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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

Transfer RNA (tRNA) molecules play a significant role in the translation of the genetic 

code into protein sequences. The interaction of the messenger RNA (mRNA) codons 

with the anticodon of the tRNA at the ribosomal subunit results in the discrimination 

of cognate versus near-cognate and non-cognate codons (Ogle et al., 2001).  

As the genetic code possesses the feature to be degenerated, most amino acids are en-

coded by more than one of the 61 possible triplet codes. However, since cells have 

evolved only some 40 distinct tRNA genes to decode the 61 amino acid codons, some 

tRNAs have to recognize more than one codon. To account for this, it was proposed 

by Francis Crick (Wobble Hypothesis) that the ambiguity of the recognition of more 

than one codon resides in the third base-pair between tRNA nucleoside 34 and the 

respective position in the coding triplet of the mRNA. In 1991 then the modified 

Wobble Hypothesis complemented the original hypothesis in suggesting that specific 

modifications of a tRNA wobble nucleoside shape the anticodon architecture in such a 

manner that interactions were restricted to the complementary base plus a single wob-

ble pairing for amino acids with twofold degenerate codons (Agris, 1991; Agris et al., 

2007). In order to do so post-transcriptional modifications at tRNAs have to occur 
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(Agris, 2004). Among the ~80 identified modifications, the largest diversity can be 

found in the anticodon wobble position 34 or immediately 3’ adjacent to the anticodon 

triplet at position 37 ((Yarian et al., 2002); cf. Chapter 2). The role of these modifica-

tions relies in an efficient protein synthesis, the improvement of reading frame main-

tenance, and codon recognition on the ribosome (Urbonavicius et al., 2001; Yarian et 

al., 2002).  

Nevertheless, a wide spectrum of human diseases is caused by a growing number of 

mutations in mitochondrial (mt-) tRNA genes, whose phenotypic peculiarities are cha-

racterized by a broad spectrum of clinical manifestations, including blindness, deafness, 

dementia, movement disorders, weakness, cardiac failure, diabetes, renal dysfunction, 

and liver diseases (Wallace, 1992). 

Among those mutations MELAS (mitochondrial encephalomyopathy, lactic acidosis,  

stroke-like episodes) and MERRF (myoclonic epilepsy with ragged red fibers) are the 

first known cases of human diseases that apparently result from the loss of RNA post-

transcriptional modification. Both of them are associated with mutations in the mito-

chondrial genes for tRNALys and tRNALeu(UUR), respectively. In addition, tRNAs harbor-

ing MELAS and MERRF mutations specifically lack taurine-containing modified uri-

dines at the anticodon wobble position (Kirino and Suzuki, 2005). Thus, since the pa-

thogenic mutations are not located close to the wobble position of tRNALys and tRNA-
Leu(UUR), it is suggested that the positions of these pathogenic mutations act as determi-

nants for proteins involved in the wobble uridine modification (Villarroya et al., 2008).  

To analyze the corresponding mechanism of such diseases, model organisms, e.g. E. 

coli and S. cerrevisiae are frequently used because of the high degree of evolutionary con-

servation of the modification pathway (Cabedo et al., 1999; Colby et al., 1998; Decos-

ter et al., 1993; Elseviers et al., 1984). Thus, the eukaryotic homologues of the human 

proteins GTPBP3 and MTO1 (MSS1 and MTO1, respectively) have in common with 

their mammalian “relatives”, that they are also targeted to mitochondria. Their mutants 

fail to synthesize subunit 1 of cytochrome oxidase, thereby leading to a respiratory-

deficient phenotype (Li and Guan, 2002).  
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In E. coli, the evolutionary conserved protein MnmE (5-methyl-aminomethyl-uridine 

forming enzyme, homolog of GTPBP3) together with its interaction partner GidA 

(glucose inhibited division protein A , homolog of MTO1) are involved in the biosyn-

thesis of the hypermodified nucleoside 5-methyl-aminnomethyl-2-thio-uridine 

(mnm5s2U34). This modified nucleotide, found in the wobble position of several bac-

terial tRNAs specific for glutamate, lysine, arginine, leucine, and glutamine, has a pi-

votal role in the structure and function of tRNAs, including structural stabilization, 

aminoacylation, and codon recognition at the decoding site of small rRNAs (Li and 

Guan, 2002). Although previous studies have shown that the G domains of MnmE 

dimerize in order to activate GTP hydrolysis (Scrima and Wittinghofer, 2006), the role 

of GTP hydrolysis/ G domain dimerization in the tRNA modification reaction is not 

yet clarified, as well as the mechanistic procedure of the modification reaction.  

Among the variety of methods frequently used to gain such information, high-

resolution techniques, as e.g. X-ray crystallography and NMR spectroscopy provide a 

fundamental basis in the research field of protein structure and function in general. 

However, both of these techniques exhibit serious limitations. For example, X-ray ex-

periments are mostly limited by the fact that many biomolecules are not capable to 

grow diffraction quality crystals, or are not able to resemble their functional state in a 

crystal due to unavailable flexibility of the structure (Fernandez and Wüthrich, 2003). 

In turn, a major drawback of Nuclear Magnetic Resonance (NMR) spectroscopy is its 

size limitation caused by two technical barriers. First, larger molecules have slower 

tumbling rates and shorter NMR signal relaxation times. This reduces the sensitivity of 

the complicated pulse sequences that often use long delays for the necessary coherence 

transfer steps. Second, the increased molecular weight also introduces more complexity 

to a given spectrum, simply because there are more NMR-active nuclei and, therefore, 

more interactions among them (Hongtao Yu, 1999).  

Besides those methods mentioned above, new biophysical characterization techniques, 

such as Fluorescence/ Förster Resonance Energy Transfer (FRET) (Chattopadhyay A. 

and Raghuraman H., 2010; Heuck and Johnson, 2002), and site-directed spin labeling 

in combination with E lectron Paramagnetic Resonance (EPR) spectroscopy, were 
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developed to advance the field. Thereby, FRET uses chromophores that occur either 

naturally in the biochemical system or are added to a specific amino acid. The high 

sensitivity of FRET, the access to longer distances as well as its ability to operate at 

biological temperatures makes it a potent tool to study proteins. However, the labels 

are often large and the labeling strategy can be complicated as different donor and ac-

ceptor molecules are usually required depending on the distance to be measured. 

Moreover, the possible structural resolution of this technique is generally less than for 

X-ray crystallography and NMR spectroscopy (Hemminga et al., 2007).  

In case of EPR in combination with site-directed spin labeling (SDSL), a potent alter-

native is available which provides both detailed structural and dynamic information, 

and therefore becomes very useful for the analysis of proteins in their native environ-

ment. Thereby, SDSL offers unique local probing of the surroundings of a specific 

amino acid residue in a protein or protein complex of interest. Analysis of the EPR 

spectrum then provides a wealth of information about the local environment in the 

protein. With a sufficiently large set of labeled mutant proteins, global information on 

structure is obtained and, most importantly, changes in the structure during function 

can be followed in real time. Doubly labeled protein will enable one to map inter-

residue distances and, ultimately, to generate reliable three-dimensional structures 

(Hemminga et al., 2007). 

In this work, the MnmE protein will be investigated by EPR, together with the FAD-

binding protein GidA, during different steps of the G domain cycle, to achieve detailed 

structural and functional insights of those enzymes and to understand their respective 

biological functions. Therefore, the following interrogations are considered:    

1. Characterization of MnmE G domain mobility  

MnmE is a dimeric protein whose G domains dimerize via their switch regions 

depending on the presence of potassium, both for GTPase stimulation and G 

domain dimerization (Scrima and Wittinghofer, 2006). On the basis of the com-

mon feature that the G domain cycle is regulated by homodimerization, MnmE 

has been categorized as G-protein activated by nucleotide-dependent dimerization 

(Gasper et al., 2009). So far neither the structural model of the full-length MnmE 
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dimer, nor dimerization of the G domains has been proven directly in the context 

of the full-length protein. Therefore, the GTPase-coupled rearrangements will be 

investigated by trapping the protein in various steps of its GTPase cycle by pulse 

double electron-electron resonance (DEER) spectroscopy in combination with 

site-directed spin labeling. The distance distributions obtained for spin labeled 

sites in the G domains of MnmE then allow for characterization of the G domain 

movements during the GTPase cycle of MnmE. 

