGTTG
AAAAAAAATGAAAC 

FW 112 

 GACTTCAAGACTACCTCCACCTTTG
CCGCCAGCTTTTTG 

RV 119 

    
 GGTGGAGGTAGTCTTGAAGTCCTCT

TTCAGGGACCCGGTGCATGGAGCC
ACCCGCAGTTCGAAAAGTAATCGT
CAGCGGGTTCGAAATC 

FW 118 

 ATATAGTAAAAAATAAGCG RV 113 
pGEM_AF G-S CTTCGCTTATTTTTTACTATATATGT

TGAAAAAAAATGAAAC 
FW 112 

 CGAACTGCGGGTGGCTCCATTTGCC
GCCAGCTTTTTG 

RV 121 

    
 TGGAGCCACCCGCAGTTCGAAAAG

TAATCGTCAGCGGGTTCGAAATC 
FW 120 

 ATATAGTAAAAAATAAGCGAAG RV 113 
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One PCR reaction comprised: 10 µl of 5x Phusion buffer, 1 µl of 10 mM dNTP mixture, 2.5 

µl of 10 µM forward primer, 2.5 µl of 10 µM reverse primer, 1 µl of 10 ng µl-1 template, 1.5 

µl DMSO and 0.5 µl Phusion DNA Polymerase. The total reaction was made up to a final 

volume of 50 µl with nuclease-free H20. A PCR thermocycler (Verti, Applied Systems, U.K.) 

was used with setting shown in Table 7:  

Table 7. PCR cycling parameters 

Step Temperature Time 

Initial denaturation 98°C  30 seconds 

35 cycles 98°C 

58°C – 72°C  

72°C 

30 seconds 

30 seconds 

5 minutes 

Final extension 72°C  8 minutes 

Hold 4°C  

 

The PCR results were analysed on an agarose gel, the according bands were cut and gel purified 

with a DNA gel extraction kit (NEB), according to the manufacturers recommended 

instructions.  

2.2.3 Gibson assembly 

The according DNA fragments with overlaps were combined at equal molecular ratios (40-80 

ng), not exceeding a total volume of 5 µl. The combined DNA fragments were mixed with 15 

µl isothermal assembly reaction aliquot. The isothermal reaction mixture was prepared in the 

following way: A 320 µl aliquot of 5x isothermal assembly reaction buffer (3 ml 1 M Tris-HCl 

pH 7.5, 300 µl 1 M MgCl2, 600 µl 10 mM dNTP mixture, 300 µl 1 M DTT, 1.5 g PEG-8000, 

20 mg NAD filled up to a volume of 6 mL with ddH2O) was mixed with 1.2 µl T5 Exonuclease 

(EPICENTRE), 20 µl Phusion polymerase (NEB), 160 µl Tag ligase (NEB) and 700 µl ddH2O. 

The sample was placed at 50°C for 30 minutes and transformed into a 50 µl aliquot of 

competent DH5 Escherichia coli cells. The whole volume of transformed cells were plated 

on lysogeny broth (LB)-agar containing the respective antibiotics and incubated at 37°C 

overnight. Several colonies were picked and used to inoculate 5 mL LB media containing the 

respective antibiotics and incubated at 37°C overnight while shaking. The next day, plasmid 

DNA was purified using a plasmid miniprep kit (NEB) according to the manufacturer’s 

recommended instructions. The plasmids were sent for Sanger sequencing (Eurofins) to 
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determine whether the additional sequences were incorporated into the correct positions within 

the plasmid.  

2.2.4 Introduction of site-directed mutations 

Gibson assembly89 was used for the construction of plasmids with point mutations in AF_Mrp 

(MrpE L41W, MrpG S72W and MrpF D35L). The point mutations in MrpE and MrpG were 

chosen to disrupt the Mrp dimer. The point mutation in MrpF was chosen due to the putative 

involvement of this residue in Na+ translocation. Each mutated plasmid was generated by 

combining two big DNA fragments of similar size, which were produced by two independent 

PCRs using AF_Mrp as template by means of Gibson assembly. The Gibson assembly method 

requires that the DNA fragments have ~20 base pairs overlaps with the adjacent fragment. The 

overlaps were added to the ends of the fragments by means of long (~40 base pairs) primers, 

which also contained the point mutation. The sequence of the mutated plasmids was confirmed 

by sequencing.  

2.2.5 Transformation of plasmid DNA into Escherichia coli  

1 μL of plamid (~50 ng/μL) was added to a 100 μL aliquot of chemically competent E. coli 

cells. The bacteria were incubated on ice for 15 minutes, then heat shocked in a water bath at 

42 °C for 50 seconds. The cells were cooled on ice for 3 minutes. 300 μL of S.O.C. medium 

(2% tryptone, 0.5% yeast extract, 10 mM NaCl) was added to the transformed bacteria and 

incubated at 37 °C for 1 hour. 50 μL of transformed cells were added to 100 mL LBK media 

supplemented with 100 μg/mL ampicillin and 25 μg/mL kanamycin and incubated at 37°C 

overnight while shaking at 220 rpm.  

2.3 Expression tests  
Expression plasmids were transformed into competent BL21(DE3), Lemo21(DE3), C43(DE3) 

and KNabc cells and incubated overnight at 37°C. The overnight cultures were diluted to the 

same OD600. 1 mL of diluted overnight culture was used to inoculate 50 mL LBK (1% tryptone, 

0.5% yeast extract, 83 mM KCl pH 7.5), LBK-Na (1% tryptone, 0.5% yeast extract, 83 mM 

KCl, and 200 mM NaCl, pH 7.5) or TB (1.2% tryptone, 2.4% yeast extract, 0.4% glycerol, 

0.017 M KH2PO4, 0.072 M K2HPO4, 2% glucose) media containing the respective antibiotics. 

At an OD600 of 0.7-0.8, pBAD-based expression plasmids were induced with 0.05% L-

arabinose. The cultures were grown for 2 - 20 hours at 20 °C and 37 °C. The next day, the 

cultures were diluted to the same OD600 in a total volume of 5 mL. The cultures were 

centrifuged and the pellets were resuspended in 250 µL buffer (20 mM HEPES pH 7.0, 5 mM 
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MgCl2. 10% glycerol). In order to prepare samples for SDS gel electrophoresis, 4 µL of 

resuspended pellets were mixed with 60 µL resuspension buffer and 16 µL 5 x loading dye. 

The expression of the protein was determined by means of western blot against the respective 

tags.  

2.4 Protein biochemistry  

2.4.1 Preparation of everted membrane vesicles 

Everted membrane vesicles (EMV) were prepared as previously described90, with some 

changes. E. coli KNabc cells were transformed with the respective plasmid and grown in LBK 

medium containing the respective antibiotics for 16 hours at 37°C. The cells were harvested at 

4,000 x g and the pellet was washed two times with 10 mM Bis-Tris-Propane-Sulfate pH 7.5, 

5 mM MgCl2, 140 mM choline chloride and 10% glycerol and resuspended in the same buffer. 

Constant System pressure cell was used to prepare EMV by passing the resuspended cells 

through the cell disruptor for a single time at 10,000 psi. The cell suspension was centrifuged 

at 36,000 x g for 15 min followed by a centrifugation at 180,000 x g for 1.5 hours. The same 

procedure was done for the control, which were non-transformed KNabc cells. The EMV were 

suspended at 20 mg/ml and stored at -80°C. 

2.4.2 Antiport assay  

Na+/H+ antiport activity assay (Fig. 10) was performed as previously described11,20. 66 µg of 

EMV were suspended in 2 ml 10 mM Bis-Tris-Propane-Sulfate, 140 mM choline chloride, 5 

mM MgCl2, 1 µM acridine orange at pH 7.5, pH 8.5 or pH 9.5. Measurements were conducted 

with excitation and emission at 420 and 500 nm, respectively, using a Spectramax M2e Plate 

and Cuvette reader. Tris-succinate at pH 7.5, pH 8.5 or pH 9.5 was added to a final 

concentration of 2.5 mM to initiate respiration. After fluorescence quenching of acridine 

orange, a steady-state was reached and NaCl or KCl was added to a final concentration of 2.5 

mM. The Na+ dependent fluorescence dequenching is indicative for the Na+/H+ antiport 

activity. NH4Cl was added to a concentration of 10 mM to bring the fluorescence back to 

baseline. Assays were conducted in triplicates with three independent membrane preparations.  
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2.4.3 Growth experiments 

Growth experiments were conducted as previously described74. E. coli KNabc cells were 

transformed with the respective plasmid and incubated for 16 hours at 37°C in LBK medium 

containing 0-1200 mM NaCl. KNabc cells lack the three main sodium proton antiporters and 

can withstand a salt concentration of up to 200-300 mM. A functional Mrp antiporter 

complements the inability of KNabc cells to grow at higher salt concentrations.  

2.4.4 Large scale expression in baffled cell culture flasks 

12 litre of LBK media supplemented with 100 μg/mL ampicillin and 25 μg/mL kanamycin 

were inoculated with 60 mL overnight culture and divided into 24 baffled cell culture flasks. 

The bacterial culture was grown for 16-18 hours at 37 °C while shaking at 180 rpm. The next 

day, the cells were harvested by centrifugation (5000 x g for 30 minutes at 4 °C) and stored at 

-80 °C. 

2.4.5 Large scale expression in fermenter 

1 litre of LBK media supplemented with 100 μg/mL ampicillin and 25 μg/mL kanamycin were 

inoculated with 5 mL transformed overnight culture. The bacterial culture was grown for 16-

18 hours at 37 °C while shaking at 180 rpm.  

H+ 

Figure 10. Schematic of the Na+/H+ antiport activity using EMV. 1 – Addition 
of succinate to initiate respiration. 2- Oxidases create a pH. 3 – Quenching of 
acridine orange. 4 – Addition of NaCl to initiate Mrp activity. 5 – Dequenching 
of acridine orange, which is a measure of the Na+/H+ activity. 6 – Addition of 
NH4Cl to establish a baseline. 



29 

 

Large scale cell growth using a fermenter was performed by Dr Alexej Charnagalov (Institute 

of Science and Technology, Austria). 50 litres of LBK media were sterilized directly in a 

Applikon fermenter. After the media has cooled down, it was supplemented with 100 μg/mL 

ampicillin, 25 μg/mL kanamycin and antifoam and inoculated with 500 mL overnight culture. 

The bacterial culture was grown for 16-17 hours at 37 °C, while keeping a constant pH of 7.3. 

The agitation was adjusted to keep the dissolved oxygen concentration between 2 % - 10 %. 

The next day, the cells were harvested by centrifugation (4000 x g for 30 minutes at 4 °C) and 

stored at -80 °C. 

2.4.6 Preparing membranes from E. coli  

 Pellets were thawed in ice water and resuspended in 20 mM HEPES-KOH pH 7.0, 5 mM 

MgCl2 and 10% glycerol. The cells were homogenized twice using a high pressure cell 

disrupter (Constant System Pressure Cell TS 1.1) at 30,000 psi. DNases I (0.3 mg/ml) and 

proteinase inhibitor cocktail (EDTA-free Complete Ultra inhibitor from Roche) were added to 

the lysate. The lysate was clarified by centrifugation at 26,000 x g for 30 minutes at 4 °C. 

Membranes were obtained by ultracentrifugation of the supernatant at 180,000 x g for 2 hours 

at 4 °C. Pelleted membrane fractions were resuspended in 30 mL 20 mM HEPES-KOH pH 

7.0, 5 mM MgCl2, 20 % glycerol and stored at -80 °C.  

2.4.7 Membrane protein solubilisation 

Membranes were thawed in ice water and diluted to a concentration of 10 mg/mL total protein 

content. Membrane proteins were solubilized by incubation for 2 hours at 4 °C in 20 mM 

HEPES-KOH pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % (w/v) of the 

detergent of choice, had been added drop-by-drop. Extracted proteins were collected by 

ultracentrifugation at 180,000 x g for 15 min. The membranes were resuspended in 20 mM 

HEPES-KOH pH 7.0, 5 mM MgCl2, 20 % glycerol, flash frozen in liquid nitrogen and stored 

at -80 °C.  

2.4.8 Purification screening 

Due to the instability of the Mrp complex from Bacillus pseudofirmus OF4, an extensive 

screening of different pH, detergents, affinity resins, alternative elution methods from affinity 

resins, buffers and expression strains was performed.   
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2.4.8.1 Affinity resins screening 

Five different affinity resins were used for purification of recombinant proteins by affinity 

chromatography: Ni-NTA (nitrilotriacetic acid from Merck), Ni-IDA (iminodiacetic acid from 

MACHEREY-NAGEL), TALON (Merck), StrepTactin (iba-lifesciences) and anti-FLAG M2 

affinity gel (Merck). Affinity chromatography is the most common method to purify 

recombinant proteins, containing a His- (Ni-NTA, Ni-IDA, TALON), Strep- (StrepTactin) or 

FLAG-tag (anti-FLAG M2 affinity gel).  

The used affinity resins have different technical properties: 

TALON is more specific than the other two anti-His resins, resulting in purer eluates. The 

imidazole concentration needed for protein elution from Ni-IDA is lower, compared to Ni-

NTA or TALON. This is due to the valencies number with which they coordinate the Ni2+ ion. 

Ni-NTA is tetravalent, whereas Ni-IDA is trivalent. Furthermore, Ni-NTA and TALON resins 

show significantly lower metal ion leaching than Ni-IDA resins. Another main distinction 

between the anti-His affinity resins is the binding capacity. Ni-IDA binds the highest amount 

of protein, followed by Ni-NTA and TALON, in decreasing order.  

Strep-Tactin is an engineered streptavidin resin which binds to the eight-residue Strep-tag II. 

Strep-tagged proteins are eluted under mild conditions by means of desthiobiotin, a biotin 

analog which competes with the Strep-tag. Strep-Tactin is highly specific and tolerates various 

buffer conditions and additives.  

FLAG tagged proteins interact with immobilized monoclonal antibodies of the anti-FLAG M2 

affinity gel. Hence, the elution of bound proteins from the anti-FLAG resin is done my means 

of peptides containing the FLAG sequence. Anti-FLAG affinity resins produce highly pure 

protein samples after a single purification step. A disadvantage of the anti-FLAG affinity resin 

is the low binding capacity of 0.6 mg/mL in comparison to Ni-IDA (100 mg/mL), Ni-NTA (80 

mg/mL), TALON (5-15 mg/mL) and StrepTactin (3-15 mg/mL). 

2.4.8.1.1 Ni-IDA 

Mrp expressed from the pBADmrp plasmid was used for this experiment. Membranes 

containing a total protein concentration of 150 mg were solubilized by incubation for 2 hours 

at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % 

(w/v) DDM had been added. Extracted proteins were collected by ultracentrifugation at 

180,000 x g for 15 min. 

10% w/v Protino Ni-IDA (Macherey-Nagel) was prepared in ddH20, which gave 

approximately 1 ml column volume. The Ni-IDA was equilibrated with 4 CV of a buffer 
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containing 20 mM HEPES pH 7.0, 5 mM MgCl2, 10% glycerol, 100 mM KCl, 0.05% DDM. 

The Ni-IDA was added to the protein and incubated at 4 °C for 2 hrs while rotating. The Protein 

Ni-IDA mixture was pipetted into an empty gravity flow column. The resin was washed with 

10 CV equilibration buffer containing 50 mM imidazole and 10 CV equilibration buffer 

containing 100 mM imidazole. The protein was eluted with 10 CV equilibration buffer 

containing 200 mM imidazole. Finally, the protein was concentrated to 250 µl and loaded onto 

a Superose 200 10/300 GL column.  

2.4.8.2 Alternative elution methods 

Mrp expressed from the pBADmrp plasmid was used for this experiment. Imidazole is the 

standard technique to elute a His-tagged protein from a metal affinity resin. Imidazole is a 

histidine analogue, which can be employed for a competitive elution of the bound polyhistidine 

tag from the metal-charged resin. The disadvantage of imidazole is that it absorbs at 280 nm, 

making an identification of the eluted protein often difficult due to the general low yield of 

membrane proteins91.   

As an alternative to imidazole, several other methods can be applied to elute a His-tagged 

protein from the affinity resin: Lowering the pH of the elution buffer protonates the imidazole 

nitrogen of the histidine residues and consequently breaks the bond between the histidine and 

metal ion91. Another elution method, is the application of EDTA. ETDA is a metal chelating 

agent and strips the metal atoms away from the stationary support, resulting in a contamination 

of the elute with metal ions and EDTA91.The use of low pH might lead to the aggregation or 

denaturation of the protein, while EDTA could cause the chelating of important metal co-

factors. A milder method, is the application of L-histidine which works in the same way as 

imidazole by competitively eluting the bound protein. Proteases can also be used to elute a 

tagged-protein from the affinity resin. In order to do so, the protein needs to contain a protease 

cleavage site to cleave it off the affinity column by means of a protease. 

2.4.8.2.1 Elution with pH gradient 

Mrp expressed from the pBADmrp plasmid was used for this experiment. Membranes 

containing a total protein concentration of 110 mg were solubilized by incubation for 2 hours 

at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % 

(w/v) DDM had been added. Extracted proteins were collected by ultracentrifugation at 

180,000 x g for 15 min. 2 mL of 50% TALON suspension (corresponding to 1 ml bed volume) 

were transferred to an empty gravity flow column. The storage buffer was removed by 
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gravity.The resin was equilibrated with 5 CV of 50 mM HEPES pH 7.0, 5 mM MgCl2, 10% 

glycerol, 100 mM KCl and 0.05% DDM. Next, the resin was transferred into a tube containing 

the solubilized protein and rotated at 4°C for 2 hours. The protein-TALON mixture was 

transferred into the empty gravity flow column. The flow through was collected and the resin 

was washed with 5 CV of equilibration buffer. Finally, the protein was eluted with a pH step 

gradient using the equilibration buffer which contained either 50 mM Bis-Tris pH 6.0, 50 mM 

acetat pH 5.0, 50 mM succinate pH 4.0 or 50 mM succinate pH 3.2 as buffer system. Each 

elution step was done over 5 CV.  

2.4.8.2.2 Elution with EDTA  

Mrp expressed from the pBADmrp plasmid was used for this experiment. Membranes 

containing a total protein concentration of 230 mg were solubilized by incubation for 2 hours 

at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % 

(w/v) DDM had been added. Extracted proteins were collected by ultracentrifugation at 

180,000 x g for 15 min. The solubilized protein was loaded onto a 5 mL HisTrap (GE 

healthcare) column, pre-equilibrated with 5 CV 20 mM HEPES pH 7.0, 5 mM MgCl2, 10% 

glycerol, 100 mM KCl, 0.05% DDM. The protein was eluted with a linear gradient of 0-100 

mM EDTA. The peak fractions were analysed by SDS-gel electrophoreses, the corresponding 

fractions containing Mrp were pooled, concentrated and loaded onto a Superose 200 10/300 

GL column. Peak fractions were analyzed by SDS-gel electrophoreses.  

2.4.8.2.3 Elution with L-Histidine  

Mrp expressed from the pBADmrp plasmid was used for this experiment. Membranes 

containing a total protein concentration of 110 mg were solubilized by incubation for 2 hours 

at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % 

(w/v) DDM had been added. Extracted proteins were collected by ultracentrifugation at 

180,000 x g for 15 min. 2 ml of 50% TALON suspension (corresponding to 1 ml bed volume) 

were transferred to an empty gravity flow column. The storage buffer was removed by gravity. 

The affinity resin was equilibrated with 5 CV 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % 

glycerol 100 mM KCl and 0.05% (w/v) DDM. The TALON resin was transferred to the tube 

containing the solubilized protein and incubated at 4°C for 1 hour while rotating. The protein-

TALON mixture was transferred to the empty gravity flow column. The resin was washed with 

10 CV equilibration buffer. Finally, the protein was eluted with a step gradient of equilibration 

buffer containing either 100 mM, 200 mM, 300 mM, 400 or 500 mM L-histidine. Each elution 
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step was done over 2.5 CV. Immediately after elution, all fractions were loaded on a PD-10 

column in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol 100 mM KCl and 0.05% (w/v) 

DDM in order to remove L-Histidine. Thereupon, the 100 mM, 200 mM and 300 mM fractions 

were loaded onto a Superose 200 10/300 GL column.  

2.4.8.2.4 Elution with factor Xa 

Mrp expressed from the pBADmrp plasmid was used for this experiment. Membranes 

containing a total protein concentration of 350 mg were solubilized by incubation for 2 hours 

at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % 

(w/v) DDM had been added. Extracted proteins were collected by ultracentrifugation at 

180,000 x g for 15 min. 2 ml of 50 % Ni-NTA suspension (corresponding to 1 mL bed volume) 

were transferred to an empty gravity flow column. The storage buffer was removed by gravity 

and the affinity resin was equilibrated with 5 CV 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % 

glycerol 100 mM KCl and 0.05% (w/v) DDM. The resin was resuspended in a small volume 

and transferred to a tube containing the solubilized protein. After an incubation at 4°C for 2 

hours, the protein - Ni-NTA mixture was transferred to the empty gravity flow column. The 

flow through was collected and the column was washed with 60 CV equilibration buffer, 

followed by 60 CV equilibration buffer to which 20 mM imidazole had been added. After a 

last washing step of 30 CV equilibration buffer without imidazole, the resin with bound protein 

was resuspended in a total volume of 2 mL. CaCl2 was added up to a final concentration of 2 

mM. The Ni-NTA with bound protein was divided into two parts. The concentration of Mrp 

was estimated to be one-hundredth of the total protein concentration, which corresponded to 

~3.5 mg Mrp. Thus, to one part 0.068 µg Factor Xa protease was added, corresponding to a 

ratio of Mrp to Factor Xa (mg/mg) of 50:1. The other part was used as a control without 

protease addition. The protease cleavage mixture and the control were incubated for 20 hours 

at 4°C. The next day, the protein cleavage mixture and the control were transferred to an empty 

gravity flow column. The flow-through, containing the cleaved protein, was collected. The 

resin was washed with 5 CV equilibration buffer and 5 CV equilibration buffer containing 0.5 

M imidazole. .  

2.4.8.2.5 Elution with 3C protease 

Mrp expressed from the pBAD_BP GS3C-H plasmid was used for this experiment. Membranes 

containing a total protein concentration of 35 mg were solubilized by incubation for 2 hours at 

4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % (w/v) 
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DM had been added. Extracted proteins were collected by ultracentrifugation at 180,000 x g 

for 15 min. 1 ml of 50% TALON suspension (corresponding to 500 µL bed volume) was 

transferred to an empty gravity flow column. The storage buffer was removed and the affinity 

resin was equilibrated with 5 CV 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2, 10 % glycerol, 

100 mM KCl and 0.15% (w/v) DM. The TALON resin was resuspended in a small volume and 

transferred to the tube containing the solubilized protein. After an incubation at 4°C for 1 hour, 

the protein-TALON mixture was transferred back to the empty gravity flow column. The resin 

was washed with 10 CV equilibration buffer and resuspended in a small volume with 

equilibration buffer. The TALON resin with bound protein was divided into two parts and 0.5 

mg HRV 3C protease was added to one part, corresponding to a ratio of Mrp to 3C protease 

(mg/mg) of 1:1.4. The concentration of Mrp was estimated to be one-hundredth of the total 

protein concentration, which corresponded to ~0.35 mg Mrp. Both samples were incubated at 

4°C for 18 hours. The next day, the samples were centrifuges at 100 x g for 10 seconds. The 

supernatant, containing the digested protein, was transferred to another tube. The resin was 

washed 2 x with 200 µl equilibration buffer and 500 µl equilibration buffer containing 400 mM 

imidazole. The supernatant was loaded onto a Superose 200 10/300 GL column.  

2.4.8.3 Stability of Mrp expressed in different bacterial strains 

Mrp was expressed in two different bacterial strains (Table 2) to test whether the bacterial 

expression host has an influence on the stability of Mrp. BL21(DE3) is a high level protein 

expression system with a T7 RNA polymerase-IPTG induction system. Lemo21(DE3) is a 

tuneable T7 expression strain specific for difficult targets such as membrane proteins. The 

expression can be varied by changing the level of the lysY lysozyme, an inhibitor of the T7 

RNA polymerase. The modulation works by addition of L-rhamnose to the expression culture, 

resulting in a more soluble, correctly folded protein. The transformation of plasmid DNA 

(pBADmrp) was performed as explained in section 2.4. 50 μL of transformed cells were plated 

on LB agar containing 100 μg/mL ampicillin for BL21(DE3) transformants, 25 μg/mL 

chloramphenicol and 100 μg/mL ampicillin for Lemo21(DE3) transformants. The following 

day, a few colonies from each transformed bacterial strain were used to inoculate 50 mL LB 

media containing the respective antibiotics and incubated at 37°C overnight while shaking at 

220 rpm. 2 mL of overnight culture were used to inoculate 1 L LB media containing the 

respective antibiotics. For the Lemo21(DE3) culture, L-rhamnose was added up to a 

concentration of 0.3 mM. Both cultures were grown until an OD600 = 0.5-0.6 and L-arabinose 

was added up to a concentration of 0.05% to induce protein expression. The temperature was 
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reduced to 20°C and cultures were incubated for 18 hours while shaking at 180 rpm. The next 

day, the cultures were harvested by centrifugation at 5000 x g for 30 minutes at 4°C using a 

high capacity centrifuge (Thermo Fisher Scientific). The cell pellets were resuspended in 20 

mM HEPES-KOH pH 7.0, 5 mM MgCl2 and 10 % glycerol with a ratio of 1:8 (w/v). 

Membranes were prepared as explained in section 2.7. Membranes containing a total protein 

concentration of ~120 mg were solubilized by incubation for 2 hours at 4°C in 20 mM HEPES 

pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % (w/v) DDM had been added. 

Extracted proteins were collected by ultracentrifugation at 180,000 x g for 15 min. Solubilised 

membranes were loaded onto a 5 mL HisTrap (GE Healthcare) column, previously equilibrated 

with 5 CV 100 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol, 0.1 M KCl and 0.05% DDM. 

The column was washed with 20 CV equilibration buffer and the bound protein was eluted 

with a linear gradient of 0-500 mM imidazole over 10 CV with a buffer containing 100 mM 

HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol, 0.1 M KCl, 0.05% DDM and 500 mM imidazole. 

Fractions containing Mrp were pooled, concentrated to 500 μl and loaded onto a Superdex 200 

10/300 GL column previously equilibrated with 20 mM HEPES pH 7.0, 5 mM MgCl2, 10% 

glycerol, 150 mM KCl and 0.05% DDM. The protein was isocratically eluted over 1.5 CV.  

2.4.8.4 Buffer conditions 

2.4.8.4.1 pH screening 

Biological processes are highly dependent on the pH inside and outside the bacterial cell. The 

pH-optimum of protein activity and the pH-optimum of protein stability are often correlated92. 

The activity of Mrp is greatly influenced by the concentration of hydrogen ions (Steiner and 

Sazanov, 2020). Hence, a pH screening (pH 6.0 – 8.0) was performed to determine whether 

the concentration of hydrogen ions also has an effect on the stability of Mrp. Membranes 

containing a total protein concentration of 4 mg were solubilized by incubation for 30 minutes 

at 4°C in a buffer at pH 6.0 (20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 10 % glycerol), pH 7.0 (20 

mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol) and pH 8.0 (20 mM HEPES pH 8.0, 5 mM 

MgCl2, 10 % glycerol) to which 0.3 M KCl and 1 % (w/v) detergent had been added. Three 

different detergents [n-Dodecyl β-D-maltoside (DDM), n-Decyl β-D-maltoside (DM) and n-

Undecyl β-D-maltoside (UDM)] were tested for Mrp from Bacillus pseudofirmus OF4 

(pBADmrp). Four different detergents [DDM, DM, UDM and Lauryl maltose Neopentyl 

Glycol (LMNG)] were tested for Mrp from Anoxybacillus flavithermus WK1 (AF_mrp). 

Extracted proteins were collected by ultracentrifugation at 180,000 x g for 15 min. The samples 
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were loaded onto a Superose 6 10/300 GL column pre-equilibrated in either 20 mM Bis-Tris 

pH 6.0, 5 mM MgCl2, 10 % glycerol, 0.15 M KCl for pH 6.0, 10 mM HEPES pH 7.0, 5 mM 

MgCl2, 10 % glycerol, 0.15 M KCl for pH 7.0 or 10 mM HEPES pH 8.0, 5 mM MgCl2, 10 % 

glycerol, 0.15 M KCl for pH 8.0. The equilibration buffers also contained either 0.05% DDM, 

0.05% UDM, 0.05% LMNG or 0.15% DM.  

2.4.8.4.2 Stability without MgCl2 

A buffer containing MgCl2 was used in the original protocol for the purification of Mrp31. 

Divalent cations such as Mg2+ sometimes act as protein ligands, affecting the stability of 

proteins. Nevertheless, it wasn’t clear whether MgCl2 is actually really needed for the 

purification of Mrp. Hence, a size exclusion chromatography with the chelating agent EDTA 

was performed at pH 6.0 - 8.0 to test whether MgCl2 has an impact on the stability of Mrp. Mrp 

expressed from the pBADmrp plasmid was used for this experiment. Membranes containing a 

total protein concentration of 70 mg were solubilized by incubation for 2 hours at 4°C in 20 

mM HEPES pH 7.0 and 10 % glycerol to which 0.3 M KCl and 1 % (w/v) DDM had been 

added. Extracted proteins were collected by ultracentrifugation at 180,000 x g for 15 min. The 

sample was divided into three parts and loaded onto Superdex 200 10/300 GL pre-equilibrated 

with either 2 CV of 20 mM Bis-Tris pH 6.0, 2 mM EDTA, 10% glycerol, 150 mM KCl and 

0.05% DDM for pH 6.0, 20 mM HEPES pH 7.0, 2 mM EDTA, 10% glycerol, 150 mM KCl 

and 0.05% DDM for pH 7.0 or 20 mM HEPES pH 8.0, 2 mM EDTA, 10% glycerol, 150 mM 

KCl and 0.05% DDM for pH 8.0. The protein was eluted isocratically over 1.5 CV. 

2.4.8.4.3 High imidazole concentration 

Imidazole is used as an eluent for His-tagged proteins and usually yields biologically active 

proteins. Nevertheless, the influence of imidazole on the stability of Mrp was tested by 

extracting the protein in the presence of imidazole. Mrp expressed from the pBADmrp plasmid 

was used for this experiment. Membranes containing a total protein concentration of 60 mg 

were solubilized by incubation for 2 hours at 4°C in 20 mM HEPES pH 7.0, 5 mM MgCl2 and 

10 % glycerol to which 0.3 M KCl, 1 % (w/v) DDM or 1% UDM and 0.4 M imidazole had 

been added. A control experiment was conducted with the same sample, in a buffer without 

imidazole. Extracted proteins were collected by ultracentrifugation at 180,000 x g for 15 min. 