2. Cation dependency of G domain dimerization 

Previous studies have shown K+ ions to activate the MnmE GTPase. This follows 

from the finding that dimerization of the MnmE G domains and GDP·AlFx com-

plex formation strictly require K+, which is bound in the dimer interface, such that 

its position overlaps with that of an arginine finger required for the GAP-

mediated GTP hydrolysis on Ras-like G proteins (Scrima and Wittinghofer, 2006; 

Vetter and Wittinghofer, 2001). Here, GTPase activity and AlFx induced dimeriza-

tion are characterized in presence of various cations in order to analyze the cation 

dependency of the dimerization process in full-length protein in solution. 

3. The role of the catalytic cysteine C451 

In E. coli MnmE the C-terminal domain contains the only native cysteine present 

in the molecule. Due to its position and orientation, as well as its proximity to the 

5-F-THF binding site (co-factor), previous studies suggested a catalytic role for 

this totally conserved residue (Scrima and Wittinghofer, 2006).  

To verify the role of the naturally occurring MnmE cysteine, position C451C is 

investigated in the different steps of the GTPase cycle. 

4. Motion of the MnmE G domains with regard to the N-terminal domain – 

The MnmE double mutants 

From the crystal structure it is concluded that dimerization of the G domains re-

quires large movements of up to 20Å to overcome the gap between the open and 

the closed state. As an apparently unique feature of MnmE with regard to other 

GADs, these large conformational changes are for both the dimerization as well as 
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the mechanism of hydrolysis of essential importance. Thus, the question arises 

whether GTP-hydrolysis also influences the remaining domains (α-helical and N-

terminal domain). Therefore, first of all G domain motion with regard to the N-

terminal domain is investigated in more detail. 

5. Modulation of G domain dimerization in the tRNA modifying MnmE/ Gi-

dA complex 

Based on recent studies with E. coli proteins it was suggested that GidA and 

MnmE form a functional complex in which they directly cooperate in the modifi-

cation reaction (Meyer et al., 2008; Yim et al., 2006). The current model for the 

MnmE/GidA complex suggests that GidA is not in contact with the G domains 

but bound to the opposite side of the MnmE dimer. Here, complex formation be-

tween MnmE and GidA most likely takes place by generating a 2-fold symmetrical 

α2β2 heterotetramer in which the α-helical domain of MnmE and the last three C-

terminal helices of GidA represent the main inter-protein contact sites (Meyer et 

al., 2008). In the present study, applying SDSL in combination with DEER spec-

troscopy to sites in the MnmE G domains and the α/β domains, the influence of 

GidA to the switch cycle of MnmE will be further investigated.  
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CHAPTER 2  

BIOLOGICAL BACKGROUND  

2.1  Guanine nucleotide-binding proteins (GNBPs/ G proteins) 

2.1.1  Overview 

As a fundamental reaction in biology, GTP hydrolysis plays a crucial role in controlling 

numerous vital processes, including protein biosynthesis, growth control and differen-

tiation, sensory perception, various transport processes as well as cytoskeletal reorgani-

zation (Scheffzek and Ahmadian, 2005). Guanine nucleotide-binding proteins 

(GNBPs/ G proteins) thereby provide the catalytic machinery to perform the chemical 

reaction converting GTP to GDP and inorganic phosphate (Pi). Structurally, GNBPs 

can easily be recognized by a common set of sequence elements in their primary struc-

ture. Considering their working mechanism they operate by a common principle in that 

they function as molecular switches which cycle between a GDP-bound inactive state 

and a GTP-bound active state. In addition, they all have at least one structural element 

in common, which is the domain binding guanine nucleotides and hydrolyzing GTP, 

commonly known as G domain (Wittinghofer and Gierschik, 2000).  
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2.1.2  Classification of GNBPs  

Based on sequential and structural comparisons, an evolutionary classification of 

GNBPs has been made. The first class, designated TRAFAC (translation factors), in-

cludes proteins involved in translation, signal transduction, cell motility, and intracellu-

lar transport. It is subdivided into the following superfamilies:  

 Translation factor superfamily, 

 OBG-HflX-like superfamily, 

 MnmE- Era- EngA- YihA- Septin like superfamily, 

 Ras- like superfamily, 

 Myosin- kinesin superfamily. 

The second clade, designated SIMIBI (signal recognition particle, MinD, BioD) in-

cludes GNBPs, such as: 

 Signal recognition particle (SRP) GTPases and SRP-receptor, 

  MinD-like ATPases, and  

 a group of metabolic enzymes (BioD/FTHFS1)(Leipe et al., 2002).  

 

2.1.3  Structural elements of GNBPs  

The central element of all GNBPs is the guanine nucleotide-binding domain (G do-

main) that consists of a central six-stranded β-sheet surrounded by α-helices (Sprang, 

1997). This topology of a protein fold (FIGURE 2.1.1) is designated as minimal G do-

main or canonical Ras-like fold, because it correlates with the 166 residue encompass-

ing signaling unit of Ras (Vetter and Wittinghofer, 2001). Since the majority of GNBPs 

contain a number of insertions and post-translational modifications at the N- and C-

terminal end, they have to be described as variations on this canonical structure (Vetter 

and Wittinghofer, 2001).  

                                                 
1 FTHFS…formyltetrahydrofolate synthetase 
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However, besides those variations, four to five regions of the polypeptide chain within 

the minimal G domain require special attention, as these regions, designated G-1 

through G-5 (Bourne et al., 1991), are critical in GDP/GTP exchange, GTP-induced 

conformational changes and GTP hydrolysis (FIGURE 2.1.1). 

 

As illustrated in FIGURE 2.1.1 the G-1 motif with the consensus sequence 
10GxxxxGK(S/T)17, 2 comprises the diphosphate-binding loop (termed P-loop (Sprang, 

1997) in FIGURE 2.1.1 in orange, or Walker A-motif (Walker et al., 1982)), which coor-

dinates the phosphate group of the nucleotide and the associated Mg2+- ion  essential 

for nucleotide binding (Wittinghofer and Waldmann, 2000). The connection between 

helix α1 and strand β2 is declared as G-2 motif (residues 32-40 in p21Ras). Binding of 

GTP changes the conformation of this loop, in part by changing the orientation of a 

critical serine/threonine residue (Bourne et al., 1991). This conserved serine/threonine 

residue (T35Ras) can be found in TRAFAC-proteins. It is involved in coordination of a 

Mg2+- ion to oxygen of the β- and γ- phosphates of GTP (FIGURE 2.1.2 A). Proteins of 

the SIMIBI-class, however, occupy an aspartate at this position (Leipe et al., 2002). 

FIGURE 2.1.1: Ribbon plot of the minimal
G domain in the triphosphate state (as
GppNHp complex). Number 1-5 display
the four to five conserved regions in the
minimal G domain which are critical in
binding of the nucleotide. The conserved
sequence elements and the switch regions
are highlighted in different colors. The
nucleotide and Mg2+- ion are shown in
ball-and-stick representation (Figure
adapted from (Vetter and Wittinghofer,
2001)). 

                                                 
2 Single-letter code; numbering according to p21Ras 
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The G-2 region is then followed by the Walker B box (Walker et al., 1982) or G-3 motif, 

which contains a 57DxxG60 sequence that is conserved in all GTPases (residue 53-62 in 

p21Ras). The invariant aspartate (D57Ras) of this motif coordinates the catalytic Mg2+ 

through an intervening water molecule, while the invariant glycine (G60Ras) forms a 

hydrogen bond with the γ- phosphate of GTP (Bourne et al., 1991).  

 

 
FIGURE 2.1.2: A Interaction of the bound triphosphate analogue GppNHp with selected residues in
Ras (mc = peptide main chain; Figure adapted from (Wittinghofer and Waldmann, 2000)). B
Schematic view of the universal switch mechanism, also called “loaded spring” mechanism, where
the switch I and II domains are bound to the γ-phosphate of the nucleotide via Thr35Ras and
Gly60Ras. Release of the γ-phosphate allows the switch regions to relax into a different conformation
(Figure adapted from (Vetter and Wittinghofer, 2001). 

The specificity of the protein for the guanine nucleotide is located in the consensus 

sequence 116NKxD119 of the G-4 motif (residue 112- 119 in p21Ras). Here, the aspartate 

(D119Ras) is used to detect the guanine base by forming hydrogen bonds with groups 

on the guanine ring. Stabilization of the guanine nucleotide-binding pocket is achieved 

through hydrogen bonds of asparagine 116 (N116Ras) and lysine 117 (K117Ras) to resi-

dues 13 and 14 in the G1-region (Bourne et al., 1991). Mutation of aspartate (D119Ras) 

to asparagine changes the specificity of the protein to xanthosine nucleotides (Schmidt 

et al., 1996). Further on, in a loop between the sixth β-strand and the α5-helix a fifth 

motif is situated (G-5, residue 144- 146 in p21Ras) with the less conserved sequence 

SA[KL]147. This region interacts indirectly with the guanine nucleotide through hy-

drogen bonds that stabilize side chains in region G-4.  

145
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Beside those sequence motifs the G domain also includes two flexible regions desig-

nated switch I and switch II, whose conformation changes depending on the presence 

of magnesium and the respective nucleotide. While the switch I region is located be-

tween α1 and β2 (residue 32- 38 in Ras), the switch II is situated in a region between β3 

and α2 (FIGURE 2.1.1).  

For the description of nucleotide-dependent conformational changes the protein state 

is compared with a loaded spring, where release of the γ- phosphate after GTP hydro-

lysis allows the two switches to relax into the GDP-specific conformation (FIGURE 

2.1.2 B). In the triphosphate-bound form, both the switch I and II region are bound to 

the nucleotide via interaction of the threonine (T35Ras) of the G-2 motif and the con-

served glycine (G60Ras) of the G-3 motif with the γ- phosphate of the nucleotide. This 

mechanism is also called the “loaded spring mechanism”, whereby release of the γ- 

phosphate after hydrolysis of GTP allows the switch region to relax into a different 

conformation (FIGURE 2.1.2 B; (Vetter and Wittinghofer, 2001)). 

 

2.1.4  Regulation of GNBPs 

Since the structural classification of GNBPs does not allow any conclusion to be 

drawn about function, another categorization of GNBPs was proposed based on their 

biological role. Thereby a distinction is made between conventional GNBPs and G 

proteins activated by nucleotide-dependent dimerization (GADs) (Gasper et al., 2009). 

The first group is represented by the Ras superfamily, heterotrimeric G proteins, as 

well as translation factors. Proteins like signal recognition particle (SRP) and SRP-

receptor (SR), Roco-proteins, Septins, MnmE-, HypB-proteins and dynamins are 

members of the second group (Gasper et al., 2009).  
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2.1.4.1 Conventional GNBPs 

As mentioned previously, conventional G proteins act as molecular switches by cycling 

between an active (ON) and an inactive (OFF) state (FIGURE 2.1.3 ). The affinity of 

most G proteins for GDP/ GTP is in the lower nanomolar to picomolar range. The 

direct consequence of this high affinity is a slow dissociation rate of nucleotides with a 

half-life time of one or more hours (Bos et al., 2007). However, since exchange of 

GDP for GTP, and thus activation of the G-protein in biological processes occurs 

within minutes or even less (Bos et al., 2007), exchange of GDP for GTP requires the 

activity of guanine nucleotide-exchange factors (GEFs; FIGURE 2.1.3). Furthermore, as 

the GTP hydrolysis reaction is very slow, efficient hydrolysis requires the interaction 

with a GTPase-activating protein (GAP), which accelerates the cleavage step by several 

orders of magnitude (Bos et al., 2007; Wittinghofer and Waldmann, 2000).  

 

FIGURE 2.1.3: The GTPase cycle of conventional G proteins. 
The conventional mechanism, mostly used by Ras-like proteins, 
includes stimulation of the GDP dissociation rate by GEFs
(guanine nucleotide-exchange factors) and acceleration of 
GTPase reaction by GAPs (GTPase activatinG proteins), which
complete the active site of the proteins. Pi = inorganic 
phosphate (Figure adapted from (Gasper et al., 2009)). 

In general, GEFs catalyze the dissociation of the usually tightly bound GDP from the 

G protein by modifying the nucleotide-binding site through conformational changes in 

the switch regions and in the P-loop, because the bound nucleotide is sandwiched be-

tween the two switches. Together with the phosphate-binding loop the switch regions 

interact with the phosphates and a coordinating magnesium, which in turn is essential 
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for the high-affinity binding of the nucleotide to the G protein (Bos et al., 2007; Vetter 

and Wittinghofer, 2001). The action of the GEF on the G protein entails the sterical 

occlusion of the magnesium-binding site resulting in perturbation of the interaction 

surface in the phosphate-binding region. The nucleotide is thereby released and subse-

quently replaced. Basically the affinity of the G-protein for GTP and GDP is similar, 

and the GEF does not favor rebinding of GDP or GTP. The resulting increase in 

GTP-bound over GDP-bound is due to the approximately ten times higher cellular 

concentration of GTP compared to GDP (Bos et al., 2007). 

Now, considering the intrinsic hydrolysis rate it becomes obvious that this process 

seems to be very slow (10-1 - 3·10-1 min-1) compared to the various biological signal 

transduction processes, which require complete inactivation of the GNBP·GTP com-

plex within minutes after GTP- binding. Thus, the GTPase reaction for most GNBPs 

would not be suitable. However, efficient hydrolysis and therefore inactivation of the 

complex is achieved by interaction with a GAP (GTPase activating protein). GAPs 

accelerate the cleavage step by several orders of magnitude and convert the protein in a 

GDP-bound, inactive state. For acceleration of the hydrolysis reaction by GAPs, two 

different models are available: (i) the whole catalytic machinery would be provided by 

the GNBP and the role of the GAPs is to stabilize the corresponding conformation; 

(ii) GAPs supply the catalytic residue into the active site of GNBPs. In case of the lat-

ter one arginine is a proper candidate because of its long side chain that could bridge 

large inter-protein distances (Scheffzek and Ahmadian, 2005). 

Furthermore, apart from the normal set of regulatory proteins (GEF and GAP), 

GNBPs also interact with other, more specific regulators, called guanine nucleotide-

dissociation inhibitors (GDIs). GDIs have been identified for proteins of the Rho and 

Rab subfamily, which possess a prenylated COOH-terminus for GDI-binding. Thus, 

GID binds to the GDP-bound form of Rho/Rab to exchange the nucleotide and to 

shield the hydrophobic tail from the aqueous environment, allowing Rab and Rho to 

be recycled between different compartments of the membrane (Vetter and Wittingho-

fer, 2001). 
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2.1.4.2 G proteins activated by nucleotide-dependent dimerization (GADs) 

Unlike the class of conventional G proteins, the second group of GNBPs comprises 

proteins that are not regulated by GEFs and GAPS. Those proteins are represented 

both in the TRAFAC-, as well as in the SIMIBI-class of G proteins (Gasper et al., 

2009). As a unifying principle GADs form homodimers/ pseudo-homodimers in a 

nucleotide-dependent manner and seem to carry all elements required for a nucleotide-

regulated switching cycle. Members of the GAD family have a high intrinsic nucleo-

tide-exchange rate caused by their low affinity for nucleotides (in the µM range). This 

allows for spontaneous nucleotide release, making interaction with GEF proteins un-

necessary. Unlike monomeric Ras-like GNBPs, in which the biological effect is me-

diated by the interaction with effectors, the biological function of GADs is thought to 

be executed by the dimer (FIGURE 2.1.4) (Gasper et al., 2009; Meyer, 2009).  