The samples were concentrated to 500 μL with a 100-kDa cut-off Vivaspin 20 filter and loaded 

onto a Superose 6 10/300 GL column pre-equlibrated with 20 mM HEPES pH 7.0, 5 mM 

MgCl2, 10% glycerol, 0.3 M KCl and 0.05% DDM or 0.05% UDM.  
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2.4.8.4.4 High buffer concentration  

The stability of proteins can be dependent on pH of the surrounding buffer and its capacity to 

maintain a stable pH. Hence, the influence of the buffering system was determined on the 

stability of Mrp by using a high buffer concentration during affinity chromatography. Mrp was 

expressed from pBADmrp. Membranes containing a total protein concentration of 90 mg were 

solubilized by incubation for 2 hours at 4°C in 20 mM Bis-Tris pH 6.5, 5 mM MgCl2 and 10 

% glycerol to which 0.3 M KCl and 1 % (w/v) DDM had been added. Extracted proteins were 

collected by ultracentrifugation at 180,000 x g for 15 min. Solubilised membranes were loaded 

onto a 5 mL HisTrap column, previously equilibrated with 5 column volumes (CV) of 100 mM 

Bis-Tris pH 6.5, 5 mM MgCl2, 10 % glycerol, 0.1 M KCl and 0.05% DDM. The column was 

washed with 20 CV of equilibration buffer and the protein was eluted with a linear gradient of 

100 mM Bis-Tris pH 6.5, 5 mM MgCl2, 10 % glycerol, 0.1 M KCl, 0.05% DDM and 100 mM 

imidazole over 10 CV. Fractions containing Mrp were pooled, concentrated to 1 ml and 

separated into two parts. To test whether the buffer itself affects the stability of Mrp, one part 

was loaded onto a Superdex 200 10/300 GL column previously equilibrated with 20 mM Bis-

Tris pH 6.5, 5 mM MgCl2, 10% glycerol, 150 mM KCl and 0.05% DDM. The other part was 

loaded onto a Superdex 200 10/300 GL column previously equilibrated with 20 mM HEPES 

pH 7.0, 5 mM MgCl2, 10% glycerol, 150 mM KCl and 0.05% DDM. The protein was eluted 

isocratically over 1.5 CV.  

2.4.8.4.5 High salt concentration 

The salt concentration can affect the thermal stability of proteins, indicating the significance 

of electrostatic interactions. Thus, a nickel affinity chromatography was done with a buffer 

containing a high salt concentration. Furthermore, a high salt concentration decreases 

unspecific interactions of the protein with the chromatography column, which might cause the 

disassembly a protein complex. Mrp was expressed from pBADmrp. Membranes containing a 

total protein concentration of 120 mg were solubilized by incubation for 2 hours at 4°C in 20 

mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol to which 0.3 M KCl and 1 % (w/v) DDM 

had been added. Solubilised membranes were loaded onto a 5 ml TALON column, previously 

equilibrated with 5 CV 20 mM HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol, 0.3 M KCl and 

0.05% DDM. The column was washed with 15 CV equilibration buffer and the protein was 

eluted with a linear gradient over 7 CV with a buffer containing 20 mM HEPES pH 7.0, 5 mM 

MgCl2, 10 % glycerol, 0.3 M KCl, 0.05% DDM and 500 mM imidazole. Fractions containing 

Mrp were pooled and concentrated to 500 μL with a 100-kDa cut-off Vivaspin 20 filter. The 
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sample was loaded onto a Superdex 200 10/300 GL column pre-equilibrated with 20 mM 

HEPES pH 7.0, 5 mM MgCl2, 10 % glycerol, 0.05 % DDM and 150 mM KCl.  

2.4.9 Optimized purification of AF_mrp 

Membranes containing a total protein concentration of 300 mg were solubilized by incubation 

for 1 hour at 4°C in 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2 and 10 % glycerol to which 

0.3 M KCl and 1 % (w/v) DDM or LMNG had been added. Extracted proteins were collected 

by ultracentrifugation at 180,000 x g for 15 min. Solubilised membranes were loaded onto a 5 

mL TALON column, previously equilibrated with 5 CV 20 mM HEPES-KOH pH 7.0, 5 mM 

MgCl2, 10% glycerol, 0.3 M KCl, 20 mM imidazole and 0.05% DDM or 0.05% LMNG. The 

column was washed with 15 CV equilibration buffer and the protein was eluted with 10 CV 20 

mM HEPES-KOH pH 7.0, 5 mM MgCl2, 10% glycerol, 0.3 M KCl, 150 mM imidazole and 

0.05% DDM or 0.05% LMNG. Fractions containing Mrp were pooled, concentrated to 250 μL 

with a 100-kDa cut-off Vivaspin 20 filter and glycerol was added up to 30%. The protein was 

flash-frozen in liquid nitrogen, and stored at -80 °C. 

To separate the dimer from the monomer, the sample was loaded onto a Superose 6 10/300 GL 

column previously equilibrated with 2 CV buffer 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 10% 

glycerol, 0.15 M KCl, 0.05% DDM or 0.05% LMNG and eluted isocratically. Fractions were 

analysed by SDS-PAGE. Fractions containing the Mrp dimer were pooled. The final glycerol 

concentration was increased up to 30% (v/v), the sample was aliquoted, flash-frozen in liquid 

nitrogen, and stored at -80 °C.  

2.4.10 Purification of other Mrp constructs 

2.4.10.1 Purification of pBAD_BP ES3C-S 

Membranes containing a total protein concentration of 670 mg were solubilized by incubation 

for 45 minutes at 4°C in 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2 and 10 % glycerol to 

which 0.15 M KCl and 1 % (w/v) DDM had been added. Extracted proteins were collected by 

ultracentrifugation at 180,000 x g for 15 min. Solubilised membranes were loaded onto a 1 ml 

StrepTrap HP (GE Healthcare) column, previously equilibrated with 5 CV 20 mM HEPES-

KOH pH 7.0, 5 mM MgCl2, 10 % glycerol, 0.15 M KCl and 0.05% DDM. The column was 

washed with 10 CV of equilibration buffer and the protein was eluted over 10 CV with 

equilibration buffer containing 2.5 mM desthiobiotin. The protein was loaded onto a Superose 

6 10/300 GL column pre-equilibrated with 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2, 10% 

glycerol, 150 mM KCl and 0.05% DDM.  
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2.4.10.2 Purification of pGEM_AF G-F and TFCHAH 

Membranes containing a total protein concentration of 500 mg were solubilized by incubation 

for 1 hour at 4°C in 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2 and 10 % glycerol to which 

0.15 M KCl and 1 % (w/v) DDM had been added. Extracted proteins were collected by 

ultracentrifugation at 180,000 x g for 15 min. 1 ml of 50% ANTI-FLAG M2 Affinity Gel 

(Merck) was transferred to an empty gravity flow column. The storage buffer was removed by 

gravity and the affinity resin was equilibrated with 5 CV 20 mM HEPES-KOH pH 7.0, 5 mM 

MgCl2, 10 % glycerol, 150 mM KCl and 0.05% (w/v) DDM. The resin was resuspended with 

equilibration buffer in a small volume and transferred to the tube containing the solubilized 

protein. The protein was incubated together with the affinity resin at 4°C for 1 hours while 

rotating. The protein - affinity resin mixture was transferred to the empty gravity flow column. 

The flow through was collected and the resin was washed with 10 CV equilibration buffer. 

Finally, the protein was eluted with the equilibration buffer containing 0.1 mg/ml 3xFLAG 

peptide over 5 CV. The protein was loaded onto a Superose 6 10/300 GL column pre-

equilibrated with 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 10% glycerol, 150 mM KCl and 0.05% 

DDM.  
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2.5 Cryo-electron microscopy  

2.5.1 Negative staining 

Negative staining can be used to determine the quality of the protein sample. It provides 

information about the shape, size and oligomerisation state of a protein as well as the presence 

of contaminants. The sample is treated with heavy metal salt which creates a high contrast, it 

however also constrains the achievable resolution to ~20Å93.  

The protein was exchanged into 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 10% glycerol, 150 mM 

KCl containing either 0.05% DDM, 0.15% DM or 0.01% LMNG by size exclusion 

chromatography. 5 l of Mrp dimer fractions (0.01 mg/mL) were applied onto a freshly glow-

discharged grid (CF300 – CU carbon film 300 MESH, copper), incubated for 2 minutes and 

blotted off with a filter paper. The grid was washed 3x with 20 L wash buffer each, twice at 

the front side and once at the back side of the grid. Excess fluid was blotted off with a filter 

paper in between and after the final washing step. 10 L of a 2% uranyl acetate solution were 

applied onto the grid and incubated for 10 seconds, followed by wicking away the excess liquid 

with a filter paper. The grid was dried for 1 minute and stored in a grid box. 

2.5.2 Cryo-electron microscopy 

The molecular structures of proteins provide information about the working mechanism of 

biological systems94,95. Cryo-electron microscopy (cryo-EM) facilitates the reconstruction of 

the 3D structure of purified molecules, proteins and protein complexes, given that they are thin 

enough to transmit electrons. The recorded images carry structural information arising from 

the elastic scattering between the electron beam and the specimen93,95,96,97.  

In cryo-EM the microscope column needs to be under high vacuum, since electrons strongly 

interact with matter.  

A small volume (2-3 µl) of purified protein is applied onto a cryo-EM grid, blotted to a thin 

layer by a filter paper which is immediately followed by plunging the grid into liquid ethane (-

180 °C), so that the proteins get embedded in the vitrified water. A good cryo-EM sample 

shows transparent, thin ice and randomly oriented proteins, with a density high enough that the 

proteins are just not touching each other.  

Biological samples are highly sensitive to electron damage. Hence, for cryo-EM imaging in 

movie mode electron dose conditions of 80-90 e-/A2 can be used while preserving high- 

resolution information. The total electron dose is fractioned into a number of image frames 
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which can be aligned during processing to correct for specimen and beam-induced 

movement98.  

The signal to noise ratio of the resulting images is low, since proteins are considered as weak 

scatterers meaning that they change the phase of the scattered beam only slightly. By 

defocusing of the objective lens, these small phase changes can convert into visible contrast. 

This, however, also results in alterations of the image, such as phase reversals and a loss of 

information at some spatial frequencies. These changes are represented by the contrast transfer 

function (CTF), a sine function with regions of zero transmissions, causing a loss of 

information in a single image. Hence, data have to be collected at different defoci to sample 

the entire reciprocal space93.  

Direct electron detectors (DED) are cameras to record images for cryo-EM. In a DED the 

incident electrons hit on a CMOS detector and are directly converted into charge and read-out 

to form an image. Direct detectors can operate in different modes: the integrating mode, where 

electron hits result in the deposition of charge that is created over the course of an exposure 

and counting mode, where single electron events are counted and added up over the exposure. 

The ability to count single electron hits allows to abolish the Landau noise that is generated 

from the individual electrons leaving distinct amount of energy on the detector. Imaging in 

counting mode has to be done with a weak beam and long exposure times, resulting in a lower 

throughput99.  

 

A short comparison between cryo-EM and X-ray crystallography: The structure 

determination process between Cryo-EM and X-ray crystallography is similar, with an end 

result which is a map of the sample at a certain resolution. Despite the similar appearance of 

maps generated by cryo-EM and X-ray crystallography, the maps are fundamentally different 

due to the way how X-rays and electrons interact with the specimen. Electron distribution maps 

(electron density maps) are produced by X-rays that are elastically scattered by the electrons 

of an atom. Coulomb (electrostatic) potential maps are generated by electrons that are scattered 

by the local charges of a sample94.  

Electron density maps depict the position of atomic centres since peaks of a map are usually 

centred around the nuclei. This can produce high resolution maps (<1 A) where electron 

orbitals become resolved. In Coulomb potential maps, the peaks are not necessarily centred on 

nuclei, especially when atoms have a net charge. In contrast to X-ray scattering, the scattering 

of electrons is strongly depended on charge. This can lead to a deviation of the Coulomb 
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potential map from atomic centres and a deceptive map for model building. However, Coulomb 

potential maps carry information which misses in electron density maps, such as charge states 

of proteins and ions, as well as hydrogen atoms94.  

2.5.3 Microscopy parameters for screening and data collection 

2.5.3.1 T12 

Screening. Initial grids were imaged using a 120 kV Tecnai T12 electron microscope equipped 

with a Gatan X camera at the Institute of Science and Technology Austria. Images were 

recorded at a nominal magnification of 42,000 x. The defocus was set to -3.5 μM, the electron 

dose to 15-25 e-/s/Å2 and the exposure time to 3-8 seconds.  

2.5.3.2 Glacios 

Screening. Grids were imaged using a 200 kV Glacios Cryo-Transmission Electron 

Microscope equipped with a falcon II camera at the Institute of Science and Technology 

Austria. A small number of images was collected with FEI EPU package in linear mode with 

a nominal magnification of 120,000 x and a physical pixel size of 0.96 Å, -3.5 μM defocus, an 

electron dose of 80 e- Å2 and the exposure time to 2-5 s. 

Data collection. The initial datasets, Mrp in DDM showing a preferred orientation and Mrp in 

DDM glow discharged in the presence of N-amylamine were collected on Glacios. Images 

were collected with FEI EPU package at a nominal magnification of 120,000 x in counting 

mode, resulting in a pixel size of 0.96 Å per pixel. Defocus values varied between 0.6 µM and 

1.6 µm. A total dose of 50 e-/ Å2 was fractionated into 50 frames.  

2.5.3.3 Titan Krios 

Data collection. Images were collected at 35° tilt using a 300 kV Titan Krios electron 

microscope equipped with a Gatan K3 camera and an energy filter set to a slit width of 20eV 

at the Institute of Science and Technology Austria. Micrographs were collected with the FEI 

EPU package for the LMNG dataset or SerialEM for the DDM dataset, at a nominal 

magnification of 105,000 x, resulting in a calibrated physical pixel size of 0.84 Å per pixel. 

Defocus values varied from 0.6 μm to 2.3 μm. A total dose of 85 e-/Å2 was fractionated into 

85 frames for the LMNG-dataset. A total dose of 90 e-/Å2 was fractionated into 88 frames for 

the DDM-dataset.  
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2.5.4 Cryo-EM grid screening 

After initial cryo-EM grid screening of the Mrp dimer it was obvious that the protein complex 

aggregated on Quantifoil mesh 300, R 0.6/1 grids. A big screening of different detergents, 

additives, buffer conditions, salt concentrations, affinity tags, alternatives to detergents, cryo-

EM grids and continuous supports for cryo-EM grids was performed with the aim to obtain a 

sample with randomly oriented proteins and a density high enough so that the proteins are just 

not touching each other, covered by a very thin layer of vitreous ice.  

Screening of different conditions was performed on a Superose 6 10/300 GL or Superose 6 

Increase 3.2/300 column. Size exclusion chromatography is a method that reveals the condition 

and stability of a protein. Denaturation or aggregation of the target protein can be determined 

if additional peaks appear during SEC. If Mrp eluted in a monodisperse peak in the tested 

condition, cryo-EM grids were prepared with that sample. 

Purified Mrp was applied on the size exclusion column, pre-equilibrated with the according 

screening buffer. The Mrp dimer fraction was concentrated to 1.5-2.3 mg/mL for the 

preparation of normal carbon grids (Quantifoil mesh 300, R 0.6/1) or diluted to 0.1-0.17 mg/mL 

for the preparation of carbon grids with continuous support. Grids were glow discharged in air 

at 30 mA for 5 seconds. 3 μL of protein sample were applied to the grids, blotted for 7 s at 4 

°C and 100% humidity and quickly plunged into liquid ethane using a FEI Vitrobot IV. Grids 

were stored in liquid nitrogen. 

2.5.4.1 Detergent Screening 

Detergents are used to solubilize membrane proteins from the membrane. The detergent has to 

be mild in its effects, to keep the structure of the protein preserved. Once the membrane protein 

is solubilized, it requires the presence of detergent above the critical micelle concentration 

(CMC), to mask the hydrophobic part of the membrane protein. Detergents that build micelles 

at low concentrations are preferable because they can keep the protein in solution whilst 

minimizing the detergent concentration100.  

The stability of the Mrp was determined in different detergents in order to find the most optimal 

detergent for cryo-EM imaging. All of the examined detergents were non-ionic, mild and non-

denaturing. The protein was exchanged either into a buffer with pH 6.0 (20 mM Bis-Tris-HCl 

pH 6.0, 5 mM MgCl2, 150 mM KCl) or into a buffer with pH 7.0 (20 mM HEPES-KOH pH 

7.0, 5 mM MgCl2, 150 mM KCl) including the detergent of choice. Tested detergents and used 

concentrations are shown in Table 8.  
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Table 8. Tested detergents and used concentrations in size exclusion buffer. 

Tested detergent Final 
Concentration 

DDM 0.05% 
0.02 % 

LMNG 0.02 % 
0.002 % 
0.05% 
0.01% 

FOM 0.05% 
0.15% 

Digitonin 0.1% 
GDN 0.05 % 

Several important factors have to be considered during detergent handling: The detergent 

concentration must be kept above the critical micelle concentration (CMC), where detergents 

spontaneously form micelles101. Another important point is, that detergents concentrate in a 

protein concentrator similar to proteins. Hence membrane proteins solubilized in detergents 

should not be concentrated above a detergent concentration of up to ~0.2 % since too high 

detergent concentrations lead to micelles on cryo-EM grids.  

2.5.4.2 Additives 

Additives include any compound that might improve the stability or distribution of a protein 

on a cryo-EM grid, by either interacting with the protein directly or indirectly by playing a role 

within the solvent102. Also detergents can be used as additives by altering the air-water interface 

and hence the behaviour of particles on a cryo-EM grid. The influence of several additives on 

the distribution of Mrp on cryo-EM grids was assessed. The additives were either included in 

the size exclusion buffer or added to the protein sample shortly before applying it to a grid. 

Tested additives and used concentrations are shown in Table 9. 
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Table 9. Tested additives and used final concentrations and buffer. 

Additive Final 
concentration 

Size exclusion buffer 

TCEP 2 mM 20 mM HEPES-KOH pH 7.0, 5 mM 
MgCl2, 150 mM KCl, 0.03% DDM 

CHS 0.01% 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl, 0.03% DDM 

EDTA 2 mM 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl, 0.01% LMNG, 2 mM 
EDTA 

CHAPS 0.1% 
 

0.2% 

20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl, 0.03% DDM 
20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
300 mM KCl, 0.05% LMNG. 

FOM 0.2% 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl, 0.01% DDM 

FOS-8 3 mM 25 mM potassium acetate pH 5.0, 5 mM 
MgCl2, 150 mM KCl, 0.03 % DDM 

DDM 0.1% 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl and 0.05 % LMNG 

LMNG 0.5% 20 mM Bis-Tris pH 6.0, 5 mM MgCl2, 
150 mM KCl and 0.05 % LMNG 

 

TCEP (tris(2-carboxyethyl)phosphine), CHS (cholesteryl hemisuccinate) and EDTA 

(ethylenediaminetetraacetic acid) were added to size exclusion chromatography buffer. 

CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate), FOM (Octyl 

Maltoside, fluorinated) or FOS-8 (foscolin 8 fluorinated), DDM and LMNG were added to the 

purified protein sample shortly before applying it to a cryo-EM grid.  

2.5.4.3 Buffer conditions 

The sample buffer should be as simple as possible while maintaining the stability, solubility, 

homogeneity and activity of the sample. The buffer needs to be chosen with an effective 

buffering capacity within the desired sample pH and an ionic strength, high enough to facilitate 

the stability of the protein of interest. Moreover, also the buffer molecule itself can affect the 

protein.  

Mrp was exchanged into a buffer containing 20 mM potassium acetate pH 5.0, 5 mM MgCl2, 

300 mM KCl and 0.05% DDM to determine the influence of low pH on the stability of the 

protein complex on a cryo-EM grid.  

Moreover, the influence of the salt concentration on the stability of Mrp on a cryo-EM grid 

was tested by exchanging the protein complex into a buffer containing a low- and high salt 

concentration. For the high salt buffer, the protein was exchanged into 20 mM Bis-Tris pH 6.0, 
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5 mM MgCl2, 300 mM KCl and 0.05% LMNG by size exclusion chromatography. For the low 

salt experiment, Mrp was exchanged into 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2, 150 mM 

KCl, 2 mM TCEP and 0.02% DDM by size exclusion chromatography. Afterwards the sample 

was diluted three times with the size exclusion buffer without KCl in order to achieve a final 

salt concentration of 50 mM.  

2.5.4.4 Affinity tags 

The choice of the construct coding for a recombinant protein complex is very crucial. The 

position of the affinity tag within the operon as well as the type of affinity tag might influence 

the stability of the expressed protein. In order to elucidate whether the His-tag causes the 

aggregation of Mrp on cryo-EM grids, the affinity tag was changed to a FLAG-tag. FLAG-

tagged Mrp (pGEM_AF G-F) was exchanged into 20 mM HEPES-KOH pH 7.0, 5 mM MgCl2, 

2% glycerol, 150 mM KCl and 0.02% DDM by size exclusion chromatography.  

2.5.4.5 Amphipoles and SMA 

Detergents may cause structural disorder or reduce the activity of the protein of interest. An 

alternative way to stabilize membrane proteins in an aqueous solution is the usage of 

amphipols. Amphipols are amphiphilic polymers comprised of a hydrophilic backbone and 

hydrophobic chains. Amphipols cannot solubilize integral proteins from the membrane and 

hence the extraction has to be carried out with detergents followed by an exchange into 

amphipols. Amphipols often lead to an improved contrast in cryo-EM imaging in comparison 

to detergents. This is due to the complete association of amphipols with the membrane protein 

and no or little free polymer is left in solution101.  

Lipids surrounding membrane proteins are often important for the protein’s stability, structure 

and function. One approach to include lipids into a solubilized membrane protein is the usage 

of styrene-maleic acid copolymers (SMA). SMAs are built of hydrophilic maleic acid and 

hydrophobic styrene and can be used to directly solubilize membrane proteins from the lipid 

bilayer. This detergent-free method creates SMA lipid particles (SMALPs) in which the 

integral membrane proteins are encompassed by small parts of lipid bilayer, keeping the protein 

in a nearly native environment101. Tested amphipols and SMAs and used concentrations are 

shown in Table 10. 
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Table 10. Tested amphipols and SMA and used ratios. 

Amphipols Exchange ratio 
protein/polymer 

(w/w) 
A8-35 1:5 

1:2 
1:1 

1:0.5 
1:0.3 
1:0.2 

PMAL-C8 1:5 
1:4 
1:2 
1:1 

PMAL-
C12 

1:5 

SMA 1:3 
 

Amphipols. Purified Mrp was concentrated to 50 µl and mixed with the respective amphipol 

from a 5% stock dissolved in ddH2O at indicated ratios. Mrp and the amphipoles were mixed 

by gently mixing the tube. The incubation was done for 25 minutes at 4°C and the tube was 

gently snipped every 5 minutes. The sample was concentrated to 50 µl and loaded onto a 

Superose 6 Increase 3.2/300 column, pre-equilibrated with 20 mM Bis-Tris pH 6.0, 5 mM 

MgCl2 and 150 mM KCl.  

SMA. Membranes were resuspended in a buffer without MgCl2 including 20 mM HEPES-

KOH pH 7.0, 10% glycerol and 0.3 M KCl. Membranes containing a total protein amount of 

780 mg were solubilized by incubation for 30 minutes at 4°C in resuspension buffer to which 

1 % or 5 % (w/v) SMA Xiran SL25010P20 had been added. Extracted proteins were collected 

by ultracentrifugation at 180,000 x g for 15 min. Solubilised membranes were loaded onto a 5 

mL TALON (GE Healthcare) column, previously equilibrated with 5 CV 20 mM HEPES pH 

7.0, 10 % glycerol, 0.3 M KCl and 20 mM imidazole. The column was washed with 15 CV 

equilibration buffer and the bound protein was eluted with 10 CV 20 mM HEPES pH 7.0, 10 

% glycerol, 0.3 M KCl and 500 mM imidazole.  

2.5.4.6 Mrp monomer  

In order to determine whether the oligomerization state of Mrp is responsible for its aggregation 

on cryo-EM grids, grids were prepared with the Mrp monomer. 

After affinity chromatography, the Mrp fractions were concentrated to 250 µl and loaded onto 

a Superose 6 10/300 GL column previously equilibrated with 2 CV buffer 20 mM Bis-Tris pH 
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6.0, 5 mM MgCl2, 0.15 M KCl, 0.05% DDM and eluted isocratically. The Mrp monomer 

fraction was used to prepare cryo-EM grids.  

2.5.4.7 PEGylated grids 

Self-assembled monolayers can be deposited on gold-coated carbon grids, with the purpose to 

alter the orientation of particles in cryo-EM holes103. PEGylated grids were prepared according 

to the protocol from Meyerson et al.103 A reaction solution of 100 µl 4 mM 11-mercaptoundecyl 

hexaethyleneglycol was prepared in 100 % ethanol in an Eppendorf tube. A gold grid was 

submerged in the reaction solution and N2 was put on top. The tube was sealed with Parafilm 

and stored in a desiccator under vacuum for 46 hours. Finally, the grid was washed with 100 

% ethanol and air dried. The protein complex was exchanged into 20 mM Bis-Tris pH 6.0, 5 

mM MgCl2, 150 mM KCl, 0.03% LMNG and applied onto the PEGylated cold grid.  

2.5.4.8 N-amylamine 

The surface of cryo-EM grids can be treated with N-amylamine in order to alter the orientation 

distribution of protein particles absorbed to the grid surface104. A microscope slide was covered 

with parafilm and 6-9 grids were placed on one half of the slide. 10 µl N-amylamine were 

pipetted onto a small piece of filter paper, which was put on the other half of the microscope 

slide. N-amylamine was deposited on the grids by glow-discharging for 30 seconds with a 

pressure of 3.0 E-1 and a current of 16.5 mA. After the vacuum of the glow discharger was 

started, N-amylamine evaporated in the chamber.  

2.5.4.9 Continuous support 

One method to alter the particle distribution is the application of continuous supports on 

Quantifoil grids. Three different kinds of continuous supports are currently used in the field of 

cryo EM: continuous carbon, graphene oxide and graphene. The advantage of graphene oxide 

is, that graphene oxide grids are relatively easy to produce and graphene oxide itself is naturally 

hydrophilic. The disadvantage is that graphene oxide often produces overlapping or wrinkly 

graphene oxide sheets which limits the usable areas on a grid. Thus, the production of graphene 

oxide grids by means of a coating apparatus (explained below) should theoretically lead to 

more reproducible grids covered with a single layer of graphene oxide sheets.  

Grids can also be covered with graphene. The advantage of graphene is that it’s very thin and 

relatively electron transparent. A disadvantage is that a small layer of graphene is very 

expensive. Moreover, graphene is extremely hydrophobic and needs to be made hydrophilic 

by means of a chemical modification before sample application.  
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Continuous carbon can also be used as a continuous support. A big advantage of continuous 

carbon is, that grids can be covered with an ultrathin, even layer (1-1.4 nm) of continuous 

carbon. Moreover, the whole process of preparing continuous carbon grids can be made in 

house and is very reproducible, resulting in high quality grids.  

A big issue of continuous supports is that particles often show a preferred orientation. Another 

big problem is that it’s very difficult to determine the ice thickness or whether a grid is covered 

with vitreous ice at all.   

2.5.4.9.1 Graphene oxide grids – Method 1 

Graphene oxide grids were prepared according to the protocol from: 

https://figshare.com/articles/Graphene_Oxide_Grid_Preparation/3178669. A 0.6 mg/ml 

graphene oxide solution was prepared by diluting a 2 mg/ml graphene oxide dispersion with 

water. A small piece of parafilm and a filter paper were prepared and the grid was mounted on 

a tweezer with carbon side up. For each grid, three 20 μL water drops were pipetted onto the 

parafilm. 3 μL diluted graphene oxide solution were pipetted onto the mounted grid and 

incubated for 1.5 minutes. The graphene oxide drop was blotted away by lightly touching the 

rim of the grid on filter paper. The grid was washed with the water drops, twice at the carbon 

side and one time at the back side of the grid. The grid was dried for at least 1 hour.  

2.5.4.9.2 Graphene oxide grids – Method 2 

Graphene oxide grids were prepared according to the protocol from Palovcak et al.105. In short, 

a dispersant solution was prepared with 1:5 H20:Methanol. A 2 mg/ml graphene oxide stock 

was diluted to 0.2 mg/ml with dispersant to make 10 mL of methanolic graphene oxide 

solution. In the protocol the scientists use a bath sonicator to remove graphene oxide 

aggregates. In our case, a sonication for 45 minutes in a bath sonicator didn’t work to break up 

aggregates of graphene oxide sheets. Anyways, we proceeded as in the protocol by aliquoting 

the graphene oxide solution into 1.5 ml Eppendorf tubes and centrifuged them at 4000 g for 10 

minutes. The supernatant, which contained the smallest graphene oxide sheets, was removed 

and the pellet, which contained the big graphene oxide sheets, was resuspended in 500 μL 

dispersant. The graphene oxide solution was sonicated for 2 minutes in the bath sonicator, 

followed by a centrifugation at 500 g for 1 minutes. The supernatant was used to prepare EM 

grids.  

A home-made coating apparatus (Machine shop IST Austria) was used to coat cryo-EM grids. 

Filtered water was filled into the coating apparatus. A small piece of filter paper was put onto 

https://figshare.com/articles/Graphene_Oxide_Grid_Preparation/3178669.
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the elevated mesh which is mounted just below the water surface. 9-12 grids were carefully 

submerged in the water and positioned on the filter paper in close proximity. Lint was removed 

from the water surface by carefully overfilling the coating apparatus with water. Subsequently, 

the water surface level was decreased just below the upper border of the apparatus. 500 μL 

dispersed methanolic graphene oxide solution was dispersed to the water surface by applying 

10 μL droplets with a pipette. The water level was slowly decreased and hence the graphene 

oxide sheets were placed onto the grids. The mesh with the grids was carefully removed from 

the coating apparatus, placed into a petri dish and dried overnight.  

2.5.4.9.3 Graphene  

Graphene grids were prepared according to the manufacturer’s recommended instructions. 

Grids were washed overnight in chloroform. The coating apparatus and grids were prepared as 

explained in 2.3.2. A monolayer graphene (1cm2) (Easy transfer: monolayer graphene on 

polymer film; Graphenea, Cambridge, MA) was slowly plunged into the water in a 45 angle, 

leading to the detachment of the polymer from the graphene-sacrificial layer surface. The 

graphene-sacrificial layer surface was placed above the carbon grids, by displacing the water 

surface. The water surface was slowly lowered and the graphene-sacrificial layer was deposited 

onto the grids. The sacrificial layer-graphene-grids were dried inside the coating apparatus for 

30 minutes. The grids were placed in an oven at 150 degrees for 1 hour in order to anneal the 

graphene to the grids. Next, the grids were stored under vacuum for 24 hours. The sacrificial 

layer was removed from the graphene grids by incubating them in 50 degrees hot acetone for 

1 hour, followed by an incubation in iso-propyl alcohol for another hour. The grids were dried 

with N2. In order to hyrophilize the graphene coated grids, a 20 μL drop of 50 mM 1-

pyrenecarboxyilic acid (Sigma Aldrich) dissolved in DMSO (Sigma Aldrich) was pipetted onto 

the grid and blotted away with filter paper.  

2.5.4.9.4 Continuous carbon  

MICA sheets, v-1 quality, 25x25mm (electron microscopy sciences) were covered with an 

ultrathin (1-1.4 nm) layer of continuous carbon by means of a Coater (Leica ACE600) and 

incubated in a low humidity chamber overnight. The coating apparatus was set up as explained 

in 2.18.9.1. The mica sheet with continuous carbon was slowly plunged into the water in a 45° 

angle, leading to the detachment of the continuous carbon from the mica sheet. The continuous 

carbon was moved above the carbon grids, by displacing the water surface. Finally, the water 
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surface was slowly lowered and the continuous carbon was deposited onto the grids. The grids 

were dried overnight, inside the coating apparatus covered with a box.  

2.5.4.10 Measuring ice thickness on grids covered with continuous carbon 

The ice thickness was measured by tilting the specimen stage to 45°, burning a small hole 

through the ice, tilting the stage back to 0° and taking an image. The ice thickness can directly 

be ascertained by determining the length of the burned hole. 

2.5.5 Cryo-EM processing 

2.5.5.1 Processing of initial Mrp-dataset - preferred orientation  

388 movies were collected on Glacios with EPU. The processing was done in RELION 3.0. 