 

The mode of dimerization can be subdivided into three categories. (i) Pseudo- trans-

homodimerization denotes the reaction of two different G proteins of the same family 

(e.g.: SRP-SR family (Egea et al., 2004) and Toc system (Oreb et al., 2008)), (ii) trans-

homodimerization occurs between two monomers of the same G-protein (hGBP1, 

FIGURE 2.1.4: The GTPase cycle of GADs. Guanine
nucleotide-bindinG proteins activated by dimerization
(GADs) do not require GEFs or GAPs due to their low
affinity for nucleotides. Here, biological function and
GTPase reaction is achieved by dimerization across the
nucleotide-binding site. Pi = inorganic phosphate; GCR =
GTPase co-regulators (Figure adapted from (Gasper et
al., 2009)). 
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HypB, dynamin (Gasper et al., 2006; Ghosh et al., 2006; Praefcke and McMahon, 

2004)), and (iii) cis-dimerization which occurs between identical G proteins. They di-

merize through an extra domain and their G domains interact in a nucleotide-

dependent manner (MnmE, (Gasper et al., 2009)).  

Due to the fact that the central question of this work involves mainly the MnmE pro-

tein and its interaction partner GidA, the following deliberations will focus on the in-

troduction of those proteins, as well as on their biological functionality and importance 

in the field of tRNA modification.  

 

 

2.2  The tRNA-modifying enzymes MnmE and GidA 

Transfer RNAs (tRNAs, FIGURE 2.2.1) play a significant role in translation of the ge-

netic code into protein sequences by recognizing cognate messenger RNA (mRNA) 

codons during protein synthesis.  

 

 

FIGURE 2.2.1: Structure and domains of tRNA. The cloverleaf secondary structure is depicted in A,
whereas the different structural domains are color coded in the following way: aminoacyl steem in
purple, dihydrouridine (D)-stem and lopp domain in red, anticodon stem and loop in blue, extra loop in
orange, and the ribothymidine (TΨC) stem and loop in green. B represents the three-dimensional (pdb
1EHZ) structure of tRNA (Figures adapted from http://de.wikipedia.org/wiki/TRNA). C Pairing
relationship of codon and anticodon. Alignment of the two RNAs is antiparallel. The tRNA is shown in
the traditional cloverleaf configuration (Figure adapted from (Nelson and Cox, 2008)). 
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However, cells have evolved only some 40 distinct tRNA genes, with the result that, in 

dulate binding to 

 

order to decode the 61 possible amino acid codons given by the genetic code, some 

tRNAs have to recognize more than one codon (Wobble Hypothesis, Francis Crick 

1966/ modified Wobble Hypothesis from 1991, (Agris et al., 2007)).  

Thus, modifications of nucleosides within the anticodon loop mo

certain codons. Such modified nucleosides are included in tRNAs in a high proportion 

and a large variety (for a review, see (Björk, 1995)). They are derivatives of the standard 

nucleosides, and are always formed following the synthesis of the primary tRNA tran-

2.2.1  Modification of wobble position U34  

script.  

In the following, the protein MnmE is introduced together with its interaction partner 

GidA, which are involved in the modification of nucleosides especially within or adja-

cent to the tRNA anticodon region. 

In E. coli the evolutionary conserved protein MnmE (from mnm, methylaminome-

thyl) together with GidA (glucose-inhibited division protein A), is involved in forma-

tion of the carboxymethylaminomethyl (cmnm) group at position 5 (FIGURE 2.2.2 A) 

of the wobble uridine U34 of tRNALeu, tRNALys, tRNAGlu, tRNAGln and tRNAArg 

regeon et al., 2001; Elseviers et al., 1984; Hagervall et al., 1987; Moukadiri et al., 

2009). Herein, position 34 represents the anticodon first base of the tRNA, which is 

d G if U34 is in an unmodified state. 

During translation the first two bases of the mRNA codon interact with the last two 

(B

able to recognize not only U and C, but also A an

bases of the tRNA anticodon (base 35 and 36) by forming strict Watson-crick base 

pairing, according to Crick’s wobble hypothesis from 1966 (Crick F.H.C., 1966).  
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In contrast, wobble position U34 forms a non-Watson-crick base pair with the codons 

third position (FIGURE 2.2.1 C, TABLE 2.2.1). This reduced restriction enables the 

wobble base to interact and decode various codons that differ only at the third position 

(possible base pairs are summarized in TABLE 2.2.1(Agris, 1991)).  

TABLE 2.2.1: The modified wobble hypothesis (Agris, 1991). 

FIGURE 2.2.2: Reaction pathway of the hypermodification of U34 at ( ) position C5 and (

 

Anticodon N34 Codon N3 
G C, U 
C G 
I U, C, A 

xm5Ua G 
s2Ub A, G 

xo5Uc A, G, U, (C) 
a All 5-methylene uridine derivatives, excluding 2-thio. 
b All 2-thiouridine derivatives. 
c All 5-oxyuridine derivatives. 
 

 

For codon box families TABLE 

2.2.2, gray), interaction with all four bases (U, C, A, and G) at the third position lead to 

 with identical nucleosides at the first two positions (

A B) position
C2 (Figure adapted from (Scrima, 2005)). 
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incorporation of identical amino acids during protein synthesis. However, in mixed 

codon box families (Glu, Gln, Lys, Leu and Arg, TAB .2, blue) base pairing of U 

with C or U would lead to misincorporation of amino acids. Thus, specific modifica-

tions of the tR e shape of the antico-

don architectu teraction is restricted to the complementary 

ase plus a sin le wobble pairing for amino acids with twofold degenerate codons 3 

(Agris et al., 2007). 

LE 22.

NA wobble nucleoside are necessary to change th

re in such a manner that in

b g

 

TABLE 2.2.2: The universal genetic code. Gray shaded codon boxes code for identical 
amino acids. Mixed codon box families are colored blue if their codon ands with A and G, 
or they are color red in the case their codon ends with U and C.  

First  
Base  

(5’-End) 

Second Base Third  
Base  

(3’- End) 
U C A G 

U UUU Phe 
UUC Phe 
UUA Leu 
UUG Leu 

UCU Ser 
UCC Ser 
UCA Ser 
UCG Ser 

UAU Tyr 
UAC Tyr 
UAA Stop 
UAG Stop 

UGU Cys 
UGC Cys 
UGA Stop 
UGG Trp 

U 
C 
A 
G 

C CUU Leu 
CUC Leu 
CUA Leu 
CUG Leu 

CCU Pro 
CCC Pro 
CCA Pro 
CCG Pro 

CAU His 
CAC His 
CAA Gln 
CAG Gln 

CGU Arg 
CGC Arg 
CGA Arg 
CGG Arg 

U 
C 
A 
G 

A AUU Ile 
AUC Ile 
AUA Ile 

AUG Met 

ACU Thr 
ACC Thr 
ACA Thr 
ACG Thr 

AAU Asn 
AAC Asn 
AAA Lys 
AAG Lys 

AGU Ser 
AGC Ser 
AGA Arg 
AGG Arg 

U 
C 
A 
G 

G GUU Val 
GUC Val 
GUA Val 
GUG Val 

GCU Ala 
GCC Ala 
GCA Ala 
GCG Ala 

GAU Asp 
GAC Asp 
GAA Glu 
GAG Glu 

GGU Gly 
GGC Gly 
GGA Gly 
GGG Gly 

U 
C 
A 
G 

      

 

In tRNALys, tRN  tRN mA ith TusA-E is re-

quired for thiol sitio 4 (K ti an  2003) 

                                                

AGlu, and AGln, Mn together w IscS4 and 5, 

ation at po n 2 of U3 ambampa d Lauhon, (FIGURE 

 
3 A codon is said to be twofold degenerated if only two of four possible nucleotides at its third position 

specify the same amino acid. In two-fold degenerate codons, the equivalent third position nucleotides 

4 
5 

are always either two purines (A/G) or two pyrimidines (C/T). 
IscS … cysteine desulfurase 
TusA-E … sulfur transfer mediator 
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F URE 2.2.3: Modification pathway of wobble position U34 at the C5 position in bacteria, yeast and
humans (Figure adapted from (Meyer, 2009). 

2.2.2 B Modifi pear ent o er at position 2 and 5. While 

changes in position 2 are important for aminoacylation of tRNAs, alterations in both 

positions 2 and 5 function in the codon recognition process (Villarroya et al., 2008).  

In yeast, the pr olog mE  have been denoted a ss1p 

and Mto1p, res nd h n to -enc chondrial genes 

(Decoster et al. 1993; Colby et al. 1998). Therefore, MSS1 and MTO1 genes are likely 

 have evolved from mitochondrial genes translocated into the nucleus (Colby et al., 

le 

 

Several tRNA (mnm5s2U34-tRNALys, mnm5s2U34-tRNAGlu, mnm5U34-tRNAArg) un-

dergo further modifications in which the cmnm group is demodified to 5-aminomethyl 

(nm5) and subsequently methylated to methylaminomethyl (mnm5) in an S-adenosyl-L-

t step. Both reactions are carried out by the same en-

). cations ap  independ f each oth

otein hom ues of Mn  and GidA s M

pectively, a ave show  be nuclear oded mito

to

1998; Decoster et al., 1993; Li et al., 2002; Li and Guan, 2002). Bacterial homologues 

of MnmE are predominantly located in the cytoplasm (Cabedo et al., 1999), whereas 

the human homologues GTPBP3 and MTO1 have been found to localize in mito-

chondria (Li and Guan, 2002; Umeda et al., 2005a). It is believed that GTPBP3 and 

MTO1 catalyze the modification of 5-taurinomethyl -U34 (τm5U34) at the wobb

position, whereby taurine is incorporated as a direct component into mitochondrial 

tRNALys and tRNALeu(UUR) in place of cmnm (Suzuki et al., 2002) (FIGURE 2.2.3).  

 

IG

methionine (AdoMet) dependen
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zyme called MnmC (Bujnicki et al., 2004). Modified nucleosides of the xm5s2U – type 

2.2.2 Topology of MnmE and the postulated homodimer model 

ofolate-binding domain (residues 1-118; FIGURE 2.2.4 

B blue), a central helical domain formed by residues 119-210 from the middle and the 

-terminal residues 381-450 (FIGURE 2.2.4 B green), and a canonical Ras-like G do-

main (residues 211-380; FIGURE 2.2.4 B red) inserted into the helical domain.  

inal domain of 

molecule A interacts with the one of molecule B (FIGURE 2.2.4 A; (Scrima et al., 

ged in a 

(e.g. cmnm5s2U, mnm5s2U, x = arbitrary) restrict the wobble capacity of uridine be-

cause the thiolation at position 2 stabilizes the C3’- endo ribose conformation. This in 

turn facilitates base pairing with purines (A or G) and prevents misreading of codons 

ending in U or C (Kurata et al., 2008). While the function of MnmA and MnmC in 

tRNA modification is rather well understood, both, the precise role of MnmE and 

GidA and the number of steps preceding the formation of the cmnm5 group, remain 

unclear (Moukadiri et al., 2009). 

MnmE is a medium-size protein of 50 kDa that belongs to the class of G proteins ac-

tivated by dimerization (GADs; (Gasper et al., 2009)). Its crystal structure (pdb 1XZP 

from Thermotoga maritima, (Scrima et al., 2005)) reveals a three-domain protein con-

sisting of an N-terminal tetrahydr

 

C

From the crystal structure of T. maritima it is known that the N-term

2005)). These findings and additional gel filtration studies therefore supported the con-

clusion that dimerization of the MnmE protein in solution is mediated by the N-

terminal domain. Thus, superposition of the first MnmE chain on the second N-

terminal domain leads to a model of the full-length homodimer in which the two G 

domains face each other with a distance of almost 50Å between the two P-loops 

(FIGURE 2.2.4 C) (Scrima et al., 2005). In general, the N-terminal domain is composed 

of five β-strands and three α-helices, whereby the antiparallel β-sheet is arran

“Greek-Key” motif, meaning that the basic structure is build up by four β-sheets. Inte-

restingly, in its dimeric form the N-terminal domain displays high similarity with the 

tetrahydrofolate (THF)-binding domain of N, N-dimethylglycine oxidase (DMGO). 
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Unlike in DMGO, where the two subdomains form a single binding site for THF, the 

two-fold symmetry of the N-terminal domains in MnmE causes an additional THF-

binding site at the symmetry-related position in the MnmE dimer interface ((Scrima et 

al., 2005). Since the binding pocket for THF seems to be present already in the Apo 

structure of MnmE (FIGURE 2.2.4 A), binding of 5-F-THF does not lead to significant 

rearrangements of the backbone (Scrima et al., 2005). Therefore 5-F-THF was sug-

gested to be a one-carbon unit (C1) donor in the tRNA modification reaction, which 

means that some form of THF is used to transfer a C1 group onto tRNA (Scrima et 

al., 2005).  

 

 

The second domain of MnmE is exclusively α-helical and consists of nine α-helices. 

Helices Hα1 to Hα5 (residues 119-210) and Hα6 to Hα9 (residues 381-450) flank the G 

FIGURE 2.2.4: Structure of MnmE. A Ribbon representation of the tertiary structure of MnmE where
the N-terminal domain is shown in blue, the central helical domain in green and the G domain in red.
B Schematic representation of the domain organisation together with the boundarys of the domains. C
Schematic representation of the dimeric MnmE obtained from the partial structure of nucleotide-free
MnmE from T. maritima, where only the N-terminal domain (NB) but not the helical domain (HB) or
G domain (GB) of molecule B were present in the crystal. The model was obtained by superimposition
of molecule A of MnmE on the N domain of B. Additionally, the expected positions of the nucleotide
binding sites are indicated as NBS in this model (Figure adapted from (Scrima, 2005)) 
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domain on both sides (FIGURE 2.2.4 A). Although the function of the central helical 

flanked by five α-helices, and therefore displays the canonical Ras-like fold with no 

 

nine-nucleotides and the cofactor Mg , hydrolysis of GTP, or controlling the confor-

mational changes, primarily confined to the two switch regions (switch I and switch II) 

of a large and a 

small β-sheet packed against each other and a number of α-helices packed against the 

rge β-sheet. This domain comprises a bound FAD molecule that could mediate elec-

domain is not known, it was published that the C-terminal end contains a highly con-

served F-C-[VIL]-G-K motif, which resembles the farnesylated CaaX-box of the GTP-

binding protein Ras which plays an important role in membrane association and cell 

signaling (Bourne et al., 1990). In this motif, mutation of the totally conserved cysteine 

Cys451 (in E. coli) blocks the tRNA modification reaction (Yim et al., 2003), and 

therefore plays an essential role in the tRNA modification mechanism. Thus, it was 

speculated that Cys451 acts similar to pyrimidine C5 modifying enzymes, which use an 

enzymatic cysteine to activate pyrimidine carbon 5 for nucleophilic attack (Yim et al., 

2003).  