Movie frames were motion corrected and dose weighted using MotionCor2 which 

compensated for specimen and beam-induced movement. Contrast transfer function (CTF) 

parameters were determined for each micrograph from averaged images using CTFFIND4. A 

template-free auto-picking method based on a Laplacian-of-Gaussian (LoG) filter was initially 

used to select a set of particles (50947 particles). 2D classification was performed with picked 

particles extracted in a 256 box (down-sampled to 1.92 Å /pixel) to generate class averages for 

a second round of template-based picking. In order to find the best settings for auto-picking, 

particle picking was performed with a small set of micrographs using class averages as 2D 

references. Nevertheless, the picking parameters could not be optimized in Relion, since either 

particles failed to get picked, or too many non-existent particles - or contamination got picked. 

Hence, gautomatch was used for auto-picking using 2D class averages as reference, resulting 

in 84689 picked particles. Another 2D classification was performed with all picked particles, 

yielding three classes with 32262 particles. 3D classification was carried out using a 40 Å low-

pass filtered ab initio map as reference, which resulted in one class with 31934 particles. 

Particles were re-extracted in a 432 box (0.96 Å /pixel). 3D auto-refinement was performed 

with particles in C1 symmetry using a soft mask which included the detergent region, and a 30 

Å low-pass filtered auto-refined map which was generated with the same dataset, as a 

reference. This resulted in a 7.5 Å map with an anisotropic distribution of angular projection 

orientations. Both monomers of the Mrp dimer were extracted individually. The monomers 

were then either joined or each monomer individually was used for another round of 3D auto-

refinement. This resulted in maps with an overall resolution of 5.7 Å for the joined monomers, 

6.5 Å for one monomer and 7.4 Å for the other monomer.  
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2.5.5.2 Processing of N-amylamine-dataset 

424 movies were collected on Glacios with EPU and processed in Relion 3.0.2. Movie frames 

were motion-corrected and dose-weighted using MotionCor2. CTF parameters were 

determined for each micrograph from averaged images using CTFFIND4. LoG picking was 

used to pick particles, resulting in 61931 particles. 2D classification of all picked particles, 

extracted in a 256 box (down-sampled to 1.92 Å /pixel), resulted in two good classes with 

56313 particles. 3D classification was performed in C1 symmetry using a 40 Å low-pass-

filtered 3D auto-refined dimer map from the DDM dataset as reference. This resulted in one 

good class with 29732 particles. 3D auto-refinement in C1 symmetry, with global angular 

searches and the 3D class as a reference, low-pass filtered to 30 Å, resulted in a map with an 

overall resolution of 7.4 Å.  

2.5.5.3 Processing of LMNG-dataset  

760 and 3,126 movies were collected in normal- and super-resolution respectively. Processing 

was done in Relion 3.0.7106. The processing of the LMNG-dataset is shown in Fig. 11. Movie 

frames were motion-corrected, dose-weighted and super-resolution images were binned two-

fold using MotionCor2107. Contrast transfer function (CTF) parameters were determined for 

aligned micrographs using CTFFIND4108. After a manual inspection of the Thon rings, bad 

micrographs showing ice rings were excluded from further analysis, yielding 755 good 

micrographs for normal resolution and 3096 for super resolution movies. Auto-picking with 

3D references, which were the 3D auto-refined dimer map from the DDM dataset in C2 

symmetry low-pass-filtered to 30 Å, resulted in 198565 particles for normal resolution and 

693504 particles for super resolution micrographs. The coordinates of the particles were then 

used for a per-particle CTF estimation using gCTF109. Star files from normal and super-

resolution micrographs were merged after gCTF estimation. At this stage and at all stages 

during the entire processing of both LMNG and DDM datasets, when particles were re-

extracted after classification or refinement, the duplicates were removed using 100 Å minimum 

inter-particle distance. 2D classification was attempted but it did not improve the results. 3D 

classification of all picked particles, extracted in a 256 pixel box (down-sampled to 1.68 Å 

pixel) was carried out in C1 symmetry with a 3D auto-refined dimer map from the DDM dataset 

as initial reference, filtered to 30 Å. This resulted in four good classes with 606671 particles. 

The best class was selected yielding 264961 particles.  

Monomer. Particles were re-extracted in a 512 pixel box (0.84 Å pixel).  An initial 3D auto-

refinement in C2, with local angular searches and a 3D auto-refined dimer map from the DDM 
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dataset filtered to 30 Å as a reference resulted in a map with an overall resolution of 5.5 Å. The 

resolution of the dimer map was limited due to variable angle between the monomers, resulting 

in the loss of true C2 symmetry for the entire particle pool. The particles were therefore 

symmetry-expanded according to the C2 point group, meaning that the particle number was 

enlarged twice because each dimer particle produced two monomer particles. Particles were 

re-extracted with re-centring on a monomer in a 512 pixel box (0.84 Å pixel). 3D classification 

of these monomers, with local angular searches and a monomer map (excised in Chimera from 

the auto-refined dimer map and filtered to 8 Å) as a reference resulted in two good classes, 

with combined 285688 particles. These particles were re-extracted in a 512 pixel box (0.84 Å 

pixel) for masked 3D auto-refinement in C1, with local searches and the same monomer map 

as during 3D classification as a reference, which resulted in a map with an overall resolution 

of 3.16 Å. After post processing and polishing, 3D auto-refinement was repeated with local 

angular searches and a monomer map as a reference, resulting in a map with an overall 

resolution of 3.05 Å. The final resolution after post processing was 2.98 Å.  

Dimer. The processing of the dimer was done in the same way as the processing of the 

monomer up to the first 3D classification. After 3D classification the best class was selected, 

extracted in a 256 pixel box (down-sampled to 1.68 Å pixel) and another round of 3D 

classification was done in C1 symmetry with global searches and a dimer map (a 3D auto-

refined dimer map from the DDM dataset filtered to 30 Å) as initial reference. 3D classification 

resulted in one best class with 59328 particles. Masked 3D auto-refinement of this class, re-

extracted in a 512 pixel box (0.84 Å pixel) was conducted in C2 symmetry with a map of this 

class filtered to 8 Å as a reference, resulting in a map with an overall resolution of 3.7 Å. The 

final resolution after post processing was 3.74 Å. Other dimer classes could be refined to 

resolutions of about 4 Å and differed only by the angle between the monomers. 
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Figure 11. Processing of Mrp-LMNG dataset. After classification, the best class was either further classified to process the Mrp dimer, 
or 3D auto-refined and symmetry expanded according to the C2 point group to process the Mrp monomer. 3D classification to process 
Mrp dimer resulted in six classes with distinct angles between the monomers. 3D auto-refinement of the best class in C2 symmetry, 
resulted in a reconstructed dimer map with a resolution of 3.7 Å. The symmetry expanded particles were further classified to process 
the Mrp monomer, resulting in two good classes. 3D auto-refinement, post processing and polishing resulted in a reconstructed Mrp 
monomer map with a resolution of 2.98 Å.  
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2.5.5.4 Processing of DDM-dataset  

Image processing of the DDM-dataset. 1544 movies were collected in super-resolution 

mode. The processing of the DDM-dataset is shown in Fig. 12. Processing was done in Relion 

3.0.2. Movie frames were motion corrected, dose weighted and binned two-fold using 

MotionCor2. CTF parameters were determined for each micrograph from non-dose-weighted, 

aligned images using CTFFIND4. The data was manually examined and micrographs showing 

poor power spectra, large portions of carbon or extensive ice-contaminations were excluded, 

yielding 1255 good micrographs. Auto-picking with 3D references filtered to 30 Å resulted in 

226371 particles. The 3D references came from a 3D auto-refined map, which was generated 

in a previous low-resolution test data set. The coordinates of the particles were then used for a 

per-particle CTF estimation using gCTF. Particles were extracted in a 256 pixel box (down-

sampled to 1.68 Å pixel). 2D classification resulted in four good classes with 150138 particles. 

3D classification was carried out in C1 symmetry using as initial reference a 30 Å low-pass-

filtered map that was generated in C2 symmetry using initial model generation tool in Relion. 

Monomer. After 3D classification two good classes were selected, resulting in 140351 

particles. The particles were then symmetry-expanded according to the C2 point group, re-

extracted with re-centring on a monomer in a 512 pixel box (down-sampled to 0.84 Å pixel) 

and duplicates were removed, resulting in 272878 particles. 3D classification without a mask 

in C1 symmetry, a monomer map (excised in Chimera from the best 3D class dimer map and 

filtered to 8 Å) as a reference and local searches resulted in one good class with 83340 particles. 

Another masked 3D auto-refinement with particles re-extracted in a 512 pixel box (0.84 Å 

pixel), with local searches in C1 symmetry, followed by post-processing resulted in a map with 

a resolution of 3.7 Å. The map revealed that helices were left-handed (since the initial dimer 

model was generated de novo) and so this map and all further reference maps for monomers 

and dimers had their hand inverted for further processing. Particle-polishing and 3D auto-

refinement improved the resolution to 3.41 Å.  

Dimer. After first 3D classification, two good classes with 140351 particles were selected. 

Several rounds of 3D classification were performed with the reference model in the correct 

hand (initial model with inverted hand and filtered to 30 Å), which resulted in one good class 

with 89240 particles. Further 3D classification with global searches in C1 symmetry resulted 

in three classes with 10125, 21450 and 25395 particles per class. Masked 3D auto-refinement 

with particles extracted in a 512 pixel box (0.84 Å pixel), in C2 symmetry and local searches 
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was performed with each class. After post-processing, this resulted in maps with resolutions of 

7.5 Å, 8.0 Å and 4.3 Å.  

  

Figure 12. Processing of the Mrp-DDM dataset. After classification, the two best classes were either further classified to process 
the Mrp dimer, or symmetry expanded according to the C2 point group to process the Mrp monomer. Further 3D classifications 
and 3D auto-refinements resulted in three different dimer classes with distinct angles between the monomers of the dimer and 
indicated resolutions. 3D auto-refinement, 3D classification, post processing and polishing of the symmetry expanded particles 
resulted in a reconstructed monomer map with a final resolution of 3.41 Å.  
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2.5.6 Atomic model building 

The initial model was generated using the cryo-EM structure of the MBH complex69 and the 

crystal structure of complex I from Thermus thermophilus110. Homology models were created 

for all subunits of Mrp with Phyre2 server111 using chain T from Thermus thermophilus 

complex I as a template for the N-terminal part of MrpA and MbhD together with MbhE for 

the C-terminal part of MrpA. MbhF, MbhG, MbhH, MbhA, MbhB, MbhC from MBH and 

were used as templates for MrpB, MrpC, MrpD, MrpE, MrpF and MrpG, respectively. The 

homology models were fit into our cryo-EM map using USCF Chimera112. Morphing was used 

to adjust the model to fit the cryo-EM map using PHENIX software113. The model was then 

manually corrected using Coot114 and refined against the cryo-EM map in real space using 

PHENIX with our protocol for cryo-EM structure refinement which allows electron radiation-

damaged carboxyl side-chains to acquire high B-factors, so they don’t distort the backbone115. 

Densities for several lipids could be detected. Based on the appearance of their density and the 

prevalence of phosphatidylethanolamine among E. coli lipids, phosphatidylethanolamine was 

modelled into these densities.  

The initial model was built into the DDM-dataset monomer density and then extended and 

completed in the LMNG-dataset monomer density. For accurate modelling of water molecules, 

particularly to avoid false positives, we filtered the LMNG monomer map by local resolution 

in Relion and resampled it at 0.5 Å per pixel (akin to the water modelling procedure in 

phenix.douse). After this procedure, water molecules displayed strong signals (~2 rmsd), had 

nearly spherical densities, were not clashing with other atoms and participated in hydrogen 

bonds, which are all strongly indicative of real water molecules. This allowed automatic 

placement of water molecules in COOT, which were then all checked and corrected manually, 

to leave only waters with clear density and fulfilling geometry criteria. K+ ions were placed on 

the basis of density and a coordination pattern by nitrogen atoms from histidines and oxygen 

atoms from waters or serines and glutamine. The average coordination distance was about 2.8–

3.0 Å, consistent with known values for K+116. Mg was present in the crystallisation buffer but 

was excluded as a candidate for bound ions since it should have stronger density and is 

normally coordinated by at least several negatively charged residues, with average coordination 

distances of about 2.2 Å117. One of K ions (#1, to the left in Fig. 60A, B; Fig 61) is found in 

the identical positions in LMNG and DDM maps, while another one (#2, to the right in Fig. 

60A, B, Fig 61) is shifted by about 3 Å. However, ion #2 is still located within the same cavity 

and is coordinated by the same residues in both cases (H40c, H37c and N702a). The difference 
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is probably due to the partly disordered/disturbed DDM structure. Therefore we conclude that 

the DDM density supports the notion that the cavity is able to coordinate two K+ ions, but for 

a detailed discussion we use K+ ions from the higher resolution and more complete LMNG 

model. For the final refinement of the dimer, two monomer densities at 3.0 Å resolution were 

combined in Chimera after their fit into the 3.7 Å resolution dimer density. Two monomer 

models were fit into this composite map and refined in one final round. 
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3  R E S U L T S  

3. 1  Cl o ni n g  

T h e f oll o wi n g p B A D M y c- His C- b as e d e x pr essi o n pl as mi ds ( a b br e vi at e d wit h p B A D)  w er e 

c o nstr u ct e d  wit h a n i ns ert e d mr p  o p er o n fr o m B a cill us ps e u d ofir m us  O F 4: 1) p B A D _ B P 

n o T a g, w hi c h c o nt ai n e d  mr p  wit h o ut a n y t a gs, 2) p B A D _ B P G S 3 C- H, w hi c h c o nt ai n e d m r p  

wit h a s p a c er, 3 C cl e a v a g e sit e a n d a His-t a g f us e d t o t h e C-t er mi n us of mr p G, 3) p B A D _ B P 

S- 3 C S A, w hi c h c o nt ai n e d mr p  wit h a Str e p-t a g, 3 C cl e a v a g e sit e a n d a s p a c er f us e d t o t h e N-

t er mi n us of mr p A, 4) p B A D _ B P G S 3 C- S, w hi c h c o nt ai n e d mr p  wit h a s p a c er, 3 C cl e a v a g e sit e 

a n d a Str e p-t a g f us e d t o t h e C-t er mi n us of m r p G, 5) p B A D _ B P E S 3 C- S, w hi c h c o nt ai n e d m r p  

wit h a s p a c er, 3 C cl e a v a g e sit e a n d a Str e p-t a g f us e d t o t h e C-t er mi n us of mr p E, 6)  p B A D _ B P 

D S 3 C- S, w hi c h c o nt ai n e d mr p  wit h a s p a c er, 3 C cl e a v a g e sit e a n d a  Str e p-t a g f us e d t o C-

t er mi n us of mr p D .  

T h e f oll o wi n g p G E M 7 Zf( +) a n d p B A D M y c- His C- b as e d e x pr essi o n pl as mi ds ( a b br e vi at e d 

wit h p G E M a n d p B A D, r es p e cti v el y) w er e c o nstr u ct e d wit h a n i ns ert e d mr p  o p er o n fr o m 

A n o x y b a cill us fl a vit h er m us W K 1: 1) p B A D _ A F n o T a g, w hi c h c o nt ai n e d mr p  wit h o ut a n y t a gs, 

2) p B A D _ A F G S 3 C- H, w hi c h c o nt ai n e d a n i ns ert e d mr p  wit h a 3 C cl e a v a g e sit e a n d a His-t a g 

f us e d t o t h e C-t er mi n us of mr p G, 3) p B A D _ A F D S 3 C- S, w hi c h c o nt ai n e d mr p  wit h a 3 C 

cl e a v a g e sit e a n d a Str e p-t a g f us e d t o t h e C-t er mi n us of mr p D , 4) p B A D _ A F G S 3 C- S, w hi c h 

c o nt ai n e d  mr p wit h a s p a c er, 3 C cl e a v a g e sit e a n d a His-t a g f us e d t o t h e C-t er mi n us of mr p G, 

5) p B A D _ A F G- H, w hi c h c o nt ai n e d mr p  wit h a His-t a g f us e d t o t h e C-t er mi n u s mr p G, 6) 

p B A D _ A F G S 3 C- F, w hi c h c o nt ai n e d a n mr p  wit h a F L A G-t a g f us e d t o t h e C-t er mi n us of 

mr p G,  7) p G E M _ A F G S 3 C- F, w hi c h c o nt ai n e d mr p  wit h a F L A G-t a g f us e d t o t h e C-t er mi n us 

of mr p G, 8) p G E M _ A F G- F w hi c h c o nt ai n e d mr p  wit h a F L A G-t a g f us e d t o t h e C-t er mi n us of 

mr p G,  9) p G E M _ A F G S 3 C- S w hi c h c o nt ai n e d mr p  wit h a 3 C cl e a v a g e sit e a n d a Str e p-t a g 

f us e d t o t h e C-t er mi n us of mr p G, 1 0)  p G E M _ A F G- S w hi c h c o nt ai n e d mr p wit h a Str e p-t a g 

f us e d t o t h e C-t er mi n us of mr p G.  

P C R pr o d u cts ( Fi g. 1 3) w er e o bt ai n e d f or t h e cr e ati o n of all e x pr essi o n pl as mi ds m e nti o n e d 

a b o v e.  
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Figure 13. PCR products with overlaps for Gibson assembly. A. PCR products with mrp operon from Bacillus 
pseudofirmus OF4. B. PCR products with mrp operon from Anoxybacillus flavithermus WK1. Cloning was carried 
out as described in section 2.2 of Methods. 

A B 
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After the transformation of the Gibson-assembled PCR products into DH5 competent cells, 

colonies were obtained for all expression plasmids, except for pBAD_BP GS3C-S and 

pBAD_AF G-F. 

Sanger sequencing showed the correct sequences for all expression plasmids, except for 

pGEM_AF GS3C-F. A summary of all expression constructs is shown in Table 11. 

Table 11. Summary of PCR, Gibson assembly, sequencing result and expression for all constructs. 

Plasmid name PCR Gibson 
assembly 

Sequencing Expression 
20°C 37 °C 

pBAD_BP noTag    ND ND 
pBAD_BP GS3C-H      
pBAD_BP S-3CSA    X ND 
pBAD_BP GS3C-S  X - -  
pBAD_BP ES3C-S     ND 
pBAD_BP DS3C-S     ND 

 
pBAD_AF noTag    ND ND 
pBAD_AF GS3C-S    X X 
pBAD_AF DS3C-S    X ND 
pBAD_AF GS3C-H     X 
pBAD_AF G-H     X 
pBAD_AF GS3C-F    X X 
pBAD_AF G-F  X - -  
pGEM_AF GS3C-F   X -  
pGEM_AF G-F    ND  
pGEM_AF GS3C-S    X  
pGEM AF G-S    ND  

 

Expression plasmids showing the correct sequence were transformed into various strains of 

competent E. coli cells. The expression of the protein was determined by means of western blot 

(Figure 14). 
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3.2 Expression tests 

3.2.1 Expression of Mrp from Bacillus pseudofirmus OF4  

The expression of the control pBAD_mrp was greatly reduced at a temperature of 37°C in 

comparison to 20°C (Fig.14A). Hence, the expression trials of the other expression constructs 

were conducted at 20°C.   

The expression of the on-column cleavage construct pBAD_PB GS3C-H was slightly reduced 

in comparison to the control pBAD_mrp (Fig.14A). The expression of constructs carrying 

internal strep tags was very similar for pBAD_PB ES3C-S, but greatly reduced for pBAD_PB 

DS3C-S, in comparison to the control pBAD_mrp (Fig.14A). For the construct carrying an N-

terminal strep tag pBAD_PB S-3CSA no Mrp expression could be detected (Fig.14A). 

3.2.2 Expression of Mrp from Anoxybacillus flavithermus WK1  

pBAD Myc-His C-based expression plasmids pBAD_AF GS3C-H (Fig. 14B) and pBAD_AF 

G-H (Fig. 14B) carrying C-terminal His-tags could be expressed at a temperature of 20°C. 

Nevertheless, the expression yield was greatly reduced in comparison to the control AF_mrp, 

which could only be expressed at 37°C.  

No expression could be detected for the pBAD Myc-His C-based expression plasmids 

pBAD_AF GS3C-S (Fig. 14B) and pBAD_AF DS3C-S (Fig. 14C) carrying C-terminal Strep-

tags as well as for pBAD_AF GS3C-F (Fig. 14B) carrying a C-terminal FLAG-tag. 

pGEM7zf(+) based expression plasmids pGEM_AF GS3C-S (Fig. 11B) and pGEM_AF G-S 

(Fig. 14D) carrying C-terminal Strep-tags as well as pGEM_AF G-F (Fig. 14D) carrying a C-

terminal FLAG-tag could be expressed at a temperature of 37°C, with a similar yield as to the 

control AF_mrp.  

Moreover, the expression medium with variations in the salt concentration didn’t have an 

influence on the expression yield of Mrp (Fig. 14B). The bacterial expression host, however, 

seems to affect the expression yield, with C43(DE3) showing the highest yield followed by 

KNabc and BL21(DE3) (Fig. 14C). AF_mrp could not be expressed in Lemo21(DE3) cells 

(Fig. 14C).  
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Figure 14. Expression screening. A, Expression of Mrp from Bacillus pseudofirmus OF4 inserted in a pBAD Myc 
His-C vector at 20°C (left) and 37°C (right) in LBK medium using KNabc cells. B, Expression of Mrp from 
Anoxybacillus flavithermus WK1 inserted in pBAD Myc His-C and pGEM-7Zf(+) at 20°C and 37°C in LBK, LBK-
Na and TB medium (left) and LBK medium (right) using KNabc cells. C, Expression of Mrp from Anoxybacillus 
flavithermus WK1 inserted in pBAD Myc His-C and pGEM-7Zf(+) at 37°C in LBK medium using BL21, LEMO21, 
C43 and KNabc cells. D, Expression of Mrp from Anoxybacillus flavithermus WK1 inserted in pGEM-7Zf(+) at 
37°C in LBK medium using KNabc cells. Expression tests were carried out as described in section 2.3 of Methods.
Expressed Mrp is shown with boxes.  
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3.2.3 Summary and discussion of expression tests 

Mrp from Bacillus pseudofirmus OF4 could be expressed from a pBAD Myc-His-C vector 

(Fig. 14A) containing C-terminal affinity tags on MrpD, MrpE and MrpG. The expression of 

the construct carrying an N-terminal affinity tag on MrpA could not be detected (Fig. 14A). A 

depiction of the hydrophobicity of the Mrp surface (Fig. 15B) shows, that the C-terminal tags 

(Fig. 14A, B) as well as the N-terminal tag of MrpA (Fig. 14A, B) are positioned in the 

hydrophilic part of Mrp. Hence, a failure of affinity tag recognition by the respective antibody 

during Western blotting due to detergent covering the tag can be excluded.  

 

Mrp from Anoxybacillus pseudofirmus WK1 could be expressed from pGEM-7Zf(+) and 

pBAD Myc-His-C (Fig.14 B-D), however with a very little yield from the latter. Oddly, 

pGEM-7Zf(+) is actually a cloning vector which is usually not used for protein expression. So, 

how can the expression of Mrp be better from a cloning vector than from an expression vector? 

Expression vectors are beneficial for the expression of difficult proteins, such as proteins with 

insolubility and toxicity problems. The pBAD vector system is an expression system used for 

a controllable expression of recombinant proteins in bacteria. This system contains the araBAD 

promoter upstream of the gene of interest, which directs the expression of the gene of interest 

and its regulatory protein AraC, through addition of L-arabinose. If no L-arabinose is present, 

AraC dimerizes and builds a loop in the promoter region, which inhibits the transcription. In 

the presence of L-arabinose, AraC interacts with alternate sites in the promoter region, which 

induces transcription118,119,120. Glucose can be used to further suppress basal expression based 

on a reduction of the cellular cAMP levels. If there is no glucose present, the cAMP levels are 

high and a catabolite activator protein (cAMP-CRP) interacts with the pBAD promoter. This 

interaction is needed for promoter activation, hence glucose robustly inhibits the expression of 

the gene of interest121. Thus, the pBAD expression system is highly controllable and specially 

Figure 15. Depiction of C- and N-terminal affinity tags on the Mrp dimer. A, Mrp dimer in ribbon representation. B, Mrp dimer surface 
coloured according to Eisenberg hydrophobicity from red (hydrophilic) to white (hydrophobic). Surface-exposed tryptophan and tyrosine 
residues, which often define the surface of the lipid bilayer, are highlighted in green.  
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adapted for the expression of difficult targets such as membrane proteins. Nevertheless, Mrp 

from Anoxybacillus flavithermus WK1 showed a greater yield when inserted into the cloning 

vector pGEM-7Zf(+). pGEM-7Zf(+) exhibits a T7 promoter, upstream of the operon encoding 

mrp. The RNA polymerase from the T7 bacteriophage is highly specific for the T7 promoter 

and directs the transcription of genes which are downstream of the T7 promoter122. The RNA 

polymerase from the T7 bacteriophage is not encoded on the pGEM-7Zf(+) vector, but on a 

lysogeny of the bacterial host. The bacterial strains KNabc, BL21(DE3), C43(DE3) and 

Lemo21(DE3) exhibit a λDE3 lysogen that contains the gene for T7 RNA polymerase 

controlled by the lacUV5 promoter. IPTG is needed to induce a maximal T7 RNA polymerase 

expression which subsequently expresses genes which are under the control of the T7 promoter. 

No IPTG was used for the expression induction of AF_mrp from pGEM-7Zf(+). Therefore, the 

lacUV5 promoter was presumably leaky which caused the expression of the T7 polymerase 

which in turn constitutively expressed mrp downstream of the T7 promoter. 

Furthermore, the temperature during protein expression was crucial for the final yield. If mrp 

was inserted in pBAD was Myc His-C, a low temperature of 20°C (Fig. 14B) was required for 

the expression of the protein. If mrp was inserted in pGEM-7Zf(+), the protein was expressed 

at 37°C (Fig. 14B). When all this information is taken together, a hypothesis why the 

expression of AF_mrp inserted in a cloning vector results in a higher yield than expressed from 

an expression vector is the following: the controlled induction of pBAD Myc His-C with L-

arabinose initially led to a high and rapid protein production. Overexpression of membrane 

proteins is often associated with toxicity which reduces cell growth, resulting in a low yield of 

the target membrane protein. The toxicity of overexpressed membrane proteins can be linked 

to difficulties in accommodating additional membrane proteins in bacterial membranes. This 

is due to limitations in the ability of both enzymes catalysing the biosynthesis of phospholipids 

and the proteins involved in the membrane protein insertion123,124. Moreover, an increased yield 

of membrane protein expression has been correlated with a decreased transcription of RNA 

polymerase, as it had been shown for the T7 RNA polymerase. This, in turn, evokes a lower 

expression of the target protein124. If AF_mrp was inserted in a pGEM-7Zf(+) vector, no 

induction  took place. This resulted in a slow, constitutive expression of mrp and no inhibition 

of the RNA polymerase and a subsequent higher final yield of Mrp.  

Nevertheless, the question why mrp from Bacillus pseudofirmus OF4 could be expressed from 

pBAD Myc His-C and mrp from Anoxybacillus flavithermus WK1 could not be expressed from 

the same vector remains open. Cloning is a random process. Hence, an extensive screening of 
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different vectors, protein homologues, bacterial strains, temperatures and media is probably the 

best way to go forward. 
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3.3 Purification screening 

3.3.1 Affinity chromatography using Ni-IDA  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% DDM. Mrp was purified by Ni-IDA affinity chromatography and size 

exclusion chromatography. The outcome of the purification experiment is shown in Fig. 16.  

 

His-tagged Mrp eluted at a concentration of 200 mM imidazole from Ni-IDA, as shown by a 

western blot against the His-tag of Mrp (Fig. 16A). After size exclusion chromatography the 

protein eluted at 13 mL, as shown by western blot (Fig. 16B). The elution volume corresponds 

to a molecular weight of less than 158 kDa, indicating that the protein complex disassembled 

during purification. No protein bands could be detected on SDS-PAGE due to the small final 

yield after size exclusion chromatography.   

3.3.2 Summary of Mrp purification by different affinity resins 

Mrp was purified by different kinds of affinity resins to determine their impact on the stability 

of the protein complex. Drawing a direct comparison between the anti-His affinity resins Ni-

IDA, Ni-NTA and TALON is not really feasible due to the general low stability and expression 

yield of pBADmrp. For AF_mrp, TALON (Fig 29A) yielded a very pure sample after a single 

purification step. The purification of pBAD_PB ES3C-S by the anti-Strep resin (Fig. 30A), 

StrepTactin resulted in a relatively pure, but disassembled protein complex. TFCHAH (Fig. 

Figure 16. Ni-IDA affinity purification of pBADmrp. A, Initial protein purification by affinity chromatography using 
Ni-IDA resin. B, Final protein purification by size exclusion chromatography using Superose 200 10/300 GL. 
Purification was carried out as described in section 2.4.8.1.1 of Methods. Fractions were analysed by Ponceau S staining 
of the nitrocellulose membrane and western blot against the His-tag of MrpG (pink bordered panel). Elution of Mrp is 
highlighted in pink.  
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31A) and pGEM_AF G-F (Fig. 32A), could be purified to high homogeneity by the anti-FLAG 

M2 affinity gel. 

To summarize: TALON, StrepTactin and anti-FLAG M2 affinity resins resulted in nearly 

homogenous samples after a single purification step. The disadvantage of the anti-FLAG M2 

affinity gel and StrepTactin, is the low binding capacity. Moreover, to date there is no 

prepacked chromatography column with anti-FLAG resin available which would be 

compatible with the ÄKTA purification systems. Nevertheless, 3xFLAG peptide and 

desthiobiotin used for the elution from the anti-FLAG M2 affinity gel and StrepTactin, 

respectively, are much milder than imidazole. Hence, anti-FLAG M2 and StrepTactin affinity 

resins are beneficial for difficult targets such as membrane proteins, showing low stability 

and/or expression yield.  

3.3.3 Alternative elution methods 

3.3.3.1 Elution with pH gradient  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% DDM. Mrp was purified by Ni-NTA and TALON affinity chromatography 

using a pH gradient for the elution of bound protein. The outcome of the purification 

experiment is shown in Fig. 17.  

  

Figure 17. Elution of pBADmrp by acidic pH. A, Initial protein purification by affinity chromatography using Ni-IDA resin. B, Initial protein 
purification by affinity chromatography using TALON Superflow resin. C, Native PAGE of elution fraction. Purification was carried out as 
described in section 2.4.8.2.1 of Methods. Fractions were analysed by Ponceau S staining of the nitrocellulose membrane and western blot 
against the His-tag of MrpG (pink bordered panel). Elution of Mrp is highlighted in pink.  
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Mrp started to elute from TALON (Fig. 17A) and Ni-NTA (Fig. 17B) at pH 4.0 and pH 5.0, 

respectively, as shown by western blots against the His-tag of MrpG. A native PAGE of the 

elution fractions showed that the samples aggregated in the wells of the gel (Fig. 17C).  

3.3.3.2  Elution with EDTA  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% DDM. Mrp was purified by HisTrap affinity chromatography using EDTA 

to elute the His-tagged protein. Size exclusion chromatography was performed as a final 

purification step. The outcome of the purification experiment is shown in Fig. 18.  

 

The protein was eluted with a linear gradient of 0-100 mM EDTA. Mrp eluted from the His-

trap column at a concentration of 100 mM EDTA, as shown by western blotting (Fig. 18A). 

The peak fractions were analysed by SDS-gel electrophoreses, the corresponding fractions 

containing Mrp were pooled, concentrated and loaded onto a Superose 200 10/300 GL column. 