The structure of the third domain (G domain) consists of a central six-stranded β-sheet 

included in the G2 and G3 motif, respectively (Monleon et al., 2007).  

 

insertion or deletion of secondary structural elements. Five polypeptide loops form the

guanine nucleotide-binding fold and contain at least four of the five most highly con-

served motifs in this domain (GxxxxGKS/T or P-loop; T; DxxG and NKxD). As al-

ready mentioned in Chapter 2.1.3, the motifs are invariably involved in binding of gua-
2+

2.2.3 Structural and biochemical features of GidA  

GidA is a flavin-adenine-dinucleotide (FAD)-binding protein that is conserved among 

bacteria and eucarya and behaves as stable homodimer in solution. Crystal structures of 

this protein from E. coli and Chlorobium tepidium show a three-domain protein 

(FIGURE 2.2.5) comprising a FAD-binding domain with a classical Rossmann fold, an 

α/β domain inserted between the strands of the Rossmann fold, and an α-helical C-

terminal domain (Meyer et al., 2008). The first α/β domain consists 

la



CHAPTER 2.2 THE TRNA MODIFYING ENZYMES MNME/GIDA | 35 

tron transfer reactions/hydride transfer reactions in the tRNA modification mechan-

ism. The FAD-binding domain also comprises one conserved sequence motif typical 

                                                

of all FAD-binding domains, namely the dinucleotide-binding motif (DBM) (Wierenga 

et al., 1983)6.  

 

 
6 DBM = dinucleotide-binding motif; common motif among FAD-and NAD(P)H-dependent oxidore-

ductases 

FIGURE 2.2.5: Secondary and tertiary
structures of GidA. A Ribbon 
representation of the tertiary
structure of CtGidA. The coloring of
the domains is the same as shown in
B. The bound FAD molecule is
shown in ball-and-stick 
representation. B Topology diagram 
of a GidA subunit (using the CtGidA
structure). The numbering of the
secondary structure elements is
indicated. C Ribbon representation
of the proposed complex
arrangement of MnmE and GidA.
The whole GidA protein is presented
in green and domains of MnmE are
colored as labeled in the figure. The
FAD molecules bound to GidA are
shown as yellow spheres, and the 5-
F-THF molecules bound to MnmE
are shown as orange spheres (Figure 
adapted from (Meyer et al., 2008)).  
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This motif is located in the first Rossmann fold and helix α1. Furthermore it comprises 

one GidA-specific sequence motif (GidA motif 2) located in the second Rossmann 

fold, and a second GidA-specific motif located in the presumed NADH-binding do-

main close to the isoalloxazine ring of FAD. While both, the FAD- and NADH-

binding domain, are mainly involved in homodimerization of GidA, the C-terminal 

helical domain is in ideal geometry to interact with the helical domain of MnmE (Mey-

er et al., 2008; Scrima, 2005). Apart from binding of NADH and FAD, GidA also has 

to bind its interaction partner MnmE, the substrate tRNA, and a donor of the carbox-

ymethylaminomethyl group to fulfill its presumed catalytic function.  

Based on gel filtration studies and quantative interaction studies MnmE and GidA 

2 heterotetramer (FIGURE 2.2.5 C), whereby the helical 

al site of interaction with GidA (Meyer et al., 2008). 

A modification  

mical data obtained for MnmE by Scrima et al. (Scri-

a reaction mechanism for the enzymatic synthesis of 

ed by this group (FIGURE 2.2.6). As one of the first 

roposes the catalytic cysteine C451 (in E. coli) to act as 

lically attacking the 6 position of uracil (FIGURE 2.2.6 

n is created at the 5 position. The C5-carbanion in turn 

nucleophilically attacks the formyl group of 5-F-THF (second step) attached at MnmE, 

which leads to a transfer of the formyl group onto the 5 position of the uridine base 

were suggested to form a α2/β

domains of MnmE are the centr

 

2.2.4  The mechanism of tRN

Based on functional and bioche

ma, 2005; Scrima et al., 2005) 

cmnm5U34 in tRNA is propos

steps the reaction mechanism p

an active thiolate by nucleophi

first step). Thereby a carbanio

(step 3, 4).  

In a next step glycine (or taurine in human mitochondrial tRNA, step 5) is incorpo-

rated into the tRNA after the covalent bond between U34 and MnmE is cleaved. This 

nucleophilic attack of the amine group onto the formylated uridine leads to the forma-

tion of a Schiff base (step 6). Subsequently the Schiff base has to be reduced to create 

the product cmnm5U34 (FIGURE 2.2.6; step 7) (Scrima et al., 2005).  
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Beside this suggested mechanism additional pathways for the modification of tRNA by 

MnmE and GidA were proposed (Meyer et al., 2009b; Meyer, 2009; Moukadiri et al., 

2009; Osawa et al., 2009). For example, Moukadiri et al. (Moukadiri et al., 2009) were 

able to demonstrate that MnmE exhibits a similar affinity for different THF deriva-

tives, includ

FIGURE 2.2.6: Proposed mechanism for the modification of position 34 by proteins MnmE and GidA.
Cys 451 activates the 5 position of uracil by covalent bond formation to the 6 position. This enables a
C1-group transfer from 5-F-THF. Further on glycine is incorporated by a Schiff base, which is the
hydrogenated by GidA. R can be oxygen or sulphur, corresponding to uridine or 2-thiouridine,
respectively (Figure adapted from (Meyer, 2009)). 

ing 5-formyl-THF. Furthermore, Osawa et al . (Osawa et al., 2009) pro-

have to be further 

explored.  

 

2.2.5  Activation of MnmE 

G domain dimerization across the nucleotide binding site has been shown biochemi-

cally and in the crystal structure of the isolated MnmE G domains in complex with 

posed that GidA, but not MnmE, is predominantly responsible for the interaction with 

tRNA and therefore, obviously GidA (rather than MnmE) activates the 5 position of 

U34. It is proposed that one of the cysteine residues in GidA (C47 or C277) probably 

attacks the C6 atom of U34, which in turn activates the C5 atom for subsequent nuc-

leophilic attack on an incoming substituent. However, those results 
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GDP-aluminium tri-/tetrafluoride (AlFx), a mimic of the transition state of GTP hy-

to the positive charge of the arginine finger in the Ras-RasGAP system (Scrima and 

drolysis (Scrima and Wittinghofer, 2006; Wittinghofer, 1997). In the nucleotide free 

model of the full-length MnmE dimer (FIGURE 2.2.7 A) the G domains face each other 

at a large distance of ~50Å (Cα-Cα distance between the first glycines in the P-loop). 

Dimerization of the two domains stabilizes the switch region and reorients the catalytic 

glutamate residue (E282), which in turn positions and/or stabilizes the attacking water. 

Now, the hexa-coordinated potassium ion represents the GTPase-activating factor for 

MnmE-mediated GTP hydrolysis.  

 

 

It is coordinated by the nucleotide and residues from the P-loop and K-loop analogous 

FIGURE 2.2.7: Postulated model for the activation of MnmE. TA he homodimer model of full-length
 eotide free state (pdb 1XZQ). The catalytic Cys (C451) and 5-

tick model. Putative hinge regions for the conformational change
induced by the G domain dimerization are marked by arrows. The box depicts the region shown in C.