After size exclusion chromatography, Mrp was detected at 13 mL, indicating that the complex 

disassembled during purification (Fig. 18B). 

Figure 18. Elution of pBADmrp with EDTA. A, Initial protein purification by affinity chromatography using a 5 mL 
HiTrap TALON crude column. B, Final protein purification by size exclusion chromatography using Superdex 200 
10/300 GL. Purification was carried out as described in section 2.4.8.2.2 of Methods. Fractions were analysed by 
Ponceau S staining of the nitrocellulose membrane and western blots (below each chromatogram). Elution of Mrp is 
highlighted in light pink.  
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3.3.3.3 Elution with L-Histidine  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% DDM. Mrp was purified by TALON affinity chromatography using L-

histidine to elute the His-tagged protein. Size exclusion chromatographies were performed as 

final purification steps. The outcome of the purification experiment is shown in Fig. 19. 

 

 

Mrp was eluted with 100-500 mM L-histidine (Fig. 19A). Fractions which had been eluted 

with 100 and 200 mM L-histidine were applied onto a size exclusion column. The 100 mM L-

Histidine fraction eluted at 11 mL (Fig.19B), corresponding to the Mrp monomer. The fraction 

contained the two big Mrp subunits MrpA and MrpD, as observed on a nitrocellulose 

membrane with Ponceau S staining, as well as MrpG as detected by western blot against the 

His-tag of MrpG. Fractions containing the Mrp complex were concentrated 10 x and loaded 

onto a SDS-PAGE (Fig.19D).  

For the 200 mM fractions, a main peak could be detected at 9 ml (Fig.19C), corresponding to 

aggregated Mrp as seen by western blot. This indicates that a high L-hisidine concentration has 

a negative impact on the stablity of Mrp. Another small peak was present at 11 ml, 

corresponding to the Mrp monomer. MrpA and MrpD were detected at this elution volume as 

Figure 19. Elution of pBADmrp with L-Histidine. A, Initial protein purification by affinity chromatography using TALON Superflow resin. 
B, Final protein purification of the 100 mM L-Histidine elution fraction by size exclusion chromatography using Superdex 200 10/300 GL. 
C, Final protein purification of the 200 mM L-Histidine elution fraction by size exclusion chromatography using Superdex 200 10/300 GL. 
D, SDS-PAGE with concentrated size exclusion fractions. Purification was carried out as described in section 2.4.8.2.3 of Methods. Fractions 
were analysed by Ponceau S staining of the nitrocellulose membrane and western blots (below each chromatogram). Mrp subunits are indicated 
with pink boxes. Elution of Mrp is highlighted in light pink. 
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observed on a nitrocellulose membrane with bonceau S staining, as well as MrpG as shown by 

western blot.  

3.3.3.4 Elution with factor Xa 

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% DDM. Mrp was purified by Ni-NTA affinity chromatography using the 

protease factor Xa to cleave the His-tagged protein from the column. The outcome of the 

purification experiment is shown in Fig. 20. 

 

No specific band pattern corresponding to the subunits of the Mrp complex could be detected 

in the flow-through fraction which had been digested with factor Xa, as determined on a 

nitrocellulose membrane by ponceau S staining (Fig. 20A). A western blot against the His-tag 

of MrpG showed that the protein eluted after an elution with 0.5 M imidazole, suggesting that 

the on-column cleavage with factor Xa was unsuccessful (Fig. 20A). A SDS-PAGE of the 10 

x concentrated flow through fraction didn’t show any specific band pattern corresponding to 

the Mrp complex either (Fig. 20B).  

Figure 20. Elution of pBADmrp with protease factor Xa. A, Protein
purification by affinity chromatography using Ni-NTA. Flow through 
(FT), wash and elution fractions were analysed by Ponceau S staining 
of the nitrocellulose membrane and western blot against the His-tag of 
MrpG. Control was without factor Xa addition. B, Concentrated FT 
fractions. Factor Xa cleavage was carried out as described in section 
2.4.8.2.4 of Methods. Elution of Mrp is highlighted in light pink. Pink 
boxes are indicating the putative height of the Mrp subunits.  
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3.3.3.5 Elution with 3C protease  

pBAD_PB GS3C-H was expressed in the E. coli strain KNabc in LBK medium at 37°C 

overnight. Membranes were prepared by ultracentrifugation and Mrp was extracted from the 

membrane by addition of 1% DM. Mrp was purified by TALON affinity chromatography using 

3C protease to cleave off the His-tagged protein from the column. Size exclusion 

chromatography was performed as the final purification step. The outcome of the purification 

experiment is shown in Fig. 21. 

   

Protein bands at the molecular weights of the Mrp subunits could be detected in the supernatant 

fraction which had been digested with 3C protease, as determined by SDS-PAGE (Fig. 21A). 

The supernatant was loaded onto a size exclusion column to further purify the protein complex. 

A main peak could be detected in the void volume, corresponding to aggregates (Fig. 21B). A 

very small peak could be detected at 11 ml, which might correspond to the Mrp monomer. 

After size exclusion chromatography the elution fractions were concentrated 10 x and loaded 

onto a SDS-PAGE (Fig. 21B). Bands at the corresponding molecular weights of the Mrp 

subunits could be detected on SDS-PAGE. The final yield of Mrp was very low and the 

complex was contaminated with other proteins, implying that the on-column cleavage with 3C 

protease was very inefficient. 

A B

Figure 21. Elution of pBADmrp with 3C protease. A, Protein purification by affinity 
chromatography using TALON Superflow resin. Supernatant (SN), wash and elution 
fractions were analysed by SDS-PAGE. Control was without 3C protease addition. 3 C 
protease cleavage was carried out as described in section 2.4.8.2.5 of Methods. Pink boxes 
are indicating the putative height of the Mrp subunits. 3C protease was detected in the 
elution fraction, as shown with an orange box. B, Size exclusion chromatography of the
supernatant fraction which had been digested with 3C protease. Elution fractions were 
analysed by SDS-PAGE (below the chromatogram). Height of the Mrp subunits is 
indicated with pink asterisks. Elution of Mrp is highlighted in light pink.  
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3.3.3.6 Summary of alternative elution methods 

Four different elution methods were tested to elute His-tagged pBADmrp from an affinity 

column, in order to ascertain whether the standard elution method with imidazole is too harsh 

for the protein complex and responsible for its disassembly. A pH gradient of pH 6.0 – 3.0 was 

applied to elute pBADmrp from TALON and Ni-NTA. pBADmrp started to elute at pH 5.0 

from Nickel-NTA (Fig. 17A) and at pH 4.0 from TALON (Fig. 17B). Unfortunately, it was 

not possible to conclude whether low pH has a negative impact on the stability of Mrp, since 

the protein either aggregated in the wells of the native PAGE (Fig. 17C) and/or the protein 

concentration was too low to be seen on the gel. Thus, employing a pH gradient for the elution 

of a His-tagged protein works in general, however, the protein needs to be stable under acidic 

pH.  

Another method to elute a His-tagged protein from an affinity column is the elution with L-

histidine. pBADmrp could be eluted with 100 mM L-histidine from TALON (Fig. 19A). After 

size exclusion chromatography, the protein complex maintained its stability (Fig. 19B), 

showing two bands at a height of 55 kDa and 35 kDa corresponding to MrpA and MrpD. MrpG 

was detected at the same elution volume as MrpA and MrpD by western blotting, indicating 

that the protein complex did not disassemble during purification.  

EDTA can also be used to elute a His-tagged protein from an affinity column. pBADmrp was 

eluted with 100 mM EDTA from a Ni-NTA column (Fig. 18A). After size exclusion 

chromatography, MrpG was detected at 13.5 mL (Fig. 19B), indicating that the complex 

disassembled during purification.  

Finally, the probably most sophisticated method to elute a protein from an affinity column, is 

the application of proteases to cleave off the tagged protein, containing the appropriate protease 

cleavage site, directly from the affinity column. This should theoretically lead to a very pure 

sample. Two different constructs were used for the on-column cleavage experiment. One 

construct, pBADmrp, has a factor Xa cleavage site directly after MrpG, followed by the His-

tag. The other construct, pBAD_PB GS3C-H, has a spacer after MrpG, followed by a 3C 

precission protease cleavage site and the His-tag. In both cases, the elution of the protein from 

the affinity column by means of a protease didn’t work efficiently (Fig. 20 and Fig. 21). This 

indicates that the protease cleavage sites were either not accessible for the proteases and/or that 

the protein complex disassembled during affinity chromatography.  
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3.3.4 Stability of Mrp expressed in different bacterial strains 

pBADmrp was expressed in the E. coli strains BL21(DE3) and Lemo21(DE3) in LBK medium 

at 37°C overnight. Membranes were prepared by ultracentrifugation and Mrp was extracted 

from the membrane by addition of 1% DDM. Mrp was purified by HisTrap affinity 

chromatography and size exclusion chromatography. The outcome of the purification 

experiments is shown in Fig. 22. 

 

Mrp eluted at the same imidazole concentration (295 mM – 420 mM imidazole) when it had 

been expressed in BL21(DE3) and Lemo21(DE3), as seen on nitrocellulose membranes by 

Ponceau S staining and western blots against the His-tag of MrpG (Fig. 22A, left, Fig. 22B, 

left). Size exclusion chromatographies were performed with fractions containing Mrp. For 

both, BL21(DE3) and Lemo21(DE3) expressed Mrp, the protein eluted at 13 mL (Fig. 22A, 

right, Fig. 22B, right), corresponding to a molecular weight of less than 158 kDa. This 

indicates that the protein complex disassembled during purification and hence the expression 

of Mrp in another bacterial strain than KNabc didn’t improve the stability of Mrp.  

3.3.5 Summary of Mrp stability expressed in different expression systems 

Several bacterial strains as well as insect cells were tested to elucidate whether the expression 

system, has an influence on the stability of pBADmrp. For all tested bacterial strains, the 

protein complex disassembled during purification (Fig. 22, Fig. 30). During a practical EMBO 

course in Harwell, insect cells were used to express the individual subunits of Mrp as well as 

the whole complex (data not shown). MrpA, MrpD and MrpE could be over expressed, whereas 

Figure 22. Stability of pBADmrp when expressed in different bacterial strains. A, Initial protein purification of Mrp expressed in BL21(DE3) 
by affinity chromatography using a 5 mL HisTrap column (left). Final protein purification by size exclusion chromatography using a 
Superdex 200 10/300 GL column (right). B, Initial protein purification of Mrp expressed in Lemo21(DE3) by affinity chromatography using 
a 5 mL HisTrap column (left). Final protein purification by size exclusion chromatography using a Superdex 200 10/300 GL column (right). 
Purifications were carried out as described in section 2.4.8.3 of Methods. Fractions were analysed by Ponceau S staining of the nitrocellulose 
membrane and western blots (below each chromatogram). Elution of Mrp is highlighted in light pink.  
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MrpB, MrpC, MrpF and MrpG were expressed at low yield. The whole complex still failed to 

be expressed using four different insect vector expression systems.  

3.3.6 Buffer conditions 

3.3.6.1 pH screening 

Mrp from Bacillus pseudofirmus OF4 (pBADmrp) and Mrp from Anoxybacillus flavithermus 

WK1 (AF_mrp) were expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membrane 

by addition of 1% detergent. The stability of Mrp was ascertained by size exclusion 

chromatography at pH 6.0 - 8.0 in buffers containing either UDM, DDM, DM or LMNG. The 

outcome of the purification experiments is shown in Fig. 23 and 24. 
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Mrp from Bacillus pseudofirmus OF4 (pBADmrp). Mrp eluted between ~10.5 – 11.5 ml in 

a buffer at pH 6.0 (Fig. 23A) containing either UDM, DDM or DM. This elution volume 

corresponds to the molecular weight of the Mrp dimer, including a detergent belt. For UDM 

pH 6.0 and DM pH 6.0 a second peak containing Mrp could be detected at ~16 ml. This elution 

volume corresponds to the molecular weight of the Mrp monomer. Mrp eluted between ~14.5-

15.5 ml in buffer at pH 7.0 (Fig. 23B) and pH 8.0 (Fig. 23C) containing either UDM, DDM or 

DM. This elution volume corresponds to molecular weight of the Mrp monomer, including a 

detergent belt. In conclusion, the dimerization state of Bp Mrp is strongly influenced by the pH 

and not so much by the detergent covering the hydrophobic part of Mrp. 

  

Figure 23. Stability of pBADmrp at different pH using different detergents. A, Size exclusion chromatographies of solubilized 
membranes containing Mrp at pH 6.0 in UDM, DDM and DM. B, Size exclusion chromatographies of solubilized membranes 
containing Mrp at pH 7.0 in UDM, DDM and DM. C, Size exclusion chromatographies of solubilized membranes containing Mrp 
at pH 8.0 in UDM, DDM, and DM. Purifications were carried out as described in section 2.4.8.4.1 of Methods. Superose 6 10/300 
GL was used for all experiments. Fractions were analysed by western blot (below each chromatogram). Elution of Mrp is highlighted 
in light pink.    
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Mrp from Anoxybacillus flavithermus WK1 (AF_mrp). Mrp eluted at ~8 ml in a buffer at 

pH 6.0 (Fig. 24A) containing either UDM or DM and in a buffer at pH 7.0 (Fig. 24B) 

containing DM. This elution volume corresponds to the void volume of the column, indicating 

that Mrp aggregated. Mrp eluted between 10.5-12.5 ml in a buffer at pH 6.0 (Fig. 24A) 

containing LMNG and in a buffer at pH 7.0 (Fig. 24B) containing UDM, DDM or LMNG as 

well as in a buffer at pH 8.0 (Fig. 24C) containing UDM, DDM or LMNG. This elution volume 

corresponds to the molecular weight of the Mrp dimer. Mrp eluted in a peak at ~9 ml, 11 ml 

and 13.5 ml in a buffer at pH 6.0 (Fig. 24A) containing DDM. These elution volumes 

correspond to aggregated, dimeric and monomeric Mrp, respectively. For DM at pH 8.0 (Fig. 

24C), Mrp eluted over the whole column range, indicating it partially aggregated, but it is also 

present as monomers, dimers and sub-complexes. The following conclusion can be drawn: The 

dimerization state of Af Mrp is strongly influenced by the pH as well as by the detergent 

covering the hydrophobic part of Mrp. 

 

A
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Figure 24. Stability of AF_mrp at different pH using different detergents. A, Size exclusion chromatographies of solubilized membranes 
containing Mrp at pH 6.0 in UDM, DDM, DM and LMNG. B, Size exclusion chromatographies of solubilized membranes containing Mrp at 
pH 7.0 in UDM, DDM, DM and LMNG. C, Size exclusion chromatography of solubilized membranes containing Mrp at pH 8.0 in UDM, 
DDM, DM and LMNG. Purifications were carried out as described in section 2.4.8.4.1 of Methods. Superose 6 10/300 GL was used for all 
experiments. Fractions were analysed by western blot (below each chromatogram). Elution of Mrp is highlighted in light pink. 
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3.3.6.2 Stability without MgCl2 

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membranes 

by addition of 1% DDM. The influence of MgCl2 on the stability of Mrp was determined by 

size exclusion chromatography at pH 6.0 – 8.0. The outcome of the purification experiments is 

shown in Fig. 25. 

 

Samples which were run in a buffer without MgCl2 (Fig. 25 A) eluted at an elution volume of 

8 - 18 mL. Samples which were run in a buffer containing MgCl2 (Fig. 25 B) eluted at an 

elution volume of 8 - 15 mL. This indicates that MgCl2 indeed has a positive influence on the 

stability of Mrp by reducing its disassembly.  

3.3.6.3 Stability in high imidazole 

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membranes 

by the addition of 1% DDM or UDM and 0.4 M imidazole. The influence of imidazole on the 

stability of Mrp was determined by size exclusion chromatography. The outcome of the 

purification experiments is shown in Fig. 26. 

A

B 

Figure 25. Stability of pBADmrp in MgCl2. A, Size exclusion chromatography of solubilized membranes containing Mrp at pH 6.0, 
pH 7.0 and pH 8.0 in a buffer including DDM and 2 mM EDTA. B, Size exclusion chromatography of solubilized membranes 
containing Mrp at pH 6.0, pH 7.0 and pH 8.0 in a buffer including DDM and 5 mM MgCl2. Purifications were carried out as described 
in section 2.4.8.4.2 of Methods. Superdex 200 10/300 GL was used for all experiments. Fractions were analysed by western blot 
(below each chromatogram). Elution of Mrp is highlighted in light pink.  
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Western blots against the His-tag of MrpG showed that Mrp eluted between 8- 14 mL when it 

had been solubilized in a buffer without imidazole, for both tested detergents, UDM (Fig. 26A, 

left) and DDM (Fig. 26B, left). The protein eluted between 8 – 20 mL, when it had been 

solubilized in a buffer containing imidazole, for both detergents, UDM (Fig. 26A, right) and 

DDM (Fig. 22B, right). This indicates that imidazole diminishes the stability of Mrp and 

causes its partial disassembly.  

3.3.6.4 High buffer concentration during affinity chromatography  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membranes 

by addition of 1% DDM. Mrp was purified by affinity chromatography using a high buffer 

concentration, followed by size exclusion chromatography using two different buffers. The 

outcome of the purification experiments is shown in Fig. 27. 

Figure 26. Stability of pBADmrp in imidazole. A, Size exclusion chromatography of solubilized membranes containing Mrp at pH 7.0 in a 
buffer with UDM and without imidazole (left) or with 0.4 M imidazole (right). B, Size exclusion chromatography of solubilized membranes 
containing Mrp at pH 7.0 in a buffer with DDM and without imidazole (left) or with 0.4 M imidazole (right). Purifications were carried out 
as described in section 2.4.8.4.3 of Methods. Superdex 200 10/300 GL was used for all experiments. Fractions were analysed by western blot 
(below each chromatogram). Elution of Mrp is highlighted in light pink.    

A B 

Figure 27. Stability of pBADmrp using a high buffer concentration. A, Initial protein purification of Mrp by affinity 
chromatography using a 5 mL HisTrap column in a buffer containing 100 mM Bis-Tris pH 6.5. B, Final protein purification 
by size exclusion chromatography in a buffer containing 20 mM Bis-Tris pH 6.5 (left) or 20 mM HEPES pH 7.0 (right). 
Superdex 200 10/300 GL was used for the size exclusion chromatographies. Purifications were carried out as described in 
section 2.4.8.4.4 of Methods. Fractions were analysed by Ponceau S staining and western blot (below each chromatogram). 
Elution of Mrp is highlighted in light.   

A B
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Mrp eluted at a concentration of 200 mM imidazole, as determined by western blotting against 

the His-tag of Mrp (Fig. 27A). Fractions containing Mrp were loaded onto a size exclusion 

column. The protein eluted at 13 mL, in both buffers containing 20 mM Bis-Tris (Fig. 27B, 

left) or 20 mM HEPES (Fig. 27B, right), indicating that neither a high buffer concentration 

nor the buffer itself has an enhancing influence on the stability of Mrp.  

3.3.6.5 Affinity purification with high salt  

pBADmrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membranes 

by addition of 1% DDM. Mrp was purified by affinity chromatography using a high salt 

concentration, followed by size exclusion chromatography as a final purification step. The 

outcome of the purification experiments is shown in Fig. 28. 

 

Mrp eluted at 250 mM imidazole, as detected by western blotting against the His-tag of MrpG 

(Fig. 28A). Fractions containing Mrp were loaded onto a size exclusion column. The protein 

eluted at an elution volume of 13 mL (Fig. 28B), indicating that the protein complex 

disassembled during purification. Hence, a high salt concentration didn`t enhance the stability 

of Mrp during purification.  

 

Figure 28. Stability of pBADmrp in high salt. A, Initial protein purification of Mrp by affinity 
chromatography using a 5 mL HisTrap column in a buffer containing 300 mM KCl. B, Size exclusion 
chromatography in a buffer containing 150 mM KCl using a Superdex 200 10/300 GL column. 
Purifications were carried out as described in section 2.4.8.4.5 of Methods. Fractions were analysed 
by Ponceau S staining and western blot (below each chromatogram). Elution of Mrp is highlighted in 
light pink.  

A B
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3.3.6.6 Summary of buffer conditions 

The composition of the purification buffer is crucial in order to maintain the stability, solubility, 

homogeneity and activity of the sample.  

The stability and dimerization state of Mrp was ascertained in different detergents at pH 6.0 - 

8.0. The pH of the purification buffer influenced the dimerization state of pBADmrp, whereas 

the detergents did not have an effect on its dimerization state (Fig. 25). For AF_mrp, both, the 

detergent and the pH affected the dimerization state of Mrp (Fig. 26).  

Moreover, the addition of MgCl2 in the purification buffer enhanced the stability of pBADmrp 

(Fig. 27). Imidazole, however, decreased the stability of pBADmrp and caused the disassembly 

of the protein complex (Fig. 28). The buffer ion itself, as well as the buffer concentration during 

purification did not influence the stability of pBADmrp in a positive way (Fig. 29). Finally, 

even a high salt concentration could not prevent the protein complex from disintegration during 

purification (Fig. 30).  

3.3.7 Technical improvements 

This is a description of a few technical aspects which came up after a multiple repetition of 

several experiments: 

Ponceau S is a fast way to check whether a protein was transferred onto a nitrocellulose or 

PVDF membrane during western blotting. Nevertheless, it’s not suitable to check the presence 

of a low-yield protein, since it only stains highly abundant proteins. SDS-PAGE or silver 

staining is most certainly the better way to detect proteins that are not over-expressed.  

The detection of a protein by means of an antibody doesn’t give quantitative information. 

Comparing SDS-PAGEs with the corresponding western blot shows that the antibody detects 

even very tiny amounts of protein but in a non-quantitative way. Hence, western blots only 

give an indication whether the protein is present but do not show absolute protein amounts.  

The choice of the correct size exclusion column is very important to determine the 

oligomerisation state of a protein. A size exclusion column needs to exhibit a good separation 

around the theoretical molecular weight of the protein of interest including its detergent belt. 

The detergent belt is approximately one half of the molecular weight of the Mrp, which has to 

be considered in the choice of the correct size exclusion column.  

Another important point is that size exclusion columns must not be over-loaded with the 

sample, since small protein amounts can be separated more precisely. For small size exclusion 

columns such as Superdex 200 10/300 GL or Superose 6 10/300 GL a total protein amount of 

1-10 mg should not be exceeded.  
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Furthermore, membrane proteins tend to run lower on a SDS-PAGE than their theoretical 

molecular weight. MrpA and MrpD have a theoretical molecular weight of 92 kDa and 54 kDa, 

but the subunits run at 55 kDa and 35 kDa, respectively. In contrast to that, the small subunits 

of Mrp run at their predicted theoretical molecular weights. Hence, all promising protein bands 

on a SDS-PAGE of a non-familiar protein of interest should be sent for mass spectrometry to 

determine whether the candidate band corresponds to the protein of interest.  

Finally, I again particularly want to stress the importance of thermophilic homologues. The 

usage of Mrp from the thermophilic bacteria Anoxybacillus Flavithermus WK1 resulted in a 

stable protein complex which could be purified and used for cryo-EM grid preparation. 

3.4 Optimized AF_mrp purification 
AF_mrp was expressed in the E. coli strain KNabc in LBK medium at 37°C overnight. 

Membranes were prepared by ultracentrifugation and Mrp was extracted from the membranes 

by addition of 1% DDM or 1% LMNG. Mrp was purified by affinity chromatography as a first 

purification step, followed by size exclusion chromatography. Another size exclusion 

chromatography was done with fractions containing the Mrp dimer as a final purification step. 

The outcome of the purification experiments is shown in Fig. 29. 
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After an initial purification of Mrp from the thermophilic bacterium Anoxybacillus 

Flavithermus WK1 it immediately became obvious that AF_mrp exhibited an increased 

stability as compared to pBADmrp. After the first purification step, a protein band pattern 

corresponding to the Mrp complex was detected on SDS-PAGE, which was also verified by 

western blot against the His-tag of MrpG and mass spectrometry. This was the first time that 

all of the Mrp subunits could be seen on SDS-PAGE after affinity chromatography, which was 

a sign of improved complex stability.  

After affinity chromatography, Mrp eluted at a concentration of 200 mM imidazole, as 

determined by SDS-PAGE (Fig. 29A). The protein complex was quite pure, except for a 

contamination at a molecular weight of 100 kDa. To further purify the protein complex and to 

separate the dimer from the monomer, the sample was loaded onto a Superose 6 10/300 GL 

column. After size exclusion chromatography, AF_mrp eluted at 12.75 mL and 14.85 mL, 

Figure 29. Purification of AF_mrp. A, Initial protein purification of Mrp by affinity chromatography using a 5 
mL TALON column. B, Size exclusion chromatography using a Superose 6 10/300 GL column. The elution of 
the dimer and monomer is highlighted in red and yellow, respectively. SDS-PAGE shows the presence of all Mrp 
subunits, identified by mass-spectrometry (below the chromatogram). C, Size exclusion chromatography of the 
Mrp dimer using a Superose 6 Increase 3.2/300 column. D, Size exclusion chromatography of Mrp in two 
different detergents – DDM and LMNG. Purifications were carried out as described in section 2.4.9 of Methods. 
Elution of Mrp is highlighted in light pink. 

A B

C D
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corresponding to the Mrp dimer and monomer, respectively (Fig. 29B, Fig. 29D). After another 

size exclusion chromatography of the AF_mrp dimer fractions using Superose 6 Increase 

3.2/300, the protein complex eluted in a monodisperse peak at 1.5 mL (Fig. 29C), showing the 

presence of all Mrp subunits on a SDS-PAGE. The fraction in the middle of the dimer peak, 

after the first or second size exclusion chromatography (which eluted at around 12.75 mL, for 

Superose 6 10/300 GL or at 1.5 mL for Superose 6 Increase 3.2/300) was used for cryo-EM 

sample preparation.  

LMNG has a very low critical micelle concentration (CMC) of 0.001%, which would 

theoretically allow the use of a concentration of around 0.01% LMNG in the purification 

buffers. Nevertheless, lower LMNG concentrations sometimes caused the disassembly of the 

protein complex (data not shown) and only a high LMNG concentration of 0.05% resulted in 

reproducible purification experiments. Moreover, the addition of 20 mM imidazole into the 

affinity purification equilibration buffer was very crucial in order to obtain a pure sample after 

size exclusion chromatography (data without imidazole not shown). 

3.5 Purification of other Mrp constructs  

3.5.1 Purification of pBAD_PB ES3C-S 

A construct with Mrp from Bacillus pseudofirmus OF4 inserted into pBAD Myc His-C vector 

was cloned with a Strep-tag on subunit MrpE. The protein was purified by affinity 

chromatography as a first purification step and finalized by size exclusion chromatography. 

The outcome of the purification experiment is shown in Fig. 30.  
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After StrepTrap chromatography, three main bands could be seen at a height of ~70 - 100 kDa, 

~55 kDa and ~18 kDa (Fig. 30A), corresponding to a contamination, MrpA and MrpE, 

respectively. The MrpE band was stronger in comparison to MrpA, suggesting that most of the 

Mrp complexes disassembled during affinity chromatography and that mainly MrpE stayed 

captured on the Strep-column. After size exclusion chromatography, peaks at 8.07 mL, 10.94 

mL and 14.95 mL and 15.75 mL (Fig. 30B) were detected, corresponding to aggregated 

protein, contamination, MrpA and MrpE, respectively. Hence, the positioning of the affinity 

tag on MrpE did not have a stabilizing effect on Mrp from Bacillus pseudofirmus OF4. 

3.5.2  Purification trial of TFCHAH  

TFCHAH is a construct containing Mrp from Bacillus pseudofirmus OF4 inserted into a 

pGEM-7Zf(+) vector. In this construct mrp has a different affinity tag on the C-terminus of 

mrpA (T7-tag), mrpB (FLAG-tag), mrpC (c-myc-tag), mrpD (HA-tag) and mrpG (His-tag). 

The protein was purified by affinity chromatography as a first purification step and finalized 

by size exclusion chromatography. The outcome of the purification experiment is shown in 

Fig. 31.  

  

Figure 30. Purification of pBAD_BP ES3C-S. A, Initial protein purification of Mrp by affinity chromatography using a 1 mL 
StrepTrap column. Fractions were analysed by SDS-PAGE and western blot (below the chromatogram). Flow through (FT), 
wash and elution fractions are indicated with pink bars. Elution of Mrp is highlighted in light pink. B, Size exclusion 
chromatography using a Superose 6 10/300 GL column. Elution of the contamination, MrpA and MrpE is highlighted in grey,
green, salmon, respectively. Fractions were analysed by SDS-PAGE (below the chromatogram). Purifications were carried out 
as described in section 2.4.10.1 of Methods. 

A B
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After FLAG affinity chromatography, bands at the corresponding molecular weights of the 

Mrp subunits could be detected on SDS-PAGE (Fig. 31A). After size exclusion 

chromatography, the protein complex eluted at 14.34 mL (Fig. 31B), corresponding to the 

molecular weight of the Mrp monomer. This suggests that the affinity tags strongly improved 

the stability of Mrp and kept the complex stable during purification.  

3.5.3 Purification of pGEM_AF G-F 

A construct with Mrp from the Anoxybacillus flavithermus WK1 inserted into pGEM-7Zf(+) 

vector, was cloned with a FLAG-tag on subunit MrpG. The protein was purified by affinity 

chromatography as a first purification step and finalized by size exclusion chromatography. 

The outcome of the purification experiment is shown in Fig. 32.  

  

Figure 31. Purification of TFCHAH. A, Initial protein purification of Mrp by affinity chromatography using 1 mL of 50% ANTI-
FLAG M2 affinity gel. Fractions were analysed by SDS-PAGE. Flow through (FT), wash and elution fractions are indicated 
with pink bars. B, Size exclusion chromatography using a Superose 6 10/300 GL column. Purifications were carried out as 
described in section 2.4.10.2 of Methods. Elution of Mrp is highlighted in light pink. Fractions were analysed by SDS-PAGE 
(below the chromatogram). 

A B
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An affinity chromatography against the FLAG-tag of subunit MrpG, resulted in a nearly pure 

protein complex, as assessed by SDS-PAGE (Fig. 32A). Two contaminations between 100-

130 kDa could be detected on SDS-PAGE. After size exclusion chromatography, Mrp eluted 

at 12.08 mL (Fig. 32B), corresponding to the molecular weight of the Mrp dimer. The two 

contaminations from affinity chromatography could be largely separated from Mrp and eluted 

at a higher molecular weight than the antiporter.  

  

Figure 32. Purification of pGEM_AF G-F. A, Initial protein purification of Mrp by affinity chromatography using 1 mL of 50% 
ANTI-FLAG M2 affinity gel. Fractions were analysed by SDS-PAGE (below the chromatogram). Flow through (FT), wash 
and elution fractions are indicated with pink bars. B, Size exclusion chromatography using a Superose 6 10/300 GL column. 
Purifications were carried out as described in section 2.4.10.2 of Methods. Elution of Mrp is highlighted in light pink. Fractions 
were analysed by SDS-PAGE (below the chromatogram). 

A B
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3.6 Cryo-EM grid screening 
The stability of the Mrp complex was elucidated by size exclusion chromatography, with the 

Mrp dimer eluting at 1.4-1.5 mL on a Superose 6 increase 3.2/300 column or at 11.5-12 mL on 

a Superose 6 10/300 GL column. Aggregation or disruption of the protein complex would lead 

to a broadening of the peak, shifted elution or additional peaks at smaller or larger elution 

volumes than described above.  

3.6.1 Detergent screening 

The stability of Mrp was elucidated in various detergents by means of size exclusion 

chromatography. A summary of used detergent concentrations and the stability of Mrp by size 

exclusion chromatography and cryo-EM is shown in Table 12. 

Table 12. Detergents tested by size exclusion chromatography and cryo-EM. 

Tested detergent Concentration Stability on SEC Grid 

DDM 0.05% 
0.02 % 

Stable 
Stable 

Aggregated 
Aggregated  

LMNG 0.02 % 
0.002 % 
0.05% 
0.01% 

Poor stable 
Not stable 
Stable 
Not stable 

Not tested 
Aggregated 
Aggregated 
Not tested 

FOM 0.05% 
0.15% 

Not Stable 
Poor stable 

Not tested 
Not tested 

Digitonin 0.1% Stable Aggregated 
GDN 0.05 % Stable Aggregated 

 

The protein complex was stable during size exclusion chromatography in buffers containing 

DDM (Fig. 33A), LMNG (Fig. 33B), digitonin (Fig. 33D) or glycol-diosgenin (GDN) (Fig. 

33E) at indicated concentrations. Mrp eluted at an elution volume of ~1.5 mL which 

corresponds to the molecular weight of the Mrp dimer. In LMNG, digitonin and GDN the main 

Mrp dimer peak shows a small shoulder to the left which might correspond to some 

aggregation. Only a small peak could be detected when the protein was exchanged into 

Fluorinated Octyl Maltoside (FOM) (Fig. 33C), suggesting that the protein complex 

aggregated even before entering the column.  

Grids were prepared with the Mrp dimer fractions and examined by cryo-EM. The protein 

aggregated in all tested detergents (Fig. 33F-I). 
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3.6.2  Additives  

Additives can be used to alter the distribution of particles on a cryo-EM grid. Hence, additives 

were either added to the size exclusion buffer or directly pipetted into the purified sample 

shortly before grid preparation. The effect of additives on Mrp was elucidated by cryo-EM. A 

summary of used additive concentrations and the stability of Mrp by size exclusion 

chromatography and cryo-EM is shown in Table 13.  

 

Figure 33. Detergent screening. A, Size exclusion chromatography of Mrp in DDM. B, Size exclusion chromatography of Mrp in 0.05% 
LMNG. C, Size exclusion chromatography of Mrp in 0.15% FOM. D, Size exclusion chromatography of Mrp in 0.1% digitonin. E, Size 
exclusion chromatography of Mrp in 0.05% GDN. For all size exclusion chromatographies Superose 6 Incease 3.2/300 was used. Elution of 
Mrp is highlighted in light pink. F, Cryo-EM micrograph of the Mrp dimer in DDM. G, Cryo-EM micrograph of Mrp dimer in LMNG. H, 
Cryo-EM micrograph of the Mrp dimer in digitonin. I, Cryo-EM micrograph of Mrp dimer in GDN. Quantifoil mesh 300, R 0.6/1 grids were 
used in all cases. Grids were screened on T12 and Glacios. Used protein concentrations are indicated above the respective micrograph. 
Detergent screening was carried out as described in the section 2.5.4.1 of Methods.  

A B C 

D E 

F G H I 
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Table 13. Additives tested by size exclusion chromatography and cryo-EM. 

Additive Final concentration Stability on 
SEC 

Grid 

TCEP 2 mM Poor stable Aggregated 
CHS 0.01%  Not stable Aggregated 
EDTA 2 mM Stable Aggregated 
CHAPS 0.1% 

0.2% 
- 
- 

Aggregated 
Aggregated 

FOM 0.2% - Aggregated 
FOS-8 3 mM - Aggregated 
DDM 0.1% - Aggregated 
LMNG 0.5% - Aggregated 

 

The protein complex was less stable when the reducing agent TCEP (Fig.34A) was added to 

the size exclusion buffer in comparison to a size exclusion chromatography without the additive 

(data not shown). The protein eluted at a volume of 12 mL, corresponding to the molecular 

weight of the Mrp dimer. Additional peaks were detected at higher and lower molecular 

weights, which might be aggregated and disassembled Mrp, respectively. Mrp was stable when 

EDTA (Fig. 34C) was included into the size exclusion buffer. The protein complex eluted at 

an elution volume of 12 mL, corresponding to the molecular weight of the Mrp dimer. The 

addition of CHS (Fig. 34B) to the size exclusion buffer led to an aggregated and disassembled 

protein complex. Thus, the incorporation of cholesterol into the detergent micelle did not 

improve the stability of Mrp. Grids were prepared with factions corresponding to the Mrp dimer 

and investigated by cryo-EM (Fig. 34D-L). None of the tested additives prevented the 

aggregation of Mrp.  
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Figure 34. Additive screening. A, Size exclusion chromatography of Mrp in DDM and TCEP as additive. B, Size exclusion chromatography 
of Mrp in DDM and CHS as additive. C, Size exclusion chromatography of Mrp in LMNG and EDTA as additive. All size exclusion runs 
were done on Superose 6 10/300 GL. Elution of the Mrp dimer is highlighted in light pink. D, Cryo-EM micrograph of Mrp dimer in DDM
and TCEP as additive. E, Cryo-EM micrograph of Mrp dimer in DDM and CHS as additive. F, Cryo-EM micrograph of Mrp dimer in LMNG 
and EDTA as additive. G, Cryo-EM micrograph of Mrp dimer in DDM and CHAPS as additive. H, Cryo-EM micrograph of Mrp dimer in 
LMNG and CHAPS as additive. I, Cryo-EM micrograph of Mrp dimer in DDM and FOM as additive. J, Cryo-EM micrograph of Mrp dimer 
in DDM and FOS-8 as additive. K, Cryo-EM micrograph of Mrp dimer in LMNG and DDM as additive. L, Cryo-EM micrograph of Mrp 
dimer in LMNG and LMNG as additive. Quantifoil mesh 300, R 0.6/1 grids were used. Grids were screened on T12 and Glacios. Additive 
screening was carried out as described in the section 2.5.4.2 of Methods.   
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3.6.3 Buffer conditions 

The pH of the buffer may have an impact on the distribution of a protein on a cryo-EM grid. 

Nevertheless, this parameter is often not screened over a broad range, as it is usually done in 

crystallization experiments125. Hence, Mrp was exchanged into a buffer at pH 5.0 and its effect 

on the distribution of Mrp particles was determined by cryo-EM.  

Moreover, the concentration of salt can have a considerable effect on the stability of proteins. 

Hence, the stability of Mrp was determined by cryo-EM using samples which had been 

exchanged into a buffer containing either 300 mM KCl or 50 mM KCl. The outcome of the 

experiments is shown in Fig. 35.  

 

For both, the pH (Fig. 35A) and salt experiment (Fig. 35B), Mrp eluted at a volume of 1.5 mL, 

corresponding to the Mrp dimer.  

Grids were prepared with fractions corresponding to the Mrp dimer and investigated by cryo-

EM (Fig. 35C-E). None of the tested buffer conditions prevented the aggregation of Mrp.  

  

A B

C

Figure 35. Buffer screening. A, Size exclusion chromatography of Mrp in a buffer at pH 5.0. B, Size 
exclusion chromatography of Mrp in a buffer containing 300 mM KCl. Superose 6 Increase 3.2/300 was 
used for size exclusion chromatographies. Elution of Mrp dimer is highlighted in light pink. C, Cryo-EM 
micrograph of Mrp in a buffer at pH 5.0. D, Cryo-EM micrograph of Mrp dimer in a buffer containing 300 
mM KCl. E, Cryo-EM micrograph of Mrp dimer in a buffer containing 50 mM KCl. Quantifoil mesh 300, 
R 0.6/1 grids were used. Grids were screened on T12 and Glacios. Buffer screening was carried out as 
described in the section 2.5.4.3 of Methods.   
 

D E
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3.6.4 Affinity tag 

The affinity tag of Mrp was changed from His- to –FLAG (construct: pGEM_AF G-F), in order 

to test whether the affinity tag causes the aggregation of Mrp on a cryo-EM grid. The outcome 

of the experiment is shown in Fig. 36.  

 

FLAG-tagged Mrp eluted at a volume of 12 mL (Fig. 36A), corresponding to the Mrp dimer. 

Grids were prepared the dimer fraction and investigated by cryo-EM (Fig. 36B). The protein 

aggregated on a cryo-EM grid, suggesting that the His-tag was not responsible for the 

aggregation of Mrp. 

3.6.5 Amphipols and SMA 

As an alternative to detergents, membrane proteins can be kept in a detergent-free solution by 

amphipathic polymers called amphipols. Mrp was solubilized in a detergent and then 

transferred to the amphipol by size exclusion chromatography using a buffer without 

detergents. Another alternative to detergents are styrene-maleic acid (SMA) copolymers. In 

contrast to amphipols, SMA can directly be used to solubilize membrane proteins. A summary 

of the used amphipols and SMA concentrations as well as the stability of Mrp by size exclusion 

chromatography and cryo-EM is shown in Table 14.  

  

A B

Figure 36. Affinity tag screening. A, Size exclusion chromatography of pGEM_AF G-F using 
Superose 6 10/300 GL. Elution of Mrp dimer is highlighted in light pink B, Cryo-EM 
micrograph of pGEM_AF G-F. Quantifoil mesh 300, R 0.6/1 grids were used. Grids were 
screened on T12 and Glacios. Experiments were carried out as described in the section 2.5.4.4 
of Methods.   
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Table 14. Stability of Mrp in amphipoles and SMA tested by size exclusion chromatography and cryo-EM. 

Amphipoles and 
SMA 

Exchange ratio 
protein/polymer 

(w/w) 

Stability on 
SEC 

Grid 

A8-35 1:5 
1:2 
1:1 
1:0.5 
1:0.3 
1:0.2 

Not stable 
Not stable 
Stable 
Not stable 
Stable 
Stable 

Not tested 
Not tested 
Not tested 
Not tested 
Not tested 
Aggregated  

PMAL-C8 1:5 
1:4 
1:2 
1:1 

Stable 
Stable 
Stable 
Not stable 

Aggregated 
Not tested 
Not tested 
Not tested 

PMAL-C12 1:5 Not stable Not tested 
SMA 1:3 Not stable Not tested 

 

Mrp could be exchanged into A8-35 (Fig. 37A) using a ratio of 1:0.2 w/w protein/polymer. 

The protein complex eluted in peak at around 1.27 mL, corresponding to the Mrp dimer. The 

Mrp dimer peak has a shoulder at a higher molecular weight, suggesting that the protein 

complex also builds a higher oligomerization state than a dimer in A8-35. Another peak was 

present in the void volume, which corresponds to aggregated Mrp, suggesting a non-efficient 

exchange into A8-35. 

Mrp could be exchanged into pMAL-C8 (Fig. 37B) using a ratio of 1:5 w/w protein/polymer. 

The protein complex eluted in a broader peak than usual, at around 1.55 mL which corresponds 

to the Mrp dimer. Another peak could be seen at a lower molecular weight, corresponding to 

pMAL-C8 alone. Mrp could not be exchanged into pMAL-C12 (Fig. 37C), as seen by multiple 

small peaks corresponding to aggregated and disassembled Mrp. The exchange of Mrp from 

detergent into amphipols was difficult to reproduce and/or up-scale. Mostly the exchange 

resulted in very broad peaks and a contamination of the sample with the respective amphipol 

(data not shown).   

Mrp could not be solubilized by SMA (Fig. 37D) in order to build SMA lipid particles 

(SMALPs), since no peak could be detected after affinity chromatography.  

Grids were prepared with fractions corresponding to the Mrp dimer and investigated by cryo-

EM. The protein complex aggregated on a cryo-EM grid in A8-35 (Fig. 37E) and pMAL-C8 

(Fig. 37F).     
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3.6.6  Mrp monomer 

The monomer of Mrp was investigated by cryo-EM to determine its particle distribution. The 

protein was purified as described in section 2.4.9. After the first size exclusion 

chromatography, the monomer fraction (Fig. 38A) was used to prepare cryo-EM grids. The 

outcome of the experiment is shown in Fig. 38. 

  

Figure 37. Amphipole and SMA screening. A, Size exclusion chromatography of Mrp pre-incubated with A8-35 at a ratio of 1:0.2 (w/w),
protein/polymer. B, Size exclusion chromatography of Mrp pre-incubated with pMAL-C8 at a ratio of 1:5 (w/w), protein/polymer. C, Size 
exclusion chromatography of Mrp pre-incubated with pMAL-C12 at a ratio of 1:5 (w/w), protein/polymer. Superose 6 Increase 3.2/300 was 
used for size exclusion chromatographies. Elution of Mrp is highlighted in light pink. D, TALON affinity chromatography of Mrp, solubilized 
in SMA. E, Cryo-EM micrograph of Mrp dimer in A8-35. F, Cryo-EM micrograph of Mrp dimer in pMAL-C8. Quantifoil mesh 300, R 0.6/1 
grids were used. Grids were screened on T12 and Glacios. Amphipole and SMA screening was carried out as described in section 2.5.4.5 of 
Methods.  

A B C
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A concentration of ~1.3 mg/mL of the Mrp dimer in LMNG usually led to a high density of 

(aggregated) particles on cryo-EM grids (data not shown). The same concentration of the Mrp 

monomer resulted in a very small particle number. Mrp could only be detected in small stacks 

around the rims of the holes, indicating that monomeric Mrp aggregated on cryo-EM grids 

(Fig. 38B). 

3.6.7 PEGylated grids  

Self-assembled monolayers of 11-mercaptoundecyl hexaethyleneglycol can be deposited on 

gold grids, in order to alter the distribution of particles on a cryo-EM grid. PEGylated grids are 

particularly used to shift the particles from the rims inside the centre of the holes. PEGylated 

grids were prepared with the Mrp dimer to determine whether the aggregation of Mrp can be 

prevented by the monolayer. The outcome of the experiment is shown in Fig. 39. 

Figure 38. Mrp monomer assessed by cryo-EM. A, Size exclusion chromatography of Mrp 
using Superose 6 Increase 3.2/300. The elution of the Mrp dimer, monomer/dimer mixture 
and monomer is highlighted in red, green and yellow, respectively. B, Cryo-EM micrograph 
of the Mrp monomer in LMNG. Quantifoil mesh 300, R 0.6/1 grids were used. Grids were 
screened on T12 and Glacios. Experiment was carried out as described in section 2.5.4.6 of 
Methods. 

A B

Figure 39. PEGylated gold grids. 
Micrograph of Mrp dimer in DDM on grids 
with self-assembled monolayers. The grid 
was screened on Glacios. The experiment 
was carried out as described in section 
2.5.4.7 of Methods.  
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The protein complex aggregated on PEGylated gold grids. The protein was found only around 

the rims of the holes which contradicts the purpose of PEGylated grids, to shift the protein 

towards the middle of the grid hole. Moreover, the procedure to focus on gold grids was very 

complicated. This would make an automated data collection with this kind of grids rather 

difficult. The focusing on gold was carried out according to the protocol from Russo and 

Passmore126.  

3.6.8 N-amylamine 

Normal cryo-EM grids (Fig. 40A) and grids covered with an ultrathin layer of continuous 

carbon (Fig. 40B) were glow discharged in the presence of N-amylamine to alter the 

distribution of Mrp particles. The outcome of the experiment is shown in Fig. 40. 

Data was collected from a grid covered with continuous carbon (Fig. 40B) and glow discharged 

in the presence of N-amylamine. Only two red peaks were present in the histogram depicting 

the distribution of Euler angles, indicating an anisotropic distribution of angular projection 

orientations (Fig. 40C). The reconstructed auto-refined map was elongated in the direction of 

preferred orientation and missed large portions of density (Fig. 40D). N-amylamine neither 

A CB

D

Figure 40. Glow-discharging in N-amylamine to alter particle distribution. A, Example of a cryo-EM micrograph with the Mrp dimer on a 
Quantifoil mesh 300, R 0.6/1 grid, glow discharged in the presence of N-Amylamine. B, Example of a cryo-EM micrograph with the Mrp 
dimer on a Quantifoil mesh 300, R 0.6/1 grids covered with an ultrathin layer of continuous carbon. C, Histogram depicting the distribution 
of Euler angles from data collected from B. D, Auto-refined Mrp dimer map in side and top view. Screening and data collection was done on 
Glacios. Experiments were carried out as described in sections 2.5.4.8 and 2.5.5.2 of Methods.  
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prevented the aggregation of Mrp on normal cryo-EM grids nor changed the orientation of Mrp 

on grids covered with continuous carbon. 

3.6.9  Continuous support  

During cryo-EM grid preparation the protein solution is pipetted onto an EM-grid, blotted on 

filter paper and vitrified by plunge-freezing in liquid ethane. During this procedure, the protein 

gets exposed to the air at a high surface-to-volume ratio127,128. Since none of the measures taken 

have prevented aggregation, Mrp probably absorbs to the air-water interface, which caused full 

or partial denaturation and hence aggregation of the protein. A way to prevent protein 

denaturation at the air-water interface is the use of continuous supports. The particles are 

physically supported by absorbing to the additional surface.  

3.6.9.1 Graphene oxide  

Graphene oxide can be used as a continuous support for cryo-EM grids, to alter the particle 

distribution. Graphene oxide grids are relatively easy to produce and graphene oxide itself is 

naturally hydrophilic. Grids were prepared by two different methods: Graphene oxide was 

either directly pipetted on the cryo-EM grid or deposited on the grid by means of a coating 

device. The latter method should theoretically lead to an even more reproducible coverage. The 

outcome of the experiments is shown in Fig. 41. 

 

The protein sample did not aggregate on carbon grids coated with graphene oxide (Fig. 41A, 

C and D). Nonetheless, graphene oxide covered holes of a cryo-EM grid were often not 

Figure 41. Graphene oxide grids. A, Cryo-EM micrograph of Mrp dimer in pMAL-C8 using a Quantifoil mesh 300, R 0.6/1 grid covered with 
graphene oxide by pipetting. Example of a grid with a non-uniform ice thickness, as seen by the light patches containing no or extremely thin 
ice. B, Cryo-EM micrograph of Mrp dimer in LMNG using a Quantifoil mesh 300, R 0.6/1 grid covered with graphene oxide by pipetting. 
Example of a grid with an inchoate graphene oxide coverage. C, Cryo-EM micrograph of Mrp dimer in DDM using a Quantifoil mesh 300, 
R 0.6/1 grid covered with graphene oxide by pipetting. Example of a grid with a strong background. D, Cryo-EM micrograph of the Mrp 
dimer in DDM using a Quantifoil mesh 300, R 0.6/1 grid covered with graphene oxide by means of the covering device. Example of a grid 
with a wrinkly, overlapping coverage. Grids were screened on T12 and Glacios. Experiments were carried out as described in sections 2.5.4.9.1 
and 2.5.4.9.2 of Methods.  

A B C D
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covered with an even layer of ice, resulting in light batches with very thin or no ice (Fig. 41A). 

Furthermore, grids were often incompletely covered with the continuous support (Fig. 41B). 

Another problem was that graphene oxide often led to a high background signal, making the 

detection of the protein quite difficult due to the low contrast (Fig. 41C). Finally, the 

application of the coating device resulted in grids covered with wrinkly and overlapping 

graphene oxide sheets (Fig. 41D).  

3.6.9.2 Graphene  

Graphene is much thinner than graphene oxide, relatively electron transparent and can also be 

used as a continuous support for cryo-EM grids. Grids were covered with graphene and used 

to determine the distribution of Mrp by cryo-EM. The outcome of the experiment is shown in 

Fig. 42. 

 

The protein sample did not aggregate on grids covered with graphene (Fig. 42C). Nevertheless, 

the procedure of covering cryo-EM grids with graphene was quite delicate. 

Grids which had been prepared according to the protocol described in the method section were 

covered by big crystals (Fig. 42A). Using that method, graphene was made hydrophilic by 

dipping it into 50 mM 1-pyrenecarboxyilic acid as a final step. If the grid was washed in water, 

after it had been dipped into 1-pyrenecarboxyilic acid, it resulted in grids covered with long 

fibers (Fig. 42B). If the grid was washed in ethanol, no crystals and fibers were seen on the 

cryo-EM grids (Fig. 42C). Yet, graphene led to a high background signal, making it difficult 

to detect single protein particles. Moreover, only a very few grids could be prepared with 1 cm2 

graphene.  

Figure 42. Graphene grids. A, Cryo-EM micrograph of Mrp in LMNG using a Quantifoil mesh 300, R 0.6/1 grid 
covered with graphene. Example of a grid covered with crystals. B, Cryo-EM micrograph of Mrp in LMNG using 
a Quantifoil mesh 300, R 0.6/1 grid covered with graphene. Example of a grid covered with long fibres. C, Cryo-
EM micrograph of Mrp in LMNG using a Quantifoil mesh 300, R 0.6/1 grid covered with graphene. Example of a 
grid with a good graphene coverage. Experiment was carried out as described in section 2.5.4.9.3 of Methods.  

A B C
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3.6.9.3 Continuous carbon 

Grids were covered with an ultrathin layer of continuous carbon (1.2-1.4 µM), resulting in a 

particle distribution suitable for data collection (Fig. 43A). Data were collected on Glacios and 

processed in Relion. The outcome of the experiment is shown in Fig. 43. 

 

The distribution of Euler angles after 3D auto-refinement of a single 3D class showed that Mrp 

adopted a preferred orientation with two different views (Fig. 43B). Most of the Mrp proteins 

oriented with the hydrophilic periplasm facing region towards the continuous carbon. A 

minority of Mrp proteins oriented with their hydrophobic, detergent covered part towards the 

continuous carbon. Moreover, reconstructed maps were elongated into one direction, which is 

another sign of preferred orientation (Fig. 43C, D). In order to improve the resolution of the 

auto-refined dimer map, the monomers of the dimer were extracted, centered and either refined 

separately or joined and refined together. The refinement of the single monomers resulted in 

reconstructed maps with 6.5 Å (data not shown) and 7.4 Å (Fig. 43C). The refinement of the 

combined monomers resulted in a map with a resolution of 5.7 Å (Fig. 43D).  

3.6.9.4 Ice thickness on grids with continuous layer of ultrathin carbon 

A very thin layer (1.2-1.4 µM) of continuous carbon was deposited on cryo-EM grids, resulting 

in a particle distribution appropriate for data collection (Fig. 44A). The application of a Plunge 

freezer FEI Vitrobot Mark IV model often leads to a gradient of ice thickness across a grid 

without continuous support. Such an ice gradient could not be detected on a grid covered with 

continuous carbon. On a single grid covered with continuous carbon the ice thickness varied 

from thin (Fig. 44D) to thick (data not shown) or no ice at all (Fig. 44E), with the latter resulting 

in freeze dried particles. Sometimes a wavy surface (Fig. 44B, C) could be seen on grids 

covered with continuous carbon, which probably arose from the continuous carbon itself. 

A B C

Figure 43. Continuous carbon. A, Cryo-EM micrograph of Mrp in DDM using a Quantifoil mesh 300, R 0.6/1 grid covered with continuous 
carbon. B, Euler angle distribution after 3D auto-refinement. C, Dimer map with a resolution of 7.4 Å. D, Monomer map with a resolution of 
5.7 Å. Experiments were carried out as described in sections 2.5.4.9.4 and 2.5.5.1 of Methods.  

D
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Moreover, this wavy surface pattern could only be seen when the grid was tilted which 

exemplifies the increased unevenness of a cryo-EM grid covered with a continuous support. 

Even so, such a grid could be used for data collection.  

 

In order to obtain a quantitative value for the ice thickness, the ice thickness was attempted to 

be measured by tilting the specimen stage to 45°, burning a small hole through the ice, tilting 

the stage to 0° and taking an image (Fig. 45). The thickness of ice can directly be ascertained 

by measuring the length of the hole. This way of measuring the ice thickness could not be 

applied for grids with continuous carbon and thin ice, applicable for data collection. The 

burning of a small hole resulted in burned carbon (Fig. 45A, middle) but no visible hole to 

measure the length. Moreover, the appearance of burned continuous carbon with thin ice was 

very similar to burned continuous carbon with freeze dried particles (Fig. 45A, right). Hence, 

even a visual inspection and comparison of burned carbon between grids with thin ice and grids 

with freeze dried particles was not informative for the ice thickness. The ice thickness could 

only be determined from continuous carbon grids covered with thick ice (Fig. 45B, C). In order 

to make sure whether the ice thickness is appropriate for data collection, high magnification 

images should be taken at five different positions within each square to determine, based on 

A B C 

D E 

Figure 44. Ice thickness on a Quantifoil mesh 300, R 0.6/1 grid covered with continuous carbon. A, Evenly thin ice, appropriate for data 
collection. B and C, Wavy continuous carbon with thin ice, appropriate for data collection. D, Partially freeze dried particles, inappropriate 
for data collection. E, Freeze dried particles, inappropriate for data collection. Note, that the ice is getting thinner from A-E.  
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the appearance of the particles, whether the ice of the respective square is appropriate for data 

collection.  

 

3.7  Cryo-EM density of Mrp  
The data was processed as described in chapter 2.19.3. The 3D density maps of the Mrp 

monomer and dimer had an average resolution of 3.0 Å (Fig. 46C) and 3.7 Å (Fig. 46D), 

respectively. For both maps the inner core of the protomer has a better resolution than the distal 

Figure 45. Measuring ice thickness on grids with continuous carbon. A, Example of burned continuous carbon (middle, indicated with black 
box) from grids with thin ice (left) or no ice (right). B, Example of a hole burned in thick ice (middle) and magnification of the hole showing 
the length of the hole with a red line. C, Example of a hole burned in very thick ice (bottom) and magnification of the hole showing the length 
of the hole with a red line. The experiment was carried out as described in section 2.5.4.10 of Methods.  

A 

B 

C 
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ends (Fig. 46A, B). TMH15 of MrpA and TMH3 and TMH5 of MrpE had a lower resolution 

of ~3.4 Å-3.7 Å for the monomer map and ~5 Å for the dimer map. Most side-chain densities 

and most of the loops were well resolved in the electron density map (Fig. 47) facilitating to 

build and refine a high quality atomic model of the Mrp dimer (97% complete with only few 

terminal residues missing (Table 26, Fig. 52A).  

 

 A B 

C 

Figure 46. Resolution of monomer and dimer. A, Local resolution of the Mrp monomer in LMNG. B, Local resolution of the Mrp dimer in
LMNG. C, Fourier shell correlation (FSC) curves for the Mrp monomer. D, FSC curve of the Mrp dimer.  

D 
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Figure 47. Examples of cryo-EM density of Mrp monomer in LMNG. A, Densities of transmembrane helices from MrpA-G. B, Densities of 
. -sheets from MrpA, MrpD and MrpE. C, Density of phosphatidylethanolamine. 

A 

C
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4  DI S C U S SI O N 

4. 1  Bi o c h e mi c al c h a r a ct e ri z ati o n 

4. 1. 1  P u rifi c ati o n 

A n o v el w a y of p urifi c ati o n of Mr p fr o m A n o x y b a cill us fl a vit h e r m us  W K 1 d es cri b e d i n c h a pt er 

3. 7  l e d t o a hi g hl y p ur e a n d st a bl e pr ot ei n c o m pl e x w hi c h c o ul d s u bs e q u e ntl y b e us e d f or cr y o-

E M gri d pr e p ar ati o n. Cr u ci al f or t h e d e v el o p m e nt of t his w as t h e c h a n g e of c o nstr u ct c o di n g 

f or mr p  fr o m t h e m es o p hili c b a ct eri u m B a cill us ps e u d ofir m us  O F 4 t o mr p  fr o m t h e 

t h er m o p hili c b a ct eri u m A n o x y b a cill us Fl a vit h er m us  W K 1.  

H o m ol o g o us t h er m o p hili c a n d m es o p hili c pr ot ei ns oft e n h a v e si mil ar str u ct ur es, b ut diff er e nt 

t h er m o d y n a mi c pr o p erti es. It h as b e e n diffi c ult t o d et er mi n e g e n er al pri n ci pl es t h at c o ntri b ut e 

t o t h e e n h a n c e d st a bilit y of t h er m o p hili c pr ot ei ns, b e c a us e of t h e m a n y diff er e n c es i n t h e 

pr ot ei n s e q u e n c es as it is oft e n s e e n i n t h e pri m ar y str u ct ur es of m es o p hili c a n d t h er m o p hili c 

pr ot ei ns 1 2 9 ,1 3 0 . N e v ert h el ess, it e m er g e d t h at pr ot ei ns fr o m t h er m o p hil es h a v e m a n y s alt bri d g es 

or w h ol e n et w or ks of s alt bri d g es w hi c h c o ntri b ut e t o t h e hi g h er st a bilit y 1 3 1 ,1 3 2 ,1 3 3, 1 3 4 . A n ot h er 

f a ct or is c o m p a ct n e ss, w hi c h c o m es l e ss fr o m “ti g ht e ni n g t h e l o o ps ” b ut m or e fr o m a 

c o m p a ct n ess of alr e a d y str o n gl y c o n n e ct e d ar e as 1 3 3 . M or e o v er, t h er m o p hili c pr ot ei ns h a v e a 

l ar g e pr o p orti o n al diff er e n c e b et w e e n c h ar g e d ( Gl u, As p, L ys, Ar g) v ers us p ol ar r esi d u es ( T hr, 

S er, As n, Gl n) 1 3 5 .  

T h e m et h o ds of t h er m ost a bili z ati o n ( o bt ai ni n g a hi g h T m ) us e d b y t h er m o p hil es w er e 

as c ert ai n e d as f oll o ws: pr ot ei ns fr o m t h er m o p hil es h a v e hi g h er v al u es of Δ G ( hi g h er i ntri nsi c 

st a bilit y), l o w er Δ C p  ( alt er ati o n of t h e h e at c a p a cit y r el at e d t o t h e u nf ol di n g of t h e pr ot ei n) a n d 

hi g h er T S  (t e m p er at ur e of m a xi m u m pr ot ei n st a bilit y) 1 3 0 .  

O nl y a si n gl e c o nstr u ct c o di n g f or m r p  fr o m m es o p hili c B a cill u s ps e u d ofir m us  O F 4 w as st a bl e 

d uri n g p urifi c ati o n. W h e n mr p  w as e x pr ess e d fr o m T F C H A H, t h e pr ot ei n c o m pl e x e x hi bit e d 

a hi g h st a bilit y a n d w as pri m aril y pr es e nt as a m o n o m er aft er si z e e x cl usi o n c hr o m at o gr a p h y 

( Fi g. 3 1). T F C H A H c o nt ai ns a diff er e nt affi nit y t a g o n t h e C-t er mi n al e n d of mr p A  ( T 7-t a g), 

m r p B  ( F L A G-t a g), m r p C  ( c- m y c-t a g), m r p D  ( H A-t a g) a n d mr p G  ( His-t a g) w hi c h pr es u m a bl y 

i n cr e as e d t h e st a bilit y of m es o p hili c Mr p.  
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4.1.2 Catalytic activity of Mrp and its mutants 
The activity of Mrp and its mutants was determined by complementation assays: the E. coli 

strain KNabc lacks the functional Na+/H+ antiporters nhaA, nhaB, and chaA and is highly 

sensitive to salt concentrations of 200 mM and above where its growth is inhibited. Bacterial 

growth of KNabc Mrp transformants above a concentration of 200 mM NaCl indicates a 

functional Mrp antiporter complementing for the high salt concentration. The E. coli AF_mrp 

transformant as well as the mutants MrpG S72W and MrpE L41W showed resistance at up to 

400 mM NaCl (Fig. 48A). The mutant MrpF D35L did not confer Na+ resistance and stopped 

growing at a concentration of 100 mM NaCl (Fig. 48A). 