MnmE (orange/purple) in the nucl
formyl-THF are shown as ball-and-s

B Model of the G domain dimer (green/cyan). The G domains have to move by approximately 15.5Å,
from 48.5Å to 33Å (measured for the Cα-Cα positions of the first P-loop glycines). C Detailed view
onto the putative tRNA modification center harbouring the catalytic Cys and the C1-group donor 5-F-
THF. Both are 11Å apart in the full-length MnmE structure. D, E Activation of MnmE during GTP
hydrolysis. The K+-dependent dimerisation of the G domains during GTP-hydrolysis (represented by
GTP* in E) could lead to an upward movement of the helical domains (D, red arrows), thereby
bringing the C-terminal catalytic cysteine (represented as a thiolate-anion S- in yellow) and the C1-
group donor 5-formyl-THF (magenta) in juxtaposition allowing the activation of the uridine base (U)
and the formyl transfer (Figure adapted from (Scrima and Wittinghofer, 2006)). 
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Wittinghofer, 2006). In the associated state the distance reduces to ~33Å, as can be 

seen for the GDP·AlFx-bound structure (FIGURE 2.2.7 B/E), implying that the G do-

mains come together upon GTP hydrolysis. Thus, dimerization of the G domains 

ould require large domain movements suggesting that large conformational rear-

rangements of the protein must take place, which in turn could be transferred to the 

N-terminal domains via the helical domains, thereby inducing the first steps of tRNA 

modification. 

Although the putative active site cysteine of MnmE (C451 in E. coli) and the C1 donor 

group of 5-F-THF are 11Å apart in the nucleotide-free state, it is speculated that the 

conformational change induced by dimerization (FIGURE 2.2.7 E) could close the ac-

tive site, bringing Cys and the formyl group in juxtaposition to allow the modification 

reaction to take place (Scrima and Wittinghofer, 2006). Otherwise it would not be pos-

sible for 5-F-THF and the native Cys to be simultaneously bound to the same uridine 

base as required for the proposed tRNA modification scheme (Scrima et al., 2005). 

 

 

2  

Although modified nucleosides are present in most RNA types in all organisms, it is in 

ribosomal RNA (rRNA) and especially within or adjacent to the tRNA anticodon re-

w

.3  The effect of modified nucleosides and their involvement in

wobble modification deficiency 

gion where they are mainly located (Hagervall et al., 1987; Martínez Giménez et al., 

1998; Urbonavicius et al., 2001). Those base modifications contribute in several ways 

to the efficiency and accuracy of translation (Björk, 1995). In principle, they reduce the 

conformational dynamics of the tRNA by stabilizing internal loop and hairpin struc-

tures, and thus allowing the correct formation of secondary and tertiary structure. Fur-

thermore, they contribute to Mg2+ binding, fidelity of the reading frame and other 

functions in translation, as well as correct codon-anticodon pairing (Agris, 2004; Agris 

et al., 2007; Björk et al., 1987), since for example a disturbed anticodon-codon interac-
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tion can lead to miss-incorporation of amino acids or to a shift in the reading frame. 

However, most missense errors are n

FIGURE 2.3.1: A dual-error model for frameshifting. A Hypomodified cognate tRNA is defective in
the aa-tRNA selection step, thereby allowing a wild-type near-cognate tRNA to be accepted instead at
the A-site. After a normal three nucleotide translocation, the near-cognate tRNA slips into either -1 or
+1 frame, depending on the sequence of the mRNA. B The hypomodified cognate tRNA is very slow
in entering the A-site, inducing a pause and thereby allowing the wild-type cognate tRNA in the P-site
to frameshift. C As in (A), but the hypomodified cognate tRNA is accepted in the A-site, and after a
normal three nucleotide translocation to the P-site, the hypomodification induces slippage into the -1
or +1 frame. For clarity, only one tRNA is depicted as residing on the ribosome, although two tRNAs
are always present in the A- and P-sites or P- and E-sites. (Figure adapted from (Meyer, 2009;
Urbonavicius et al., 2001)) 

 

Consequently a near-cognate tRNA is able to enter the A-site instead of the cognate 

tRNA. Thus, following a normal three nucleotide translocation, the near-cognate 

tRNA is not optimally fitted in the P-site and the frequency of slippage will increase,

ot harmful to proteins, as many amino acids can 

 

be substituted without affecting the stability or the activity of the protein. In sharp 

contrast to the missense errors, almost all of the frameshift errors are detrimental to 

the synthesis of a functional protein (Urbonavicius et al., 2001). As illustrated in FIG-

URE 2.3.1 A hypo-modification of cognate tRNA decreases the ability of the tRNA to 

enter the A-site of the ribosome.  

 



CHAPTER 2.3 EFFECT OF MODIFIED NUCLEOSIDES | 41 

resulting in frameshifting. Alternatively, if a long pause is induced by the undermodi-

fied tRNA and if no near-cognate tRNA can compete, the wild type tRNA already in 

the P-site of the ribosome may shift frame (A-site effect by the hypomodified tRNA; 

IGURE 2.3.1 B). However, if the hypomodified tRNA is accepted at the A-site, a three 

nucleotide translocation moves it into the P-site where frameshifting may be induced 

(P-site effect by the hypomodified tRNA; FIGURE 2.3.1 C). Following such a shift in 

frame the amino acid sequence becomes completely different and eventually the ribo-

some usually encounters a stop codon, which results in a truncated, usually unstable or 

inactive, peptide. 

 

2.3.1  Influence of disturbed wobble base modification 

The decoding region in the A-binding site of the ribosome is a highly conserved region 

from bacteria to humans and is crucial for association of the ribosomal subunit either 

by RNA-RNA or RNA-protein interaction. 

a  

t  

D

B

t  

1982).  

Since a growing number of mutations in mitochondrial tRNA genes have been found 

 be associated with human mitochondrial diseases, the following subsection will ad-

F

In this region numerous aminoglycoside-

ntibiotics are bound (Carter et al., 2000; Francois et al., 2005) and mutations within

his region conferring antibiotic resistance have been isolated in bacteria (De Stasio and

ahlberg, 1990; Gregory and Dahlberg, 1995) and yeast (Li and Guan, 2002; Weiss-

rummer and Huttenhofer, 1989). Thus, in yeast, for example, the so-called PR
454 mu-

ation in the mitochondrial 15S rRNA leads to paromomycin resistance (Li et al.,

to

dress some of them as well as homologues in yeast and bacteria. 

2.3.1.1 Respiratory-deficient phenotype in yeast (MSS1 and MTO1) 

In yeast, mutations in the MSS1 and MTO1 gene express a respiratory defect only in 

the presence of PR
454 mutation in mitochondrial DNA (Colby et al., 1998; Decoster et 

al., 1993). The occurring transposition of a C → G confers resistance to paromomycin, 
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an inhibitor of prokaryotic protein synthesis. In the PR
454 background, mss1 and mto1 

mutants are inefficient in processing the mitochondrial COX1 transcript for subunit 1 

of cytochrome oxidase, thereby leading to a respiratory-deficient phenotype (Colby et 

al., 1998; Decoster et al., 1993). In a paromomycin-resistant background, the mutants 

also fail to synthesize subunit 1and show a pleiotropic absence of cytochrome a , a3, 

and b.  

2.3.1.2 Aminoglycoside induced non-syndromic deafness 

Hearing loss is the most frequent sensory disorder. One in 1000 children is born deaf, 

ation (Estivill et al., 1998). Aminoglycosides increase the error rate of the ribo-

ycosides, the A1555G 

mutation produces clinical phenotypes that range from sever congenital deafness, 

rmal hearing 

notype is not clear. 

and an equal number lose their hearing by adulthood. Over the last several years, sev-

eral non-syndromic deafness causing mt-DNA mutations have been identified (Estivill 

et al., 1998; Guan et al., 2001; Hutchin et al., 1993; Prezant et al., 1993). Among those 

the A1555G mutation, corresponding to the PR
454 mutation in yeast, is one of the most 

common causes of aminoglycoside-induced deafness und non-syndromic deafness 

(Estivill et al., 1998). The G-C pair created by transition of A to G at position 1555 in 

12S rRNA facilitates binding of aminoglycosides (Hutchin et al., 1993), accounting for 

the fact that exposure to aminoglycosides causes hearing loss in individuals carrying 

this mut

some presumably by reducing the dissociation of tRNA from the A-binding site (Ka-

rimi and Ehrenberg, 1994) and thus encourage the binding of closely related tRNAs in 

the A-binding site (Pape et al., 2000). In the absence of aminogl

through moderate progressive hearing loss of later onset, to complete no

(Estivill et al., 1998; Prezant et al., 1993).  