The role of conserved D35f was not clear from previous mutations in Bacillus subtilis Mrp, as 

substitutions were highly detrimental when the complex was expressed in E. coli (perhaps the 

assembly of the complex was affected) but not so in B. subtilis itself75. However, in B. subtilis 

only conservative mutations to polar residues Glu and Asn were explored and so the effects 

could be expected to be mild. To clarify this, we generated mutants of A. flavithermus Mrp 

complex by mutating D35f to Leu, a hydrophobic residue of roughly similar size to Asp, and 

expressed the complex in E. coli similarly to WT Mrp. The mutation completely deactivated 

the complex as shown by the absence of growth at high NaCl concentrations (Fig. 48A). The 

dimer seemed to be de-stabilised as well, although the monomer was fully assembled (Fig. 

48B, C). To try to clarify how important the dimer is for the function, we generated MrpE 

L41W and MrpG S72W mutants. 

They were chosen because there are no salt bridges linking the monomers but these residues 

form close contacts between the two monomers and we expected that introduction of bulky 

tryptophanes may disrupt the dimer. This, however, did not happen and activity was not 

affected (Fig. 48A, B, C). Therefore, the dimer can withstand some perturbations but it may 

not be absolutely essential for the mechanism per se, as a very similar fold exists as a monomer 

in MBH. The role of Mrp dimer may have more to do with the stabilisation of the unfavourable 

membrane-thinning fold as discussed below. 
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The antiport activity of Mrp can also be determined in everted membrane vesicles (EMV) (Fig. 

49). EMV were prepared by passing E. coli KNabc membranes containing Mrp through a cell 

disrupter under low pressure, followed by resuspension of the EMV in a buffer without NaCl 

or KCl. The addition of the electron donor succinate to the EMV initiated respiration and a 

pH was created with an acidic pH inside the everted vesicles. The creation of this pH could 

be followed by quenching of acridine orange fluorescence until a steady state was established. 

The subsequent addition of NaCl or KCl resulted in the dequenching of fluorescence, which is 

a measure of Na+/H+ activity, reflecting the movement of protons out of the everted vesicles. 

The addition of NH4Cl dissipated the remaining Δp and brought the fluorescence back to 

baseline. Assays were performed to determine the cation specificity of Mrp at different pH. 

Mrp exhibited antiport in the presence of Na+ (Fig. 49A, C) and K+ (Fig. 49B), however with 

a lower extent for the latter. This results are consistent with the annotation of the AF_mrp 

antiporter in the CPA3 family, which accounts for this activity27,28,24,7,15,7,14,16,7. 

The highest Na+/H+ activity (Fig. 49A, C), was observed at pH 9.5 with 100% dequenching, 

and pH 8.5 with 90% ± 5% dequenching, indicating that the Na+ extrusion function of Mrp is 

particularly important at elevated pH. Interestingly, at pH 7.5 the antiport activity was 

decreased to 20% ± 10% dequenching. The highest K+/H+ antiport (Fig. 49B), was observed at 

pH 8.5 with 50% ± 5% dequenching. On the other hand, no K+/H+ antiport activity was 

observed at pH 7.5 and pH 9.5. As no significant dequenching was determined by added NaCl 

or KCl to empty KNabc cells, the dequenching with vesicles containing AF_mrp was likely 

caused by Na+/H and K+/H antiport activity of AF_mrp.  

The result of this pH profile may be described in terms of the affinity of the acidic residues of 

the cation translocation pathway (explained in chapter 4.10) for Na+. The protonation state of 

Figure 48. Purification and characterization of Anoxybacillus flavithermus Mrp. A, Experiments of complementation capacity of AF_Mrp and 
AF_Mrp mutants MrpF D35L, MrpG S72W, MrpE L41W for the growth of sodium sensitive E. coli KNabc cells. Non-transformed KNabc 
cells were used as a control. B, Size exclusion chromatography of non-mutated (AF_Mrp) and mutated Mrp (MrpE L41W and MrpF D35L). 
The elution of the dimer and monomer is highlighted in blue and green, respectively. C, Expression comparison between the mutants MrpF 
D35L and MrpE L41W. SDS-PAGE shows the Mrp band pattern after affinity chromatography using membranes from 3 l expression for both 
mutants. 
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these residues is likely to affect the affinity for Na+ and hence its further “transfer”. At low pH, 

most of the acidic carboxyl sidechains of the cation translocation pathway, (D35f  [the Mrp 

subunit is indicated in italic suffix], E137d, E706a, E796a and D792a), would be protonated, 

causing a reduced affinity for Na+ and an inhibited cation/proton antiport activity. At >pH 7.0, 

the acidic side chains are predominantly deprotonated and negatively charged, resulting in an 

enhanced Na+ affinity and an activation of the antiport activity. Nevertheless, affinity studies 

would be required to confirm this assumption.  

It is not yet clear whether the pH-dependent transport activity of Mrp is a self-regulatory 

mechanism or whether there is a distinct “pH sensor”136–138 that transduces the pH signal into 

an alteration of antiporter activity.  

There is also the possibility that the activity of Mrp is not regulated by a pH-induced 

conformational switch but rather by Na+ binding which would initiate its activity, as proposed 

for MjNhaP1139. The molecular structure of Mrp at different pH, in the presence and absence 

of substrate would provide a deeper understanding of these theories.   

 

 

  

Figure 49. Na+/H+ antiport activity of Anoxybacillus flavithermus Mrp. A, Na+/H+ antiport activity of AF_Mrp in everted membrane vesicles 
(EMV) using NaCl to initiate Mrp activity at pH 7.5, pH 8.5 and pH 9.5. Non-transformed KNabc vesicles were used as a control at pH 8.5. 
The addition of succinate, NaCl and NH4Cl is indicated with arrows. The 100% percentage of acridine orange fluorescence dequenching is 
shown when 10 mM NH4Cl was added. B, Na+/H+ antiport activity of AF_Mrp in EMV using KCl to initiate Mrp activity at pH 7.5 and pH 
8.5. Non-transformed KNabc vesicles were used as a control at pH 8.5. C, Na+/H+ antiport activity of AF_Mrp using NaCl to initiate Mrp 
activity is shown as the percentage of dequenching at pH 6.0, pH 7.5, pH 8.5 and pH 9.5. The results are averages from three independent 
preparations. The error bars show the standard deviations of the means. 
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4.2  Improving resolution  
After the processing of the first data set which was Mrp purified in DDM and collected on 

Glacios without tilt, it became obvious that Mrp adopted a preferred particle orientation on 

cryo-EM grids covered with a continuous layer of ultrathin carbon. The final resolution of the 

reconstructed Mrp dimer and monomer maps was 7.5 Å and 5.7 Å (Fig. 43C, D), respectively. 

Large portions of the maps were missing and the maps were elongated into one direction, which 

are clear signs of anisotropy. Merely two peaks (one main peak pointing towards the top and a 

second very weak peak pointing towards the front), were seen on the histogram showing the 

Euler angle distribution (Fig. 43B) implying that Mrp adopted an extreme preferred orientation 

with one main view, attached flat to the carbon with the periplasmic surface.  

Ideally, proteins are randomly oriented within the vitreous ice of a cryo-EM grid hole, 

generating an isotropic distribution of angular projection views. A preferred particle orientation 

causes the absence of a full set of projections. This leads to a Fourier component under-

sampling within the final reconstruction and to an anisotropic resolution which becomes 

apparent through an elongation of the map into the direction of the missing data (“smearing” 

effect)140 (Fig. 43C, D). A strategy to overcome this problem is to tilt the grid during data 

collection. Tilts result in a more uniform coverage of Fourier space voxels and hence an 

improved reconstructed volume (Fig. 50C). Some anisotropy will remain even after a tilted 

data collection, as only a full set of projections leads to a completely isotropic map98. A 45° 

tilted stage would probably result in an almost isotropic map. However, a data collection with 

such a high tilt would be difficult to perform from a practical point of view and the processing 

of cryo-EM data would be more challenging. That’s why we selected a 35° tilt for data 

collections.    

The grids themselves can also be altered to evoke additional orientations. Examples are the 

exposure of the grid to N-amylamine during glow discharging141, coating of gold grids with 

self-assembled monolayers103 or a mechanical deformation of the grid142. The first two methods 

were tested for AF_mrp but yielded little success in altering the particle orientation (Fig. 39, 

Fig. 40). Computational procedures during 3D reconstruction can partially counter-balance 

under-represented views143, but they cannot restore absent information.  

A very labour-intensive method to obtain more particle orientations is the collection of many 

more particles to acquire enough quantities of low abundance views144.  

In our case, a tilted data collection with a 35° tilted specimen stage on Titan Krios using Mrp 

purified in DDM was sufficient to counteract the missing information caused by the preferred 
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orientation (Fig. 50C). The Euler angle distribution showed a precession of views around the 

preferred orientation axis in a conical manner145. In reciprocal space, the Fourier slices of the 

reconstruction are perpendicular to its real-space projection image. Hence, a bigger missing 

cone is built from a reconstruction using small tilts in contrast to higher tilts which result in a 

minor missing cone. This implies that higher degrees tilts result in an improved Fourier space 

sampling but also in a loss in resolution. Smaller tilts could be applied for proteins showing 

less preferred orientations, in order to improve the angular isotropy145. 

Particles appeared as dimers of only approximate C2 symmetry as the angle between monomers 

varied, resulting in several 3D classes differing by that angle. After symmetry expansion in the 

C2 point group in Relion, resulting pseudo-monomer particles could be refined to 3.4 Å 

resolution (Fig. 12). The monomer map allowed initial model building for most of the model, 

however, some parts of the reconstructed maps were not well resolved, including helices of 

MrpA and MrpE (Fig. 50C). The badly resolved helices of MrpA were probably 

bend/disordered due to the detergent used for the preparation of the sample.  

Therefore the milder detergent LMNG was used for the solubilization, purification and grid 

preparation of Mrp. Also for this sample grids with an ultrathin layer of continuous carbon 

were used and data was collected with a 35° tilted specimen stage. In this case the dimers were 

overall “flatter” than in DDM and likely closer to their native shape in the flat lipid bilayer 

(Fig. 11). The reconstructed map of the best pseudo-monomer map was resolved to 3.0 Å with 

excellent density in all areas including previously disordered edges (Fig. 46A). This allowed 

us to build and refine a high quality atomic model of the Mrp dimer (97% complete with only 

few terminal residues missing, Table 25, Fig. 52A).  

Why is a single tilt sufficient? Proteins showing an extreme preferred orientation take 

advantage of a single tilt at a high angle. The inclusion of non-tilted data, without appropriate 

weighing, may cause overfitting. Hence, during refinement, orientation weighting and 

anisotropic filters should be added if data from several tilts are used for the reconstruction of a 

map. For samples showing less preferred orientations, combinations of tilt angles or smaller 

tilt angles can be used to improve isotropy and global resolution146,145.  
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Figure 50. CryoEM density of monomer and dimer. A, CryoEM density of Mrp monomer, colored by subunit as indicated. B, CryoEM density 
of Mrp dimer, with the model shown as cartoon. C, Comparison of three datasets. Data set one was Mrp in DDM and collected without tilt. 
The reconstructed monomer and dimer maps had a resolution of 5.7 Å and 7.4 Å, respectively. The particles exhibited a preferred orientation, 
which can be seen by the presence of only two red peaks in the histogram depicting the distribution of Euler angles. Data set two was Mrp in 
DDM and collected with a 35° tilted specimen stage. The reconstructed monomer and dimer maps had a resolution of 3.4 Å and 4.5 Å, 
respectively. Distal parts of the maps were badly resolved, including helices of MrpA and MrpE (shown with red dotted lines). The histogram 
depicting the distribution of Euler angles, shows a circular movement of views around the axis of preferred orientation. In data set three the 
detergent used for sample preparation was changed to the milder detergent LMNG. The data were collected with a 35° tilted specimen stage. 
The reconstructed monomer and dimer maps had a resolution of 2.98 Å and 3.7 Å, respectively. Previously disordered parts were well resolved 
in this maps.  

C 
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4.3 Pseudo-symmetry in Mrp  
Many protein complexes exhibit some form of symmetry. Commonly this symmetry does not 

apply for the whole complex but only for some parts. Symmetry is both important for the 

biological mechanism of a protein complex and greatly useful for the processing of single 

particle images. In practise, the application of symmetry during cryo-EM processing results in 

the multiplication of the number of symmetrically related particles or structural elements147,148.  

The symmetry in Mrp is broken due to the varying angle between the monomers of the dimer 

and thus the dimers do not obey exact C2 symmetry (Fig. 51A, B). Using the symmetry-

expansion approach in Relion147, each monomer of the Mrp dimer was subtracted and handled 

as single particles that are connected by the overall symmetry of the protein complex. That 

implied that the particle number was amplified according to the pseudo-symmetric C2 point 

group. Corresponding rotations and translations were applied so that the starting orientation 

parameters known from the refinement of the dimer could be used for further processing. In 

our case, the dataset was expanded twofold, by replicating each particle and adding (n/2)*360° 

with n=1, 2 to the first Euler angle of each particle. As a result, each monomer of the dimer of 

every particle was oriented onto every monomer position on the Mrp dimer. The particles were 

then re-extracted with re-centring on a monomer. 3D classification of these monomers, with 

local angular searches and a monomer map as a reference resulted in two good classes which 

were further processed as described in 2.5.5.3 and 2.5.5.4 of Methods. 

 

 

  

Figure 51. Angles between monomers of different dimer classes. Varying angles between the monomers of the dimer in DDM (A) and LMNG 
(B).  

A

B 
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4.4 Model of Mrp 

4.4.1 Similarity of Mrp to MBH and complex I 
The largest two subunits, including the N-terminal part of MrpA (MrpAN, TMH1-16) and 

MrpD are arranged next to each other in a very similar way as the APLS of complex I84, with 

the small subunits BCEFG and C-terminal part of MrpA (MrpAC, TMH17-21), homologous to 

MBH subunits ABCDFG69, attached “on the right” of MrpD as shown in Fig. 52. MBH subunit 

H is homologous to MrpD and MBH has its redox module attached “on the left” of 

MbhH/MrpD, in contrast to complex I with the redox module on the right (Fig. 52B). Thus, 

Mrp has nearly all subunits, except MrpAN, in common with MBH. The fold of these Mrp 

subunits is extremely well preserved in MBH, including all the key residues essential for 

activity (Fig. 53A, C). Similarly to MBH, subunits MrpC, AC, F and G each fold into a three-

helix sheet-like structure, forming four contiguous layers, flanked on one side by a four-helix 

subunit MrpB (Fig. 52A, 58A). MrpE caps the structure and is involved in dimerization. 
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The similarity to complex I extends to the entire MrpA, MrpD and MrpC subunits, with the 

fold and many key residues well conserved (Figs. 52B, C, 55). MrpA braces the complex with 

the long amphipathic helix HL (Fig. 58A) extending from TMH15 to 16, similar to the 

arrangement in complex I. Among the three copies of APLS in complex I, MrpA is more 

homologous to the complex I subunit Nqo12/NuoL/ND5 (T. thermophilus/E. 

coli/mitochondrial nomenclature), while MrpD is closer to complex I Nqo14/NuoN/ND2 (Fig. 

55).  

  

Figure 52. Overall structure of the Mrp complex. A, Model of the dimer, with each subunit coloured differently. Side view and view from the 
cytoplasm, where two N-terminal helices of subunit MrpE, forming most of the dimer interface, are circled. B, Schematic view of the Mrp 
monomer, MBH complex and complex I. Homologs of Mrp subunits are coloured similarly as in A, with an additional MrpD-like subunit in 
complex I in orange. 

A 

B 
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4.4.1.1 Proton translocating half-channels  

Similarly to APLS in complex I84, MrpA and MrpD contain N-terminal (TMH4-8) and C-

terminal (TMH9-13) proton translocation half-channels that are related to each other by 

pseudosymmetry. Both half-channels contain conserved lysine residues sitting on symmetry-

related discontinuous (interrupted by ~6 residue loop) helices (LysTMH7 and LysTMH12) that 

are likely the key to proton translocation. Key LysTMH7 forms a pair with a conserved TMH5 

glutamate (GluTMH5), which is thought to modulate the pKa of lysine84. A central key lysine 

sits on another broken (by a π-bulge) helix, TMH8 and connects the half-channels (Fig. 54A, 

B). As in complex I, these key residues are connected by additional polar residues and form a 

central hydrophilic axis running through the middle of the membrane across the entire complex 

(Fig. 54A, B). The flexibility provided by the broken helices may have a role in the 

conformational coupling mechanism and/or could help with pKa modulations of key residues.  

 

 

 

Figure 53. Overlay of Mrp with complex I and MBH complex. A, The Mrp monomer is shown in the center in side view. Alignments to MBH 
are in the left column and to complex I in the right column. The top row shows view from the cytosol, with the conserved domains underlined. 
The arrow indicates “swinging out” of the MrpE TMH1-2 in comparison to MBH. The second row shows the side view, with Mrp subunits 
coloured as in the centre and complex I/MBH in grey. In the bottom row only MBH and complex I are shown in the same orientation as above, 
with subunits homologous to Mrp coloured as in Mrp and the rest in gray. Quinone-binding subunit in complex I (Nqo8/NuoH) is not present 
in Mrp and is highlighted in slate. Additional MrpD-like subunit in complex I (Nqo13/NuoM) is in orange. MBH has its redox module attached 
to the Mrp-like domain on the opposite side compared to complex I. MbhF is homologous to MrpB, MbhG to MrpC, MbhH to MrpD, MbhA 
to MrpE, MbhB to MrpF, MbhC to MrpG and MbhD together with MbhE to MrpAC. Nqo12/NuoL is homologous to MrpAN, Nqo13/NuoM 
and Nqo14/NuoN to MrpD, Nqo11/NuoK to MrpC and Nqo10/NuoJ to MrpAC. B, Overlay of Mrp with the membrane domain of complex I. 
Key residues, important for H+ translocation and Na+ binding are shown in stick representation, with the residue number indicated in black for 
Mrp and the corresponding homologous residue of complex I indicated in red. Except for MrpAN and MrpD, suffixes indicate subunit (in E. 
coli nomenclature for complex I). C, Overlay of Mrp with the homologous subunits of MBH. Key residues, important for H+ translocation and 
Na+ binding are shown in stick representation, with the residue number indicated in black for Mrp and the corresponding homologous residue 
of MBH shown in red. Except for MrpD, suffixes indicate subunit. 
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4.4.1.2 MrpAc and MrpC 

As expected from sequence homology, the C-terminal MrpA TMH17-21 have the same fold 

as the complex I subunit Nqo10/NuoJ/ND6, although the three essential for activity 

carboxylates from MrpA, E706, D792 and E796 (Table 18, Fig. 63), are not conserved in 

complex I (Fig. 55). Key E706 is replaced by Y59 in complex I, where this essential tyrosine 

sits on a π -bulge in TMH3 of Nqo10. This π-bulge can be wound up in mammalian complex I 

by a striking rotation of this helix, highly conserved in complex I and probably critical for its 

mechanism83,115. The π-bulge in the corresponding helix is also present in the MBH complex69. 

Interestingly, the bulge appears to be absent in the Mrp, so it may not be a universal feature or 

it is possible that it may appear in a different state of the complex, e.g. at high pH (current 

Figure 54. Proton translocation pathways. View from the cytoplasm (A) and a side view (B) with key residues proposed to be involved 
in both pathways indicated. Waters predicted in Dowser software are shown as red spheres and the hydrogen bonds involving 
protonatable residues and waters are shown as black dashes. Approximate pathways for H+ and Na+ translocation are indicated by 
arrows. Coupling points between MrpAN and MrpD, and between MrpD and Na+-binding site are indicated by dashed ovals. 

A 

B 
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structure is solved at pH 6.0). Subunit MrpC fold is very similar to the complex I subunit 

Nqo11/NuoK/ND4L but instead of two histidines H37 and H40, conserved in Mrp, complex I 

has two essential glutamates (Fig. 55). 

  

4.5 Dimerization of Mrp 
A striking feature of the Mrp complex is the tightly intertwined interface between the two 

monomers. To allow this, the two N-terminal TMH of MrpE (circled in Fig.52A) have swung 

out from their respective positions in MBH (Fig. 53A top), resulting in extensive interactions 

between subunits MrpE and MrpB from both monomers. This shows that the Mrp complex 

clearly evolved to exist as a dimer in vivo, as also confirmed by the stability of the dimer 

contacts in all the 3D classes that we observe and dimer stability during purification in several 

species (chapters 2.19.3 and 2.19.4 and ref 31). Another notable feature of the structure is a 

dramatic tilt of about 35o of all the TM helices in the small subunits, as compared to MrpAN 

and MrpD (Fig. 58A). Such an unusual fold is probably stabilised by the dimer architecture 

since the helices are tilted in opposite directions at the interface where two protomers meet 

(Fig. 52A). 

 

Figure 55. Overlay of Mrp subunits with homologous subunits from complex I. Mrp subunits are coloured while complex I subunits are in 
grey. MrpAN and MrpD are shown in top and side view, while MrpAC and MrpC only in side view. Key residues important for H+ translocation 
and Na+ binding in Mrp, as well as the corresponding homologous residues of complex I are depicted in stick representations. 



119 

4.6 Membrane thinning  
Another striking feature is a very unusual surface distribution of hydrophobic lipid-exposed 

residues – starting at the edges of the dimer from the standard ~ 30 Å wide hydrophobic belt 

as needed to reside in the membrane, at the interface between the monomers the apparent belt 

thins to about 15-20 Å. This is obvious from both the hydrophobicity of surface residues and 

from the calculated surface charge distribution (Fig. 56A, 57A). This is mainly due to the two 

very short N-terminal TMHs of MrpE, of only about 15 residues each, which form the bulk of 

the interface. These helices are continued in MrpE by a long amphipathic helix (AH, Fig. 58A), 

which likely resides at the surface of the membrane (Fig. 56B). This helix is continued by a 

ferredoxin-fold domain of MrpE, which is exposed to the cytoplasm along with parts of TM 

helices of MrpG. A very thin hydrophobic belt is clearly unfavourable for membrane protein 

folding and so it must have a functional role in Mrp, most likely by acting to significantly 

disturb and thin a lipid membrane in this area. Such a thinning could be important for the 

shortening of the path along which Na+ ions have to be moved across the membrane against 

the electric potential. The thinning of the membrane could be achieved by a combined action 

of the short MrpE TMH1-2 from both monomers (Fig. 52A) driving the long amphipathic 

helices of MrpE into the bilayer. The highly tilted helices of the small subunits could also help 

to achieve and sustain the thinning as they approach the dimer interface. 
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4.7 Surface charge distribution revealed sodium and proton translocation 

pathways 
The surface charge distribution on the hydrophilic surface of Mrp is also very striking. On the 

cytoplasmic surface, the MrpAN/MrpD area is uniformly positively charged, while that of the 

small subunits is negatively charged (Fig. 57A). This pattern is completely reversed on the 

periplasmic side. This is very appropriate for the MrpAN/D subunits, which are likely to be 

involved in proton translocation, as negative charge in the periplasm will help the protein to 

gather protons that are scarce at high pH. On the other hand, positive charge on the inside 

surface of MrpAN/D will help to release translocated protons into the cytoplasm. The negatively 

charged area over the small subunits would be suitable for attraction of Na+ or K+ ions from 

the cytoplasm, while the positive charge on their periplasmic side is suitable for the release of 

translocated ions. This pattern is striking also for internal cavities – the MrpAN/D area has 

many small positively charged voids, while the area of the small subunits is full of negatively 

charged cavities, with some of them being quite large (Fig. 57B). 

Figure 56. Physicochemical properties of the Mrp complex. A, 
Surface of the dimer is shown with residues coloured according to 
Eisenberg hydrophobicity scale from white (hydrophobic) to red 
(hydrophilic). Apparent extent of the lipid membrane is outlined. 
B, A potential membrane-thinning area of short TMH1-2 and 
amphipathic helix AH from MrpE. The surface of one monomer is 
shown with surface-exposed residues coloured according to 
Eisenberg hydrophobicity scale from white (hydrophobic) to red 
(hydrophilic). The second monomer is shown in cartoon only. 

A 

B 
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This strikingly bipartite pattern of charge distribution strongly suggests that MrpAN/D subunits 

are involved in proton translocation into the cell, while the entire domain encompassing 

MrpBCEFG and MrpAC is involved in sodium translocation in the opposite direction (as 

indicated in Fig. 57A, B). Previously, sodium was suggested to be translocated at the interface 

between MrpAN and MrpD71. However, the structure reveals that this interface is tightly sealed, 

hydrophobic and does not contain any suitable cavities, excluding it as a candidate for a Na+-

binding site. 

  

Figure 57. Surface charge distribution. A, Surface charge distribution of 
the dimer. Top is side view with cytosolic side up. Protein surface is 
shown coloured red for negative, white for neutral and blue for positive 
surface charges, with the scale shown below. Likely areas of interactions 
with protons and sodium and are indicated. B, Internal cavities in the 
monomer, coloured according to charge. 

A 

B 
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4.8 Analysis of potential channels  
Analysis of potential cavities and channels by the MOLEonline149 software revealed that most 

of the potential tunnels originate in two large neighbouring cavities found near the conserved 

H37c and H40c (we will indicate with italic suffix the subunit, in this case MrpC) (Fig. 60D, 

Fig. 57B, 58A). An additional cavity is found between MrpAC and MrpF subunits. This is also 

the largest cavity in Mrp and contains several bound lipids (modelled as 

phosphatidylethanolamine, Fig. 58D) but the lipids do not fill the cavity entirely, leaving plenty 

of space. The cavity is present in both LMNG and DDM sample maps and in all types of dimers 

with different angles between monomers, confirming that it is not an artefact of a particular 

solubilisation condition or conformational state. We suggest that since the cavity is highly 

negatively charged (Fig. 57B) and lined with some polar residues (including Y684a, T707a 

and T72f), it could be used for passage and temporary storage of translocated cations (we will 

call it Na+ cavity and it is indicated as such in Fig. 57B and as NaC in Fig. 54A). 

One of the prominent tunnels identified by MOLE (red in Fig. 58A) originates near H37c, 

passes by the key E706a, through the Na+ cavity and then near the conserved D35f before 

exiting into the cytoplasm. It is negatively charged at the origin, as would be appropriate for 

Na+, but has some narrow passages of about 1 Å radius (Fig. 58B), so the access must be 

regulated. Another tunnel (orange in Fig. 58A) originates in the cavity near H40c, which is 

also lined by the key E137d (GluTMH5) and continues towards the periplasm at the interface 

between MrpD and MrpC subunits (Fig. 58C). Since H37c and H40c cavities are linked, these 

two tunnels can form a channel for Na+ translocation across the membrane, with the passage 

through the narrow restrictions regulated as part of the coupling mechanism. 
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Figure 58. Potential channels. A, Top and side view of the monomer with tunnels calculated in MOLE shown as red and orange surfaces. 
Amphipathic helix HL from subunit MrpA is indicated. Bottom, view from the cytoplasm illustrating the high degree of tilt of all helices in 
the putative Na+-translocating domain relative to helices in the H+-translocating domain (MrpAN/D). Amphipathic helix AH from subunit 
MrpE is indicated. B and C, The profiles of the putative Na+ tunnels calculated in MOLE 2.5. B, The first tunnel, shown in red in Fig. 58A, 
starts near H37c (on the left in profile), passes through a negatively charged area (due to E706a) and a large cavity before exiting into the 
cytoplasm. C, The second tunnel, shown in orange in Fig. 58A, starts near H40c (on the left in profile) in the cavity negatively charged due to 
E137d and passes between MrpD and MrpC before exiting into the periplasm. D, Top and side view of Mrp showing the identified lipid 
molecules (depicted in orange stick representation), some of which partly fill the Na+ cavity between MrpAC and MrpF. Na+ ions bound in the 
neighbouring double cavity are depicted as violet spheres. 

B

C 

A 
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4.9 Proton translocation pathways 

4.9.1 Hydration of the central axis  

A striking pattern of charge distribution and conservation of the fold and key residues between 

proton-pumping complex I and Mrp (Fig. 55) leaves no doubt that proton translocation 

channels are found in MrpAN and MrpD subunits, similarly to complex I and other related 

redox proton pumps. High local resolution (~2.9 Å) in the core of the structure allowed us to 

model many bound water molecules (Fig. 46A, 60A). They are found mostly on the hydrophilic 

surfaces of the complex and along the entire central hydrophilic axis around key charged 

residues, confirming the previously suggested hydration of the central axis (Fig. 59). Since at 

2.9 Å resolution we are still limited in the identification of water molecules, for the analysis of 

the complete proton translocation pathways we have modelled waters in Dowser (Fig. 54B). 

Many experimental and Dowser-predicted waters coincided, but some were identified only by 

Dowser.  

 

The analysis of connections between Grotthus-competent residues (K, H, E, D, T, S and Y150) 

and waters (allowing for Grotthuss mechanism of proton transfer) revealed that the highly 

hydrated cluster near MrpA LysTMH12 (K432) and LysTMH8 (K279), containing also 

conserved H273, H369, and K377 (Fig. 54A, Fig. 53B), is all interconnected and linked to the 

periplasm via the conserved E433. The link to the cytoplasm is most likely along H273, which 

sits on TMH8. The potential link is not continuous and must exist only temporarily during the 

catalytic cycle, allowing for protons to be ejected into the cytoplasm.  

Figure 59. Water densities. Experimentally identified water molecules, shown as red spheres. Residues forming putative proton and 
Na+ translocation channels are shown in stick representation. Na+ ions are depicted as violet spheres. H+/Na+ coupling point is 
indicated by the dashed oval. 
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Analyses of MrpAN and MrpD and comparisons with known complex I structures suggest that 

in APLS links to the cytoplasm are achieved not along the centre of the N-terminal half-channel 

as discussed originally84, but mostly along TMH8, which has more polar residues in the area. 

TMH8 is suited to play a functional role due to its π-bulge which is conserved in all APLS. 

The key LysTMH8 interacts with the backbone oxygen of the π-bulge and is the only 

protonatable residue on TMH8 in MrpD and MrpD-like subunits of complex I 

(Nqo13/NuoM/ND4 and Nqo14/NuoN/ND2), while in MrpA H273 is added to the π-bulge and 

only this histidine is conserved in Nqo12/NuoL/ND5, presumably replacing LysTMH8. 

4.9.2 MrpAN-only-H+-in model 

The area between LysTMH12 (K392) and LysTMH8 (K250) in MrpD is also highly hydrated 

and interlinked with participation of D333 and K337, which are replaced by one histidine in 

complex I Nqo13 and Nqo14 subunits (Fig. 46B). However, in contrast to MrpAN, LysTMH12 

does not seem to be linked to the periplasm due to the lack of polar residues and waters (either 

experimental or Dowser-modelled) in this area. A similar situation appears to exist in complex 

I, where only the MrpA-like subunit Nqo12/NuoL/ND5 is clearly linked to the periplasm in 

nearly identical to MrpA arrangement (Fig. 53B), while Nqo13 and Nqo14 apparently lack 

such links (Kampjut and Sazanov, manuscript submitted). Therefore, it is possible that from 

the periplasm side all the protons enter the Mrp complex via MrpAN subunit (and leave 

complex I only via Nqo12 subunit). In contrast, links to the cytoplasm along TMH8 could be 

functional in all APLS, although they are much more populated by polar residues in MrpAN 

and Nqo12 or Nqo13 compared to MrpD and Nqo14. There is a distinct possibility therefore 

that protons entering via MrpAN are re-distributed to MrpD via the abundantly hydrated central 

axis, as indicated in Fig. 54B, and entry from the periplasm via MrpD is questionable, as also 

indicated. In complex I, which normally works in the opposite direction, protons from the 

cytoplasm may be entering mainly via Nqo12 and Nqo13, get redistributed along the central 

axis and then pumped into the periplasm mainly via Nqo12. Although these new MrpAN-only-

H+-in or Nqo12-only-H+-out models now appear to be more likely than the traditional view 

that each antiporter-like subunit carries one proton fully across the membrane84, the distinction 

between the two models remains to be established in future experiments. It is, however, not 

important for the mechanism that we propose below, since the re-distribution of protons along 

the highly hydrated central axis is likely to be fast and not rate-limiting. 

In this scenario the key LysTMH7 / GluTMH5 pairs participate in the re-distribution of protons 

along the central axis but do not seem to play a large role in proton pathways, as those are 
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formed from residues around LysTMH12 and LysTMH8. What is the role of these pairs then? 

The residues in Lys/Glu pairs are close enough to each other for strong electrostatic interactions 

but not close enough to form salt bridges, as they are separated by 6-7 Å. Since they are 

invariant and essential we propose that their main role is to regulate and control proton 

pathways via electrostatic interactions. The entire complex appears to be finely tuned 

electrostatically (Fig. 57A, B) and the pair is close enough to LysTM8 (~10-15 Å) for changes 

in the LysTMH7 charge state to be able to change pKa of LysTM8. Additionally, MrpA 

GluTMH5 is only 7 Å away from MrpD LysTMH12 and so these two residues would influence 

each other’s pKa. Therefore, LysTMH7 and GluTMH5 from one APLS together with 

LysTMH12 from the neighbouring APLS probably represent coupling points in the 

mechanism, both in Mrp (circled in Fig. 54A, B) and in complex I. Charge switches in these 

points would control proton access to the periplasm via LysTMH12 (either directly or indirectly 

via proton re-distribution) and to the cytoplasm via electrostatic interactions with LysTMH8.  

4.10 Cation (Na+ or K+) translocation pathway 
Our cryo-EM maps revealed strong cation density (stronger than waters) both in DDM and 

LMNG samples (Fig. 60A, B). The cations are coordinated by the conserved H37c and H40c 

within the two large hydrophilic cavities (which we will call double cavity) surrounding these 

residues (ED Fig. 60C, D). Histidines can coordinate both Na+ and K+117  and we assigned the 

cations as K+ ions since we had only K+ in the buffer and the coordination pattern is consistent 

with K+.(see Methods section 2.5.6). It can be expected that Na+ ions will bind in the same 

positions, with the coordination completed by the conserved S36c, S80c, N702a and several 

waters (Fig. 60C). One of the bound ions can interact electrostatically with key E137d 

(GluTMH5) and another one with key E706a (Fig. 60C), so they are in a really strategic 

position for coupling proton and cation translocation. Site-directed mutagenesis performed on 

Mrp complexes confirmed the essential role of the key APLS residues both for proton and 

cation translocation (Table 17-24).The essential role of MrpAC E706, D792 and E796 was also 

confirmed, while mutations in H719 and P721, sitting at the end of helix containing E706, as 

well as to E137d, the nearby F136d, and to P114e specifically affected Km for Na+. P114e sits 

on a loop in the ferredoxin-like domain of MrpE, which also contains H131e near H32g. These 

conserved histidines may bind Na+ in the part of MrpE/G near the AH helix. This area at the 

tip of the monomer, where the membrane is likely to be thinned, is as highly conserved as the 

core of APLS, attesting to its functional importance. It is also the most negatively charged area 

on the cytoplasmic surface (Fig. 57A) and is likely to represent the entry point for cations. 
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Conserved D29f is one of the residues responsible for the negative charge here and its mutation 

to alanine completely abolished the activity73.  

 

On the basis of these considerations and according to the analysis of cavities and tunnels by 

MOLE as described above, we propose that the Na+ pathway (which applies also to K+) starts 

near H32g/H131e, passes by the highly conserved D35f, traverses the large Na+ cavity between 

MrpF and MrpAC, passes by the key E706a and enters the double cavity where at least two 

cations, as we observe, can be coordinated between E706a, H37c, H40c and E137d (Fig. 61, 

Fig. 60C, D). D35f is found right opposite the invariable and essential for activity73 P86g, 

which breaks TMH3 of MrpG in half and bends it at a point where this helix contacts the MrpE 

ferredoxin-fold domain with its essential P114. Such architecture suggests that conformational 

interactions are important in this area, perhaps as a part of gating for Na+ entry and exit. 

A 

D 

Figure 60. Cation translocation pathway. A, K+ ions densities in the map of monomer in DDM. B, K+ ions and water molecules densities in 
the map of monomer in LMNG. C, Detailed view of the Na+-binding sites in the double cavity. Coordinating bonds with distances are indicated. 
Distances for important electrostatic interactions with E706a, E137d and K219d are also indicated. D, Detailed view of the Na+ path. Side-
chains of additional polar residues lining the path are shown as thin sticks. Internal cavities are shown in grey, with lipids partially filling the 
Na+ cavity shown as sticks. Key charged residues along the path are labelled and shown as thick sticks. H131e and H42g build the Na+ entrance 
site, D35f, the negatively charged Na+ cavity and E706a build the connection to H37c and H40c at the coupling point. The Na+ pathway is 
completed by E796a and D792a, which build the Na+ exit site. 

B 

C
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The double cavity most likely represents a point of coupling between proton and cation 

translocation (circled in Fig. 61), as here Na+ ion(s) sit in a position analogous to the 

LysTMH12 in APLS coupling points. This way, the proton translocation through MrpD 

(already coupled to MrpAN via K248a/E167a/K392d coupling point) can directly be coupled 

to Na+ translocation. The Na+ path continues towards the periplasm at the interface between 

TMH5d, TMH3c and TMH21a, ending with the key E796a and D792a at the exit into the 

periplasm (Fig. 61).  

 

4.11 Proposed Na+ pathway in MBH 
Summing up, surface and cavity charge distribution, analysis of channels and cavities, patterns 

of sequence conservation and mutagenesis results, cryoEM density for bound cations and basic 

mechanistic considerations all overwhelmingly support the Na+ path as depicted in Fig. 54B, 

Fig. 61. The key residues are arranged as a kind of ladder descending from the cytoplasm to 

the periplasm along the repeating pattern of the three-helix fold of the small subunits. In 

addition to the already discussed key residues, many further, mostly conserved, polar residues 

line the path all along the way, as expected for a cation pathway (Fig. 60D). The path differs 

from the proposal for MBH complex, where the suggested entry point roughly coincided with 

our view (around D35f), while the exit was proposed to be directly “below”, near D59f (D59b 

in MBH)69. However, the area around D59f (not universally conserved residue) is exposed to 

Figure 61. Details of Na+ pathway. The two experimentally identified bound K+ ions are shown as purple 
spheres. The key distance between one of the ions and GluTMH5d in the Na+/H+ coupling point is indicated. A 
large cavity between MrpAC and MrpF is indicated as NaC. 
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the periplasm and is separated from D35f by several layers of highly hydrophobic residues, 

therefore this proposal for the Na+ path is extremely unlikely. Instead, we propose that the Na+ 

pathway in MBH is the same as in Mrp, as all the key residues and fold are very well conserved 

(Fig. 53C). The double cavity in the Na+/H+ coupling point is of similar size and also negatively 

charged in MBH. The only difference is that H40c from Mrp is replaced by D37g in MBH, a 

residue which is also capable of coordinating Na+. D37g, H41g, E69d, N34g and about six 

nearby serines are ideally arranged in MBH to coordinate two cations similarly to Mrp (Fig. 

53C). In fact, in the deposited cryoEM density of the MBH complex (EMD-7468) there is a 

clear density for a potential Na+ ion coordinated by E69d (E706a homologue). The cavity 

between MBHb (MrpF) and MBHd (MrpAC) is also present but is not as large as the Na+ cavity 

in Mrp, perhaps because of a lesser demand for temporary Na+ storage in MBH. Residues that 

we propose to be involved in the coupling and exit points of the Na+ path (from E706a to 

D792a, (Fig. 53C) were instead suggested to be a part of an additional H+ translocation path in 

MBH, working in the opposite direction to MbhH/MrpD69. This is again very unlikely because 

the site in the double cavity is extremely well suited to be a Na+ binding site due to all the 

overwhelming evidence listed above. The main argument in support for an additional H+ 

translocation path in MBH came from the similarity to complex I, where this pathway (E-

channel) is not well established and should be working in the same direction as MrpD/Nqo14 

and not in the opposite. This is hardly strong evidence, along with the absence of any credible 

exit point into the cytoplasm, since the proposed direct path for H+ from the double cavity 

towards the cytoplasm69 is blocked by several layers of hydrophobic residues both in MBH and 

Mrp. In summary, we suggest that the Na+ path depicted in Fig. 61 is common for Mrp and 

MBH and that the additional H+ path proposed for MBH does not exist.  

4.12 Antiport mechanism 
Importantly, a striking electrostatic imbalance of H+ and Na+ modules of Mrp (Fig. 57A, B), 

the arrangement of key residues in the H+ and Na+ pathways, the separation of H+ cross-

pathways from the LysTMH7/GluTMH5 coupling points and a remarkable similarity of the 

MrpAN/MrpD and MrpD/Na+ coupling points (Fig. 54A, B) all collectively suggest that 

electrostatic interactions are the main driving force in the mechanism.  

Overall however, the electrostatic forces are likely to be amplified by coordinated 

conformational changes, because most of the key residues (including all four LysTMH8 and 

LysTMH12) sit on breaks of TM helices and interact with exposed backbone oxygen atoms 

from such breaks, so even small movements of these helices will affect each other and pKa’s 
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of these residues. Therefore, the Mrp complex is likely to exist in two different conformational 

states, one of which is conductive to Na+ binding from the cytoplasm and another is associated 

with Na+ release into the periplasm. However, the difference between the states can be really 

minor, because changes in pKa’s can be associated with only small changes in the local 

environment. In order to ascertain the charge state of the key residues in our current structure, 

we analysed PROPKA151 predictions and the appearance of cryo-EM density, especially of E/D 

residues, since due to radiation damage carboxylates lose side-chain density in cryo-EM when 

they are in a charged state (but not if in a salt bridge). These analyses suggest that both in 

MrpAN and MrpD LysTMH7/GluTMH5 pairs have both residues charged, LysTMH12 is 

charged and LysTMH8 is probably neutral. We also know that two cations (K+ in our structure 

but usually Na+ in vivo) are bound in the double cavity in the H+/Na+ coupling point, with one 

of them likely to be destined for translocation into the periplasm, meaning that there is one 

additional positive charge due to the bound cation (indicated as a filled blue circle and Na+ in 

Fig. 62).    

These considerations allow us to arrive at a model for the Mrp state in the current structure as 

depicted in Fig. 62A and a mechanism as follows. The distribution of charges in Fig. 4a would 

result from Na+ charge effectively lowering the pKa of MrpD GlyTMH5 (7 Å away, Fig. 60C), 

so that it donates its proton to MrpD LysTMH7 (6 Å away).  

At the same time both LysTMH12 would have been protonated from the periplasm. Positive 

charge on MrpD LysTMH12 lowers the pKa of MrpA GluTMH5 so that it donates its proton 

to MrpA LysTMH7, mirroring events in MrpD. Assuming LysTMH8 was protonated before, 

now the positive charge both on LysTMH7 and LysTMH12 will force it to lose the proton to 

the cytoplasm both in MrpAN and MrpD, giving us the state in Fig. 62A.  

Next, if Na+ is translocated towards the periplasm, MrpD LysTMH7/GluTMH5 pair will 

become neutral, as Na+ charge has been removed and the proton from LysTMH7 can go back 

to GluTMH5. The absence of positive charge on LysTMH7 and the corresponding change in 

charge balance will now allow for MrpD LysTMH8 to be protonated by LysTMH12. In its 

turn, the absence of charge on MrpD LysTMH12 will allow for MrpA LysTMH7/GluTMH5 

pair to become neutral, and then for MrpA LysTMH8 to become protonated by MrpA 

LysTMH12 in a similar sequence of events, with the system arriving to the state depicted in 

Fig. 62B.  

The system is now reset, and the arrival of another Na+ ion from the cytoplasm to the coupling 

site will set events in motion leading to state in Fig. 1a, accompanied by the translocation of 

two protons into the cytoplasm. Here we discussed how Na+ ion would drive proton 
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translocation, but of course the reverse cycle is also applicable, and so proton translocation into 

the cell, driven by , would result in Na+ being pumped out.    
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Figure 62. The antiport mechanism of the Mrp complex and its conservation in complex I and 
MBH. A, A likely state of the Mrp complex in the current structure, as a part of the catalytic 
cycle. Key glutamates from the central axis are shown as red circles and key lysines as blue 
circles, with charged state depicted by filled circle and neutral state by empty circle. Key helices 
where these residues sit are numbered and shown as broken where applicable. Coupling points 
are indicated by red dashed ovals. Electrostatic interactions are indicated as thick dashed lines. 
Possible lateral re-distribution of protons between MrpA and MrpD is indicated as alternative 
to the direct entry of protons to MrpD from the periplasm. Na+ ion (blue) is bound in the coupling 
point and the large Na+ cavity mid-pathway is indicated as an empty oval. A sequence of events 
leading up to this state is described in the text. B, An alternative state of the Mrp complex as 
another part of the catalytic cycle. Na+ ion is expelled into the periplasm and coupling points 
become neutral. C, In complex I, one MrpD-like subunit is added (orange, Nqo13/NuoM), with 
the change of LysTMH12 to glutamate. The coupling points between the APLS are conserved 
and the coupling point with Na+ is replaced by coupling to the charge of glutamates in the E-
channel. D, In MBH, MrpA-like subunit is replaced by [NiFe] hydrogenase module, which 
oxidises ferredoxin and reduces protons to hydrogen. This module has a chain of glutamates 
similarly to complex I and their charge likely boosts proton translocation into the cell (opposite 
direction to complex I) via the modified coupling point (red dashed oval on the left). The H+/Na+ 
coupling point and mechanism are retained from Mrp.       

A 

B 

C 

D 
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We believe that this mechanism explains all the properties of Mrp-catalysed antiport on the 

basis of prominent structural features. The ability to couple the translocation of two H+ inside 

the cell in exchange for one Na+ moving outside is achieved by the inter-MrpAN-MrpD 

coupling point. A similar coupling principle, but with a cation binding site instead of 

LysTMH12 and an opposing directionality, is employed at the MrpD-MrpG interface. 

Coordinating/amplifying conformational interactions are possible because a break in TMH7 

directly contacts a break in TMH8, while the loop from TMH12 break directly contacts 

GluTMH5 from neighbouring APLS. Helix HL connects TMH7s on the cytoplasmic side (Fig. 

58A) and additionally, striking -hairpin (H) elements connect APLS on the periplasmic side 

both in Mrp and in complex I. Links to H both of TMH5 (D157a and D128d) and TMH8 

(D104a and D75d) are critical for activity (Table 21). Finally, a striking tilt of TM helices in 

the Na+-translocating part of the complex as compared to the H+-translocating domain (Fig. 

2d) might have a role in coupling if helices change the tilt during the catalytic cycle. 

 

This two-APLS unit can be elegantly extended to three71 or four APLS in complex I-like 

enzymes or shortened to one in MBH (or FHL-1 or Ech enzymes152), with the same mechanism 

applicable. The main difference to Mrp would be that in complex I (or membrane-bound 

hydrogenases152) instead of a positive charge of Na+, the coupling is achieved with a net 

negative charge being produced as two protons are abstracted during electron transfer and 

reduction of quinone to quinol or reduction of protons to hydrogen gas. The linking of three 

APLS units in complex I allows for the translocation of three protons in a similar to Mrp 

mechanism, while the fourth proton is likely translocated via the E-channel, as depicted in Fig. 

62C. The E-channel structurally coincides with the exit path for Na+ (Fig. 53B) while the entry 

part is not homologous and is replaced in complex I with many glutamates (hence the E-

channel) leading on towards the quinone-binding site as a putative proton “relay”.  

 

In MBH the redox [NiFe]-hydrogenase module is attached to a single APLS unit from the 

opposite site as compared to complex I (Fig. 53A). As noted above, the additional H+ pathway 

proposed for MBH69 is very unlikely from structural considerations, and in any case it would 

lead to a futile cycle of protons coming in via MbhH and exiting via this additional pathway. 

It was discussed previously that the hydrogenase module of MBH evolves H2 and generates a 

proton gradient, whereas the Mrp module transforms it into a Na+ gradient153. We suggest that 

the Na+ pathway in MBH is the same as we propose for Mrp, while the energy of the redox 
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reaction (which is quite small for MBH with E = 60 mV69) is used to boost the translocation 

of a proton into the cell via MbhH, a standard APLS with all the key residues conserved (Fig. 

53C). The reversal of the redox module compared to complex I would then make complete 

sense because the redox energy would be used in MBH to drive proton translocation in the 

opposite direction as compared to complex I or FHL-type hydrogenases152, and so from the 

electrostatics point of view the charge would need to be delivered to APLS from the opposite 

side. Thus, instead of two APLS units driving Na+ in Mrp, in MBH one APLS unit supported 

by the redox reaction would drive Na+ in a similar to Mrp mechanism (Fig. 62D).  

4.13 Review of available mutagenesis data 
There are over 100 different point mutants of Bacillus subtilis, Bacillus pseudofirmus and 

Corynebacterium glutamicum Mrp which have been collected and summarized in Table 17-24 

(Steiner and Sazanov, 2020).  

Originally mutations were classified into eight different categories according to the mutant 

phenotypes73. For simplification we decreased the number of categories to five (Steiner and 

Sazanov, 2020): (1) Effects on the monomer/dimer/sub complex, as assessed by native PAGE 

and immunoblot detection, (2) reduced EMV activity, (3) reduced growth of E. coli KNabc 

transformants at high NaCl concentrations, (4) normal phenotypes with no discernible effects 

on Mrp and (5) Km value for Na+ with at least 2.5 fold increase. Another factor which was 

considered but not put into an own category was the expression level of each individual Mrp 

subunit in E. coli membranes, as assessed by immunoblot detection and SDS-PAGE. Here I 

am summarizing key mutations, most of which support the proposed mechanism. 

Cation pathway. MrpA has a unique C-terminus and effects of mutations of the MrpAc were 

examined to identify their contribution to the antiport activity in Mrp. The coupling of proton 

and cation translocation is supported by the mutation of MrpA-E706. E. coli KNabc 

transformants expressing the key carboxylate MrpA-E706 mutated to alanine or glutamine 

exhibited a loss of Na+ tolerance and an inhibited Na+/H+ antiport activity in EMV. In contrast 

to that, the conservative mutation of the same residue to aspartic acid showed a normal 

phenotype. A similar pattern was observed for mutations of key MrpA-E792 and MrpA-E796, 

which are involved in the cation exit to the periplasm. For MrpA-E796, even a conservative 

mutation to aspartic acid resulted in a total loss of antiport activity. The exit of cations to the 

periplasm is further supported by mutations of MrpA-H719 and MrpA-P721, which are located 

at the end of the helix containing key MrpA-E706. Mutations of these residues resulted in a 
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decreased antiport activity to about 19% - 56% of wild type, while the KM values were about 

3.0-fold higher than the wild type values.  

MrpE-P114 is located on a loop in the ferredoxin-like domain of MrpE, close to key residues 

MrpE-H131 and MrpG-H42, which build the cation entry site. Mutation of MrpE-P114 to 

glycine resulted in a decreased antiport activity in EMV while the KM value was about 2-fold 

higher than the wild type value. The cation entry site is further supported by the mutation of 

MrpF-D29 which creates the negative charge at the sodium entry site. A mutation of MrpF-

D29 to alanine completely inhibited antiport activity in EMV and the tolerance of KNabc 

transformants to Na+. Before traversing the large Na+ cavity, sodium passes by MrpF-D35, 

which is located opposite of MrpG-P86. Mutations of MrpF-D35, caused a loss of Na+ 

tolerance and completely abolished Na+/H+ antiport activity in EMV (importance of MrpF-D35 

is also discussed in sections 4.1.2, 4.10 and 4.13), while a mutation of MrpG-P86 sitting 

opposite of key MrpF-D35 severely decreased antiport activity.   

Proton pathway. The essential role of key LysTMH7 / GluTMH5 pairs is supported by the 

fatal outcome of mutations of MrpA-K248, MrpA-E167, MrpD-K219 and MrpD-E137, 

displaying phenotypes with a severely decreased or inhibited antiport activity and about 2.5-

fold higher KM values than the wild type values. The residue MrpA-G416 is located close to 

the key proton translocation residue MrpA-K377. Transformants of KNabc expressing an 

arginine mutant of MrpA-G416 showed a loss of Na+ tolerance and an inhibited antiport 

activity in EMV. The lysine MrpA-K324 is located inside the proton exit path close to key 

MrpA-H273. Mutation of MrpA-K324 to alanine or histidine caused a total loss of antiport 

activity in EMV and a deprivation of Na+ tolerance, supporting the proton exit site in MrpA. 

The proton exit path in MrpD is supported by the mutation MrpD-F341, which is located close 

to key MrpD-K337. KNabc transformants expressing an alanine mutant of MrpD-F341 lost 

Na+ tolerance while the KM value was about 4.0-fold higher than the wild type value. On the 

other hand, Phe to Ala is quite a drastic change and so the effect may be indirect. 

Strikingly, for some mutations the antiport activity in EMV and the tolerance of KNabc 

transformants to Na+ contradicted each other. The phenotype of some mutations showed a high 

antiport activity in EMV but a decreased growth in the presence of a high NaCl concentration 

and vice versa. This outcome is difficult to explain but may arise from a flawed experiment 

performance. Particularly the detection of antiport activity in EMV is prone to errors. The 

preparation of EMV by cell disruption under low pressure, the stability of buffers containing 

acridine orange as well as the temperature in the laboratory, influencing the pH of the buffering 
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system may lead to non-reproducible results. On the other hand, high salt growth experiments 

are very reproducible and are the most robust indicator of antiport activity. 

4.14 Review of potential sodium binding sites  
While the geometry of nucleic acids and proteins is well understood, no universal method has 

been developed thus far, to characterize the stereochemistry of metal ion binding sites. The 

geometric parameters, such as coordination number and bond lengths of the binding sites of 

alkaline earth cations (e.g. magnesium and calcium) are very well characterized. The 

coordination spheres of alkali metal ions (e.g. potassium and sodium) are not as regular as those 

of magnesium and calcium, making it more difficult to identify them in an electron density. 

The binding patterns of transition metals is even more complicated as they can have different 

oxidation states and varying coordination numbers117.  

In the reference117 authors statistically examined metal ion sites in protein structures and 

measured the frequency of each amino acid in metal ion binding sites. Strikingly, for sodium a 

preference to interact with any particular residue becomes almost undetectable (small tendency 

to interact more frequently with Ser, Asp and Asn), while potassium has a weak preference for 

residues containing oxygen in their side-chains (Ser, Thr, Asp, Asn, Glu, Gln) and His. 

Coordination bond lengths for sodium (~2.4 Å) and potassium (~2.8 Å) are, however, quite 

different, allowing to differentiate between them and also, for example, Mg2+ (~2.2 Å). 

Hence, an investigation of the potential sodium sites in Mrp based on a residue preference was 

unfeasible. The combination of surface and cavity charge distribution, available site-directed 

mutagenesis data, residue conservation, strong cation density in a strategic position for proton 

and cation translocation coupling, coordination patterns of these cations and the analysis of 

tunnels by MOLE facilitated to elucidate the sodium pathway in Mrp.  

4.15 Comparison of the alternative-access mechanism to the Mrp working 
mode 
The alternate access model of transport has been suggested as the working mode for the small 

sodium proton antiporters NhaA39, NapA154 and PaNhaP42. In this model, big structural 

changes are required to provide access to a single ion binding site, which is located in the 

middle of the membrane. Sodium ions and protons are thereby interact within the same binding 

site. In PaNhaP the ion binding is coordinated by the side chains of the acidic residues Glu and 

Asp, a water molecule, the hydroxyl group of a Ser and a main-chain carbonyl of Thr.  

A comparison of the PaNhaP structures under alkaline and acidic conditions shows that the 

antiporter is inward-open under both pH42. Main differences between the two structures are the 
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putative proton channel which is inaccessible under acidic pH and open under basic, the 6-8 Å 

movement of two histidine sidechains and the disruption of ion bridges at alkaline pH resulting 

in an outward movement of the protomers. Due to the lack of the outward-open PaNhaP 

structure, the alternate access model of transport was investigated based on the comparison 

between inward-open structure of PaNhaP and the low resolution outward-open structure of 

MjNhaP1 from Methanocaldococcus jannischii139. The model was also explored based on the 

inward-open structure of NhaA and the outward-open structure of NapA. Because NapA and 

NhaA as well as MjNhaP1 and PaNhaP exhibit a low sequence similarity155, the extent of 

structural rearrangements may be different between these proteins. The investigation of a 

highly homologous or equivalent sodium proton antiporter in both inward- and outward-open 

states would solve these ambiguities. Hence, NapA was trapped in an inward-facing 

conformation by introduction of a disulfide bond154. The authors claimed that the analysis of 

the outward-open NapA structure and the trapped inward-open NapA structure supported the 

theory that the antiporter functions by large rigid-body rearrangements to transfer the substrate 

across the membrane. Summarizing, thus far the inward-open and outward-open states have 

not yet been determined for the same sodium proton antiporter in a natural occurring way.  

Due to the absence of the inward- and outward-open structures for the same antiporter and the 

extremely fast transport rate (milli- to microsecond timescales) of sodium/proton 

antiporters42,139, small exchangers may also perform their activity in a similar way as Mrp by 

small movements which are created by electrostatic interactions, rather than large rigid-body 

changes. This kind of working mode was initially suggested for the small sodium/proton 

antiporter NhaA, where the binding of charged substrates create an electric imbalance which 

generates rapid small movements crucial for NhaA activity39.  

4.16 Conclusion and future work  
In conclusion, the Mrp structure revealed basic operating principles of this ancient antiport 

system, which forms the basis of a huge variety of modern redox proton and sodium pumps. 

The mechanism that we propose, based on electrostatics and supported by conformational 

interactions, is likely to be applicable to all members of this group.  

The molecular structure of Mrp at a higher resolution than our current monomer structure 

would help to further investigate the proton pathways based on the water densities. A 

comparison of this current structure which was solved at acidic pH with a structure solved at 

basic pH as well as structures without substrate or with bound Na+ would give valuable 

information about the antiport mechanism. Mutations to key H37c and H40c, coordinating 
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cations, have not been done yet and will be of great interest. Finally, additional mutations at 

the dimer interface would be required to investigate the purpose of the Mrp dimer in the antiport 

mechanism.  

4.17 Mastering experimental challenges 
I would like to explain the difficulties we had during the course of this project and how we 

managed to overcome them. For me it is important to outline these problems, since (roughly 

estimated) ~90% of conducted experiments don’t have the expected outcome, which can be 

very depressing and demotivating. Moreover, scientific papers only show the shining results 

and do not mention the numerous unsuccessful experiments “behind the scenes”. Hence, an 

elucidation of the things which didn’t work smoothly might help future PhD students to not get 

discouraged by seemingly impossible problems, such as low expression yield, instable and 

aggregated proteins as well as preferred orientation of proteins particle on cryo-EM grids and 

to always remember that “it’s not you, it’s the protein”.  

The project was very complicated is all respects. Membrane proteins are one of the most 

challenging targets in structural biology. Nearly every stage of obtaining the molecular 

structure of an integral membrane protein is more demanding compared with their soluble 

counterparts. 

Protein expression. Large amounts of protein are needed for structural studies and to achieve 

this was very difficult and time consuming. Mrp couldn’t be overexpressed and thus large 

volumes of bacterial culture had to be grown and processed, which was physically demanding 

and time consuming. Large-scale protein expression in a fermenter enabled to grow 50 liters 

of bacterial culture in one go and helped to overcome this problem to some extent.  

Protein purification. Mrp is comprised of multiple subunits and may be disassembled during 

purification. A great number of experiments had to be performed, in order to keep the protein 

complex stable throughout the purification process. Only the change of the construct coding 

for mrp from Bacillus pseudofirmus OF4 to mrp from the thermophilic bacterium 

Anoxybacillus flavithermus WK1 facilitated to maintain the protein dimer complex stable 

throughout the whole purification. Moreover, I also want to note the importance of a small 

change with a big impact: The inclusion of 20 mM imidazole into the equilibration buffer of 

the affinity chromatography increased the purity and homogeneity of Mrp tremendously.  

Grid preparation. Mrp aggregated on a normal cryo-EM grid, no matter which detergents, 

pH, salt concentration, additives etc. were tested. Mrp aggregation could only be prevented by 
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using cryo-EM grids covered with an ultrathin layer of continuous carbon (1.1-1.4 nm), thus 

avoiding protein contact with damaging air-water interface.  

Data collection. Mrp adopted a preferred orientation on a cryo-EM grid covered with 

continuous carbon. This complicated the data processing due to an anisotropic distribution of 

angular projection orientations, leading to missing information in Fourier space and a loss of 

resolution in the final reconstruction. A tilting of the specimen to an angle of 35° counteracted 

the problem of preferred orientation.  

Data processing. Parts of the final reconstructed DDM map from a tilted dataset were badly 

resolved or even missing. After a tilted data collection, we obtained the first map with a 

reasonably good resolution of Mrp in DDM. Nevertheless, some parts of the reconstructed 

maps were not well resolved, including helices of MrpA and MrpE. The badly resolved helices 

of MrpA were probably bend/disordered due to the detergent used for the preparation of the 

sample. Hence, Mrp was prepared in a milder detergent LMNG. The reconstructed monomer 

maps showed that the parts of MrpA and MrpE which previously had a bad resolution could 

be greatly improved and the map could be used for model building.  

Publication. Thesis results have just been published in eLife. 

 

“Everything is going to be fine in the end. If it’s not fine, it’s not the end.” (Fernando Sabino) 



1 4 0  

5  A p p e n di x  

5. 1  C r y o- E M d at a c oll e cti o n, r efi n e m e nt a n d v ali d ati o n st atisti c s  

T a bl e 1 5. Cr y o- E M d at a c oll e cti o n a n d r efi n e m e nt st atisti c s f or t h e D D M d at a s et. 

 Di m er M o n o m er 
D at a c oll e cti o n a n d p r o c essi n g    
M a g nifi c ati o n 1 0 5 0 0 0   
V olt a g e ( k V) 3 0 0   
El e ctr o n e x p os ur e ( e -/ Å2 ) 9 0   
D ef o c us r a n g e ( μ M) 1. 0 - 2. 0  
Pi x el si z e ( Å) 0. 8 4   
S y m m etr y i m p os e d C 2 C 1 
I niti al p arti cl e i m a g e s ( n o.) 2 2 6 3 7 1  2 2 6 3 7 1  
Fi n al p arti cl e i m a g es ( n o.) 2 5 3 9 5 , 1 0 1 2 5, 2 1 4 5 0  8 3 3 4 0  
M a p r es ol uti o n ( Å) 4. 3, 7. 5, 8. 0  3. 4 1  
    F S C t hr es h ol d 0. 1 4 3  0. 1 4 3  
M a p r es ol uti o n r a n g e ( Å) 4. 0 4 –  8. 4, 6. 4 – 1 9, 6. 4 – 1 8 3. 1 –  4. 9  

 

T a bl e 1 6 . Cr y o- E M d at a c oll e cti o n, r efi n e m e nt a n d v ali d ati o n st atisti c s f or t h e L M N G d at a s et.  

D at a c oll e cti o n a n d p r o c essi n g   
M a g nifi c ati o n 1 0 5 0 0 0  
V olt a g e ( k V) 3 0 0  
El e ctr o n e x p os ur e ( e -/ Å2 ) 8 5  
D ef o c us r a n g e ( μ M) 0. 6- 2. 3  
Pi x el si z e ( Å) 0. 8 4  
S y m m etr y i m p os e d C 1  
I niti al p arti cl e i m a g e s ( n o.) 8 8 9 2 7 2  
Fi n al p arti cl e i m a g es ( n o.) 2 8 5 6 8 8  
M a p r es ol uti o n ( Å) 2. 9 8  
    F S C t hr es h ol d 0. 1 4 3  
M a p r es ol uti o n r a n g e ( Å) 2. 8 5- 4. 2  
   
R efi n e m e nt  M o n o m er Di m er 
   
I niti al m o d el us e d ( P D B c o d e) 6 C F W, 4 H E A 6 C F W, 4 H E A 
M o d el r es ol uti o n ( Å) 2. 9 7 3. 0 4  
    F S C t hr es h ol d 0. 5 0. 5  
M a p s h ar p e ni n g B f a ct or ( Å) - 4 2, l o c al r es ol uti o n-

filt er e d 
- 4 2 

M o d el c o m p ositi o n   
    N o n- h y dr o g e n at o ms 1 5 4 4 8 3 0 2 5 0  
    Pr ot ei n r esi d u es 1 8 7 3 3 7 3 0  
    Li g a n ds 5 1 0 1 0 2 0  
    W at ers  2 4 2 0  
B f a ct ors ( Å 2 )   
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    Protein 88.4  74.4 
    Ligand 139.1 123.4 
    Waters 89.8 N/A 
R.m.s. deviations   
    Bond lengths (Å) 0.0080 0.0078 
    Bond angels (°) 1.32 1.33 
Validation   
    MolProbity score 1.47 1.31 
    Clashscore 3.58 2.17 
    Poor rotamers (%) 0.13 0.10 
Ramachandran plot   
    Favoured (%) 95.44 95.45 
    Allowed (%) 4.56 4.55 
    Disallowed (%) 0 0 
EMRinger score 3.73 3.61 
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5.2 Multiple sequence alignments and key residues 

 

 
. 

Figure 63. Multiple sequence alignments of MrpA-MrpC. Alignment of MrpA-MrpC from Anoxybacillus flavithermus WK1 (AF), Bacillus 
pseudofirmus OF4 (BP), Bacillus subtilis (BS) and Staphylococcus aureus (SA). Where applicable, subunits of T. thermophilus HB8 complex 
I (Nqo), Thermosynechococcus elongates (strain BP-1) NDH complex (Ndh) and Pyrococcus furiosus COM1 MBH complex (Mbh) are also 
added. Transmembrane helices, beta strands and horizontal (amphipathic) helices are depicted as blue bars above the according sequence. 
Residues which are involved in proton translocation are depicted with blue asterisks. Residues which form part of the proposed Na+ pathway 
are depicted with red asterisks. 
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Figure 64. Multiple sequence alignments of MrpD-MrpG. Alignment of MrpD-MrpG from Anoxybacillus flavithermus WK1 (AF), Bacillus 
pseudofirmus OF4 (BP), Bacillus subtilis (BS) and Staphylococcus aureus (SA). Where applicable, subunits of T. thermophilus HB8 complex 
I (Nqo), Thermosynechococcus elongates (strain BP-1) NDH complex (Ndh) and Pyrococcus furiosus COM1 MBH complex (Mbh) are also 
added. Transmembrane helices, beta strands and horizontal (amphipathic) helices are depicted as blue bars above the according sequence. 
Residues which are involved in proton translocation are depicted with blue asterisks. Residues which form part of the proposed Na+ pathway 
are depicted with red asterisks. 
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5.3 Collected mutations in Mrp  
Summary of impact of mutations on expression level of Mrp subunits, growth in high salt, 

antiport activity in everted membrane vesicles, Km values for Na+ and assembly of the 

mutant  

 
a Mutated residue as it was published in the respective reference and the same mutated residue 
according to our own alignment using the UNIPROT accession codes B7GL84 for MrpA, 
B7GL83 for MrpB, B7GL82 for MrpC, B7GL98 for MrpD, B7GL97 for MrpE, B7GL96 for 
MrpF, B7GIG3 for MrpG from Anoxybacillus flavithermus WK1, Q9RGZ5 for MrpA, 
Q9RGZ4 for MrpB, Q9RGZ3 for MrpC, Q9RGZ2 for MrpD, Q9RGZ1 for MrpE, Q9RGZ0 
for MrpF, Q9RGY9 for MrpG from Bacillus pseudofirmus OF4, Q9K2S2 for MrpA, O05259 
for MrpB, O05260 for MrpC, O05229 for MrpD, Q7WY60 for MrpE, O05228 for MrpF, 
O05227 for MrpG from Bacillus subtilis. For Mrp1 from Corynebacterium glutamicum the 
sequences from EnsemblBacteria CAF18840 for Mrp1A, CAF18839 for Mrp1C, CAF18838 
for Mrp1D, CAF18837 for Mrp1E, CAF18836 for Mrp1F and CAF18835 for Mrp1G were 
used.  
 
b Ratio of the lowest expressed Mrp subunit compared with the positive control which has a 
value of 1. For references 4 and 6, the protein bands were visually compared with the control 
band.    
 
c Percent dequenching in everted membrane vesicles as compared with the positive control at 
pH 8.0 or pH 8.5 and Km values for Na+. 
 

d The “+” indicates a growth of KNabc cells in LBK medium containing 400-600 mM NaCl. 
The percentage values are the means of growth of KNabc cells in LBK medium containing 600 
mM NaCl as compared with the control.  
 
e The presence of the Mrp monomer, dimer and MrpA-D subcomplex is indicated as “”.  
 
f Expression, antiport activity and growth in NaCl were tested in the antiporter-deficient KNabc 
E. coli strain and/or in Bacillus subtilis.  
 
Abbreviations: 
BS… Bacillus subtilis  
BP…Bacillus pseudofirmus OF4  
CG…Corynebacterium glutamicum 
 
Categories: 
 

1. Effects on monomer/dimer/sub complex 
2. Reduced EMV activity 
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3. Reduced growth in NaCl 
4. Normal 
5. Km for Na+ at least 2.5 fold increase 

 
    The asterisk indicates a contradiction between the antiport activity and the growth in NaCl. 

 

Table 17. Mutation controls from different references.  

Ref-

erenc

e 

Bacterial species Control Express-

ionb 

Effect 

Antiport 

activityc 

Growth in 

NaCld 

Assembly 

of the mutante 

156 Bacillus 

pseudofirmus OF4 

TFCHS7 1 100% 

Km 0.096 

 

+ D 
 

M 
 

A-D 
 
 

11 Bacillus 

pseudofirmus OF4 

TFCHS7 1 Normal 

Km 0.079 

NA D 
 

M 
 

A-D 
 

73 Bacillus 

pseudofirmus OF4 

TFCHS7 1 100% 

Km 0.079 

+ D 
 

M 
 

A-D 
 
 

74 Bacillus subtilis pTY11 100% 100% 100% NA 

157 Corynebacterium 

glutamicum 

Original mrp1 NA NA + NA 

75 Bacillus subtilis 

 

 

Bacillus subtilis  

pTY11 

 

 

strains 

100% 

KNabcf 

 

100% 

BSf 

100% 

KNabcf 

 

100% 

BSf 

100% 

KNabcf 

 

100% 

BSf 

NA 

 

 

NA 
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Table 18. Mutations in MrpA.  

Residue 
 in A. 
Flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence Antiport 

activityc 
Growth in 
NaCld 

Assembly 
of the mutante 

D104 D50N 
D77N 

BS 
 

D50N 
D77N 

BS 

~100% 
 
 
 

~50% 
BS 

12% 
 
 
 

56% 
BS 

>100% 
 
 
 

65% 
BS 

NA 
 
 
 

NA 
BS 

Link 
be-

tween 
H 

elemen
t and 
TM8 

2* 
 
 
 

2/3 

74 
 
 
 

75 

D104 D77A 
D78A 

BP 
 

D50A 
D77A 

BS 

>0.8 
 
 
 

~90% 

99% 
 
 
 

0% 

+ 
 
 
 

71% 

D 
 
 
 

NA 

M 
 
 
 

NA 

A-D 
 
 
 

NA 

4 
 
 
 

2* 

156 

 
 

74 
 

D104 D77E 
D78A 

BP 
 

D50E 
D77E 

BS 
 

D50E 
D77E 

BS 

>0.77 
 
 
 

~100% 
 
 
 

~10% 
BS 

 

84% 
 
 
 

21% 
 
 
 

40% 
BS 

 

+ 
 
 
 

79% 
 
 
 

45% 
BS 

 

D 
 
 
 

NA 
 
 

 
NA 

M 
 
 
 

NA 
 
 

 
NA 

A-D 
 
 
 

NA 
 
 

 
NA 

 

4 
 
 
 
 

2* 
 
 

2/3 

156 
 
 
 
 

74 
 
 

75 

D157 D103A 
D130A 

BS 

~20% 38% 
 

0% NA Link 
be-

tween 
TM5 

and H 
ele-
ment  

2/3 74 
 

D157 D103E 
D130E 

BS 
 

D103E 
D130E 

BS 

~50% 
 
 
 

~50% 
BS 

 

0% 
 
 
 

64% 
BS 

0% 
 
 
 

61% 
BS 

 

NA 
 
 
 

NA 

2/3 
 
 
 

2/3 

74 
 
 
 

75 

D157 D103N 
D130N 

BS 
 

D103N 
D130N 

BS 

~100% 
 
 
 

~50% 
BS 

62% 
 
 
 

76% 
BS 

5% 
 
 
 

24% 
BS 

NA 
 
 
 

NA 

3* 
 
 
 

3* 

74 
 
 
 

75 

Y163 Y136A 
Y137A 

BP 

>1 100% 
 

+ D 
 

M 
 

A-D 
 
 

Near 
GluTM

H5, 
inter-

face to 
MrpD 

4 73 

E167 E113D 
E140D 

BS 
 

E113D 
E140D 

BS 

~80% 
 
 
 

~50 % 
BS 

 

45% 
 
 
 

60% 
BS 

 

7% 
 
 
 

1% 
BS 

 

NA 
 
 
 

NA 

 
GluTM

H5 

3 
 
 
 

3* 

74 
 
 
 

75 

E167 E113Q 
E140Q 

BS 
 

E113Q 
E140Q 

~80% 
 
 
 

~50% 
BS 

0% 
 
 
 

20% 
BS 

0% 
 
 
 

0% 
BS 

NA 
 
 
 

NA 

2/3 
 
 
 

2/3 

74 
 
 
 

75 
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BS 
E167 E140A 

E141A 
BP 

 
E113A 
E140A 

BS 

>0.19 
 
 
 

~70% 
 

6% 
 
 
 

12% 
 

- 
 
 
 

0% 
 

D 
 
 
 

NA 

M 
 
 
 

NA 

A-D 
X 
 
 

NA 
 

1 
 
 
 

2/3 

73 
 
 
 

74 
 

K248 K223A 
K224A 

BP 

>0.11 0% 
 

- D 
X 

M 
 

A-D 
 
 

Lys 
TMH7 

1 73 

Y255 H230K 
H231A 

BP 
 

H230K 
CG 

>0.79 
 
 
 

NA 

65% 
Km 
0.25 
mM 

 
NA 

± 
 
 
 
± 

D 
 
 
 

NA 

M 
 
 
 

NA 

A-D 
 
 
 

NA 

Interact
ion be-
tween 
TMH7 
and HL 

helix 

5 
 
 
 
3 

73 
 
 
 

157 

Y255 H230A 
H231A 

BP 

0.89 >100% 
 

+ D 
 

M 
 

A-D 
 
 

4 73 

W257 W232A 
H233A 

BP 

>0.84 86% 
 

+ D 
 

M 
 

A-D 
 
 

Upper 
part of 
TM7 

4 73 

Y283 Y258A 
Y259A 

BP 

>1 92% 
 

+ D 
 

M 
 

A-D 
 
 

Lower 
part of 
TM8 

4 73 

R287 R262A 
R263A 

BP 

>0.87 96% 
 

+ D 
 

M 
 

A-D 
 
 

Salt 
bridge 

to D104 

4 156 

Q320 Q295A 
Q296A 

BP 

>0.5 91% 
 

+ D 
 

M 
 

A-D 
 
 

Loop 
be-

tween 
TM9-
TM10 

4 156 
 

K324 K299A 
K300A 

BP 

>0.5 5% 
 

- D 
 

M 
 

A-D 
 
 

Top of 
TM10, 

Po-
ssible 
exit 
point 
for H+ 

2/3 73 

K324 K299H 
CG 

NA NA - NA 3 157 

G336 G311A 
G312A 

BP 

>0.83 97% 
 

+ D 
 

M 
 

A-D 
 
 

Middle 
of 

TM10 

4 156 

H369 H345A 
H346A 

BP 

>0.94 90% 
Km 

0.092 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

Middle 
of 

TM11, 
part of 

H+ 
entry 

cluster 

4 73 

F381 F357A 
F358A 

BP 

>0.96 93% 
 

+ D 
 

M 
 

A-D 
 
 

Top of 
TM11 

4 156 
 

G416 G392A 
BP 

>0.98 100% 
 

+ D 
 

M 
 

A-D 
 

Upper 
part of 
TM12 

 

4 73 

G416 G392R 
G393R 

BP 

>0.18 3% 
 

- D 
X 

M 
 

A-D 
 
 

1 73 

G416 G378T 
CG 

NA NA + NA 4 157 

F429 F405A 
F406A 

BP 

>0.9 100% 
 

+ D 
 

M 
 

A-D 
 
 

TM12, 
next to 

the 
break 

4 73 
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H547 H499K 
CG 

NA NA + NA Loop 
be-

tween 
TM14 
and 

TM15 

4 157 

F690 F671A 
F672A 

BP 

>0.97 79% 
 

+ D 
 

M 
 

A-D 
 
 

TM18, 
next to 
MrpC 

4 156 
 

P696 P677G 
P678G 

BP 

>0.91 84% 
 

+ D 
 

M 
X 

A-D 
 
 

TM19; 
periplas

mic 
surface 

1 156 
 

T701 T683A 
BP 

>0.7 87% 
 

+ D 
 

M 
 

A-D 
 

TM19, 
next to 
MrpC 

4 156 
 

E706 E687A 
T688A 

BP 
 

E657A 
E684A 

BS 

>0.48 
 
 
 

~100% 
 

0.7% 
 
 
 

0% 
 
 

- 
 
 
 

0% 
 

D 
 
 
 

NA 

M 
 
 
 

NA 

A-D 
 
 
 

NA 
 

TM19, 
next to 
MrpC, 

5 Å 
from 

bound 
K+ 

2/3 
 
 
 

2/3 

156 
 
 
 

74 
 

E706 E657D 
E684D 

BS 
 

E657D 
E684D 

BS 

~100% 
 
 
 

~70% 
BS 

93% 
 
 
 

100% 
BS 

>100% 
 
 
 

89% 
BS 

NA 
 
 
 

NA 

4 
 
 
 
4 
 

74 
 
 
 

75 
 

E706 E657Q 
E684Q 

BS 
 

E657Q 
E684Q 

BS 

~100% 
 
 
 

~70% 
BS 

2% 
 
 
 

48% 
BS 

5% 
 
 
 

0% 
BS 

NA 
 
 
 

NA 

2/3 
 
 
 

2/3 

74 
 
 
 

75 

H719 H700A 
H701A 

BP 

>0.9 19% 
Km 
0.30 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

Loop 
be-

tween 
TM19 & 
TM20, 
coor-

dinates 
head-
group 
of lipid 
bound 
in Na+ 
cavity 

5 73 

H719 H700K 
H701A 

BP 

>1 56% 
Km 
0.43 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

5 73 

H719 H700W 
H701A 

BP 

>1 63% 
Km 
0.37 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

5 73 

P721 P702G 
P703A 

BP 

0.45 34% 
Km 

0.326 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

Loop 
be-

tween 
TM19 & 
TM20 

5 156 
 

R789 R773A 
R774A 

BP 

>0.18 1% 
 

- NA Loop 
before 
TM21; 

salt 
bridge 

to 
D128d 

2/3 156 
 

D792 D743A 
D770A 

BS 

~30% 0% 
 

0% NA Peri-
plasmic 
end of 
TM21; 

2/3 74 
 

D792 D743E ~100% >100% 90% NA 4 74 
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D770E 
BS 

 
D743E 
D770E 

BS 

 
 
 

~100% 
BS 

 
 
 

>100% 
BS 

 

 
 
 

90% 
BS 

 
 
 

NA 

exit of 
Na+ 

path-
way 

 
 
 
4 

 
 
 

75 

D792 D743N 
D770N 

BS 
 

D743N 
D770N 

BS 

~100% 
 
 
 

~90% 
BS 

0% 
 
 
 

16% 
BS 

0% 
 
 
 

0% 
BS 

NA 
 
 
 

NA 

2/3 
 
 
 

2/3 

74 
 
 
 

75 

E796 E747D 
E774D 

BS 
 

E747D 
E774D 

BS 

~100% 
 
 
 

~100% 
BS 

 

0% 
 
 
 

36% 
BS 

 

10% 
 
 
 

2% 
BS 

 

NA 
 
 
 

NA 

TM21, 
facing 
MrpC; 
Part of 

Na+ 
path-
way 

2/3 
 
 
 

2/3 

74 
 
 
 

75 

E796 E747Q 
E774Q 

BS 
 

E747Q 
E774Q 

BS 

~100% 
 
 
 

~20% 
BS 

0% 
 
 
 

4% 
BS 

 

0% 
 
 
 

0% 
BS 

 

NA 
 
 
 

NA 

2/3 
 
 
 

2/3 

74 
 

 
 

75 

E796 E780A 
E781A 

BP 
 

E747A 
E774A 

BS 

>0.46 
 
 
 
 

~100% 
 

0% 
 
 
 
 

0% 
 

- 
 
 
 
 

0% 
 

D 
 
 
 
 

NA 

M 
 
 
 
 

NA 

A-D 
 
 
 
 

NA 
 

2/3 
 
 
 
 

2/3 

156 
 
 
 
 

74 
 

 

Table 19. Mutations in MrpB. 

Residue 
 in A. 
flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
of the mutante 

   

H31 H34A 
BP 

>0.9 >100% 
Km 

0.092 

+ D 
 

M 
 

A-D 
 
 

Loop 
be-

tween 
TM1 & 
TM2; 
peri-

plasmic 
surface 

4 73 

P34 P37G 
BP 

>1 83% 
Km 

0.057 
mM 

+ D 
 

M 
X 

A-D 
 
 

Loop 
be-

tween 
TM1 & 
TM2; 
peri-

plasmic 
surface 

1 73 

F38 F41A 
BP 

>1 83% 
Km 
0.14 
mM 

- 
 

D 
 

M 
 

A-D 
 
 

TM2 
next to 
MrpA 

3* 73 

D118 D121A 
BS 

~100% 
KNabc 

0% 
KNabc 

0% 
KNabc 

NA Peri-
plasmic 
end of 

2/3 75 
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TM2, 
inter-
acts 
with 

N782a 
 D121E 

BS 
 

D121E 
BS 

~90% 
KNabc 

 
~100% 

BS 

18% 
KNabc 

 
80% 
BS 

84% 
KNabc 

 
91% 
BS 

NA 
 
 

NA 

 2* 
 
 
4 
 

75 
 
 

75 

D121N 
BS 

 
D121N 

BS 

~70 % 
KNabc 

 
~100% 

BS 

10% 
KNabc 

 
0% 
BS 

0% 
KNabc 

 
91% 
BS 

NA 
 
 

NA 

2/3 
 
 

2* 

75 
 
 

75 

 

Table 20. Mutations in MrpC.  

Residue 
 in A. 
flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
Of the mutante 

   

Q70 Q70A 
BP 

0.85 77% 
Km 

0.068 
mM 

+ D 
 

M 
X 

A-D 
 
 

Bottom 
of TM3, 
inter-
acts 
with 

MrpA 

1 73 

T75 T75A 
BP 

>0.86 88% 
Km 
0.11 
mM 

- 
 

D 
 

M 
 

A-D 
 
 

TM3; 
inter-
face 
with 

MrpD/A
, part of 
Na+ exit 

path-
way 

3* 73 

I77 I76F 
CG 

NA NA - NA Middle 
of TM3, 
part of 
cavity 
where 
K+ ion 

is 
bound 

3 157 

G82 G82P 
BP 

>0.43 81% 
Km 

0.083 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

TM3, 
next to 

C-
termi-
nus of 
MrpA 

4 73 

G82 G82I 
BP 

>0.7 55% 
Km 
0.12 
mM 

+ D 
 

M 
 

A-D 
 
 

2 73 

 

Table 21. Mutations in MrpD.  

Residue 
 in A. 
flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
of the mutante 

   

D75 D75E 
BP 

>0.5 
 

69% + 
 

D 
 

M 
 

A-D 
 

Link 
be-

2 
 

156 
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D75E 
BS 

 
D75E 

BS 

 
 
 

~50 % 
KNabc 

 
~100% 

BS 
 

Km 
0.056 
mM 

 
9% 

KNabc 
 

87% 
BS 

 
 
 

0% 
KNabc 

 
>100% 

BS 

 
 
 

NA 
 
 

NA 

 
 
 

NA 
 
 

NA 

 
 
 

NA 
 
 

NA 
 

tween 
H 

elemen
t and 
TM8 

 
 
 

2/3 
 
 
4 

 
 
 

75 
 
 

75 

D75 D75A 
BP 

 
D75A 

BS 

>0.06 
 
 

~50% 
KNabc 

9% 
 
 

9% 
KNabc 

- 
 
 

0% 
KNabc 

D 
X 
 

NA 

M 
X 
 

NA 

A-D 
X 
 

NA 
 

1 
 
 

2/3 

156 
 
 

75 

D75 D75N 
BS 

 
D75N 

BS 

~80 % 
KNabc 

 
~100% 

BS 

15% 
KNabc 

 
97% 
BS 

0% 
KNabc 

 
99% 
BS 

NA 
 
 

NA 

2/3 
 
 
4 

75 
 
 

75 

D128 D128E 
BS 

 
D128E 

BS 

~100 % 
KNabc 

 
~100 % 

BS 

13% 
KNabc 

 
81% 
BS 

>100% 
KNabc 

 
>100% 

BS 

NA 
 
 

NA 

Link 
be-

tween 
TM5 

and H 
ele-
ment 

2* 
 
 
4 

75 
 
 

75 

D128 D128A 
BS 

>50 % 
KNabc 

4% 
KNabc 

8% 
KNabc 

NA 2/3 75 

D128 D128N 
BS 

 
D128N 

BS 

~100 % 
KNabc 

 
~100% 

BS 

15% 
KNabc 

 
100% 

BS 

89% 
KNabc 

 
74% 
BS 

NA 
 
 

NA 

2* 
 
 
4 

75 
 
 

75 

F135 F135A 
BP 

>0.9 97% 
 

+ 
 

D 
 

M 
 

A-D 
 
 

TM5; 
next to 
C-term. 
of MrpA 

4 73 

F136 F136A 
BP 

>0.94 75% 
 

+ D 
 

M 
 

A-D 
 
 

TM5; 
next to 
GluTM

H5 

4 73 

F136 F136T 
BP 

>1 79% 
 

+ D 
 

M 
 

A-D 
 

4 73 

F136 F136E 
BP 

>1 78% 
 

+ D 
 

M 
 

A-D 
 

4 73 

F136 F136G 
BP 

>1 37% 
Km 
0.31 
mM 

- 
 

D 
 

M 
 

A-D 
 
 

5 73 

E137 E137A 
BP 

 
E137A 

BS 

>0.26 
 
 

NA 
KNabc 

0% 
 
 

2% 
KNabc 

- 
 
 

0% 
KNabc 

D 
X 
 

NA 

M 
 
 

NA 

A-D 
X 
 

NA 
 

GluTM
H5; 
Na+ 

coup-
ling 

2/3 
 
 

2/3 

73 
 
 

75 

E137 E137D 
BP 

 
 

E137D 
BS 

 
E137D 

BS 

>0.84 
 
 
 

~100% 
KNabc 

 
100% 

BS 

92% 
Km 
0.22 
mM 

 
53% 

KNabc 
 

48% 
BS 

- 
 
 
 

>100% 
KNabc 

 
80% 
BS 

D 
 
 
 

NA 
 
 

NA 

M 
 
 
 

NA 
 
 

NA 

A-D 
 
 
 

NA 
 
 

NA 

5 
 
 
 

2* 
 
 

2* 

73 
 
 
 

75 
 
 

75 

E137 E137Q 
BP 

 
E137Q 

BS 

NA 
 
 

~100 % 
KNabc 

NA 
 
 

0% 
KNabc 

- 
 
 

0% 
KNabc 

NA 
 
 

NA 
 

3 
 
 

2/3 
 

73 
 
 

75 
 



152 

 
E137Q 

BS 

 
~50% 

BS 

 
0% 
BS 

 
0% 
BS 

 
NA 

 
2/3 

 

 
75 

K219 K219A 
BP 

>0.95 0.% 
 

- D 
 

M 
 

A-D 
 

Lys 
TMH7 

2/3 73 

W228 W228A 
BP 

>0.96 86% 
Km 

0.063 
mM 

+ 
 

D 
 

M 
 

A-D 
 
 

Loop of 
TM7 

4 73 

R258 R258A 
BP 

>0.01 30% 
Km 

0.064 
mM 

- 
 

D 
X 

M 
X 

A-D 
X 
 

TM8; 
Salt 

bridge 
to D75 

2/3 156 
 

G309 G309A 
BP 

>0.5 88% 
 

+ D 
 

M 
 

A-D 
 

Middle 
part of 
TM10 

4 156 
 

F341 F341A 
BP 

>0.5 64% 
Km 

0.463 
mM 

- 
 

D 
 

M 
 

A-D 
 

Part of 
the 

block 
be-

tween 
cyto-
plasm 

and Lys 
TM8 

5 156 
 

 

Table 22. Mutations in MrpE.  

Residue 
in A. flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb 

 
Effect Amino 

acid 
location 
 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
of the mutante 

   

Q4 Q4A 
BP 

NA Normal NA NA 
 

Start of 
TM1 

4 11 

N8 N8A 
BP 

NA Normal NA NA TM1, 
stabi-
lises 
TM2-
AH 
loop 

4 11 

K59 K59A 
BP 

NA Normal NA NA AH 
helix; 
facing 

the 
cyto-
plasm 

4 11 

K66 K66A 
BP 

NA Normal NA NA AH 
helix; 
facing 

the 
cyto-
plasm 

4 11 

E67 E67A 
BP 

 
E67A 
BS 

NA 
 
 

~80% 
KNabc 

Normal 
 
 

28% 
KNabc 

NA 
 
 

68% 
KNabc 

NA 
 
 

NA 
 

AH 
helix; 
facing 

the 
cyto-

plasm, 
inter-
acts 
with 

ferre-

4 
 
 

2* 

11 
 
 

75 

E67 E67D 
BS 

 
E67D 

BS 

~100% 
KNabc 

 
~90% 

BS 

89% 
KNabc 

 
100% 

BS 

>100% 
KNabc 

 
>100% 

BS 

NA 
 
 

NA 

4 
 
 
4 

75 
 
 

75 

E67 E67Q ~100% 58% 97% NA 2 75 
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BS 
 

E67Q 
BS 

KNabc 
 

~100% 
BS 

KNabc 
 

>100% 
BS 

KNabc 
 

>100% 
BS 

 
 

NA 

doxin-
like fold 

 
 
4 

 
 

75 

T113 T113A 
BP 

 
T113A 

BP 

>0.07 
 
 

0.02 
 

1% 
 
 
- 
 

- 
 
 

NA 
 

D 
X 
 

X 

M 
X 
 
 

A-D 
 
 

X 
 

Loop 
before 
HH2 

helix in 
ferre-
doxin-

like 
fold, 
stabi-
lises 
the 

helix 

1 
 
 
1 

73 
 
 

11 

T113 T113Y 
BP 

>1 2% 
 

- 
 

D 
 

M 
 

A-D 
 

2/3 73 

P114 P114A 
BP 

>0.91 79% 
Km 
0.11 
mM 

+ 
 

D 
 

M 
 

A-D 
 

Loop 
before 
HH2 

helix in 
ferre-
doxin-

like 
fold, 
inter-
acts 

with AH 
helix 

 

4 73 

P114 P114G 
BP 

 
 

P114G 
BP 

>0.95 
 
 
 

0.73 
 

12% 
Km 1.6 

mM 
 
- 

Km 1.3 

+ 
 
 
 

NA 
 

D 
 
 
 
 
 

M 
 
 
 
 
 

A-D 
 
 
 
 
 

2* 
 
 
 
2 
 

73 
 
 
 

11 

P114 P61L NA NA + NA 4 157 

H131 H131A 
BP 

NA Normal NA NA On β-
strand, 
part of 

Na+ 
path-
way 

4 11 

 

Table 23. Mutations in MrpF.  

Residue 
 in A. 
flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
of the mutante 

   

R20 R35H 
CG 

NA NA + NA Top of 
TM1 

4 157 

P25 P28G 
BP 

>0.97 94% 
 

+ D 
 

M 
 

A-D 
 
 

Loop 
be-

tween 
TM1 & 
TM2; 
cyto-

plasmic 
surface 

4 73 

D29 D32A 
BP 

>0.27 0% 
 

- 
 

D 
X 

M 
X 

A-D 
 

Cyto-
plasmic 
surface 
of TM2, 

salt 
bridge 

to R40g 

1 73 

R30 R33A 
BP 

>0.81 46% 
Km 

0.082 
mM 

+ 
 

D 
 

M 
 

A-D 
 

Cyto-
plasmic 
surface 
of TM2 

2 73 

D35 D38A ~5% 1% 0% NA 2/3 75 



154 

BS KNabc KNabc KNabc Middle 
of TM2,  
part of 

Na+ 
path-
way 

D35 D38E 
BS 

 
D38E 

BS 

~40% 
KNabc 

 
~100% 

BS 

3% 
KNabc 

 
80% 
BS 

0% 
KNabc 

 
>100% 

BS 

NA 
 
 

NA 

2/3 
 
 
4 

75 
 

75 

D35 D38N 
BS 

 
D38N 

BS 

~40% 
KNabc 

 
~100% 

BS 

4% 
KNabc 

 
>100% 

BS 

0% 
KNabc 

 
75% 
BS 

NA 
 
 

NA 

2/3 
 
 
4 

75 
 
 

75 

 

Table 24. Mutations in MrpG.  

Residue 
 in A. 
flavi-
thermus 

Homologous 
residue, 
species, 
mutationa 

Expressionb Effect Amino 
acid 
location 

Cate-
gory 

Refe-
rence 

Antiport 
activityc 

Growth in 
NaCld 

Assembly 
of the mutante 

   

R33 R28H NA NA + NA End of 
TM1 

4 157 

P86 P81G 
BP 

>1 8% 
 

+ D 
 

M 
 

A-D 
 
 

On a 
kink in 
TM3, 
inter-
acting 
with 

MrpE 

2* 73 

P86 P81A 
BP 

>0.96 8% 
 

+ 
 

D 
 

M 
 

A-D 
 

2* 73 
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5.4 Residues built in the Mrp model 
All side-chains are assigned, there are no UNK residues.  

Table 25. Residues built in the Mrp model. 

Subunit Number of 
residues in 
sequence 

Residues built Missing fragments 

MrpA 821 29-816 N-terminus 
MrpB 140 3-140 N-terminus 
MrpC 110 1-107 C-terminus 
MrpD 490 1-489 C-terminus 
MrpE 158 1-158 none 
MrpF 91 2-89 N- and C-terminus 
MrpG 119 8-111 N- and C-terminus 
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