In addition, genetic analysis indicate that phenotypic expression of the A1555G muta-

tion is influenced by a complex inheritance of multiple nuclear-encoded modifier genes 

(Bykhovskaya et al., 1998; Bykhovskaya et al., 2000), whereby MTO1 and GTPBP3 

(human homologues of E. coli MnmE/GidA and yeast MTO1/MSS1) were proposed 

to be the nuclear-encoded modulators of the A1555G mutation (Li and Guan, 2002). 

However, the exact nature and contribution of nuclear modifiers in the deafness phe-
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2.3.1.3 Mitochondrial encephalomyopathies (MELAS and MERRF) 

Point mutations at either nucleotide position 3243 or 3271 in the mitochondrial tRNA-
Leu(UUR) alopathy, lactic acidosis, 

and stroke-like episodes (MELAS) (Goto et al., 1990; Goto et al., 1991; Kobayashi et 

l protein synthesis and to produce useless polypeptides, implicated 

by a reduction in aminoacyl - tRNALys (Enriquez et al., 1995). Also for MELAS mutant 

3243 and 3271, an increase of the amount of aminoacyl – tRNA  could be ob-

served, however, a quantitative decrease in aminoacyl-tRNA alone appears insufficient 

 gene is associated with mitochondrial myopathy, enceph

al., 1990), while a mutation at position 8344 in the mt tRNALys gene is found in pa-

tients with myoclonus epilepsy associated with ragged-red fibers (MERRF; FIGURE 

2.3.2; (Shoffner et al., 1990). Such mitochondrial dysfunctions could have multiple 

causes, including impaired termination of transcription, decreased RNase P processing, 

decreased tRNA stability, aminoacylation, and abnormal conformations (Jacobs, 2003). 

This leads to decreased levels of normal aminoacylated tRNAs and, therefore, results 

in reduced mitochondrial protein synthesis.  

 

In the case of MERRF, it could be shown that mutant cells were found to severely 

impair mitochondria

FIGURE 2.3.2: Cloverleaf structures
of human mitochondrial tRNALys

(A) and tRNALeu(UUR) (B). The 
MERRF 8344 mutation results in
an A → G transition at position 55
in tRNALys . The MELAS 3243 and
3271 mt-DNA mutations,
respectively, result in an A → G 
transition at position 14 and a U →
C transition at position 40 in
tRNALeu(UUR) (Figure adapted from
(Kirino and Suzuki, 2005)). 

Leu(UUR)
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to explain the mitochondrial defect (Yasukawa et al., 2002). Nevertheless, Yasukawa et 

al. ,(Yasukawa et al., 2000a; Yasukawa et al., 2000b) were able to demonstrate that all 

three mutant tRNAs (tRNALys[A8344G], tRNALeu(UUR)[A3243G] and tRNA-
Leu(UUR)[U3271C]) specifically lack post-transcriptional modification of uridine at the 

wobble position due to the point mutations. Since modification at this position gener-

ally controls precise and efficient discrimination of codons, mutant tRNAs without the 

wobble modification are unable to fulfill their normal specific role as acceptor mole-

cules in the translation process. This disruption of protein synthesis would block the 

synthesis of proteins of the respiratory chain and thus lead to adverse effects on the 

energy balance of the cell, creating the symptoms mentioned before. Therefore, the 

results indicate that defective wobble modification is the primary cause of mitochon-

rial translational deficiency, resulting in mitochondrial dysfunction in MERRF and 

MELAS mutant cells. To what extent now the proteins MTO1 and GTPBP3 (MnmE 

and GidA in E. coli) are involved in MELAS and MERRF has not yet been shown. 

However, it is assumed that the tRNA point mutations lead to an unstable tertiary 

d

tRNA structure, so that the modifying enzymes are no longer able to adequately rec-

ognize the tRNA (Kirino and S

 

 

 

 

 

uzuki, 2005). 
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CHAPTER 3  

PRINCIPLES OF EPR SPECTROSCO-

PY 

Electron Paramagnetic Resonance (EPR) spectroscopy is a technique based on the 

absorption of electromagnetic radiation by a paramagnetic sample placed in a magnetic 

field. Thereby, energy transitions of magnetic moments are observed and provide in-

sight into identity, structure and dynamics of the sample under investigation.  

The aim of this Chapter is to provide the reader with necessary theoretical and technic-

al aspects of EPR to understand results and conclusion presented in the following sec-

tions. Therefore a stepwise introduction of the required conceptualities will be made, 

starting with an illustration of a single free electron spin (Chapter 3.1) and its behavior 

in a magnetic field. It follows an overview and description of the relevant interactions 

of an electron spin with its vicinity (Chapter 3.2). Chapter 3.3 then describes the for-

mation of a continuous wave (cw) EPR spectrum together with the properties that in-

fluence the shape of the spectra and the intensity of the spectral lines. Moreover, de-

termination of distances between two paramagnetic centers by cw EPR is explained.  
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Based on these considerations a further subchapter (Chapter 3.4) about pulse EPR is 

opened in which a theoretical basis is created for analyzing and interpreting the spectra 

shown in Chapter 5.  

 

 

Elementary particles such as an electron are characterized by an intrinsic angular mo-

mentum called spin, which in case of the electron has to be understood as a pure quan-

ular 

momentum S7 is the magnetic moment µS 

3.1  The free electron spin 

tum mechanical unite without classical counterpart. Closely connected with the ang

 ,  (3.1.1) 

where ge=2.00231 (Weil and Bolton, 2007) gives the g-factor of the free electron, 

βe: e e
2me

 = 9.274009·10-24 JT-1 (Weil and Bolton, 2007) the Bohr magneton with 

Planck’s constant  : / 2 ,  and the spin vector S with its components Sx, Sy, Sz. 

Considering the free electron in a homogeneous static magnetic field B0, the electron

spin vector can either orient in a direction parallel or antiparallel to the magnetic field. 

 

 Therefore, two distinct energy levels can be occupied labeled by the spin projection

quantum number mS =± ½. Thus, according to the mS states, two discrete values for 

the magnetic moment are possible:  

,  ,      (3.1.2) 

 

                                                 
7 In the following: vectors  are designated in bold face type; matrices  and higher rank tensors are under-

lined, operators  are designated by the “hat”. 
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whereby the z-axis (direction of applied magnetic field) is considered as preferential 

direction. As a magnetic dipole µS in a magnetic field B0 = (0, 0, B0) exhibits the energy 

·   ·  , (3.1.3) 

o energy levels are available for the electron (see FIGURE 3.1.1) 

  

tw

, (3.1.4a) 

  , (3.1.4b) 

In order to initiate a so-called electron spin flipping from one energy level to another, 

the energy h·ν of the radiation provided by the applied field (of frequency ν) has to 

This splitting of the electron spin energy level into two levels in the presence of a mag-

netic field was named Zeeman effect, according to its discoverer Pieter Zeeman. 

 

 
FIGURE 3.1.1: The electron spin Zeeman effect. The spin states α and β are represented by up and 
down arrows. At zero field (B0=0) they hav
energy h·ν of an incident photon coincide

e the same energy, which is zero in the energy scale. If the
s with the splitting, a transition between the two states is

induced. 
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coincide with the energy difference ΔE between the two energy states and this pheno-

menon is called resonant absorption (FIGURE 3.1.1). 

(3.1.5) · ,   

 field, and for typical 

magnetic field strengths in EPR this frequency is in the microwave range. 

 

 

3.2 The Spin Hamiltonian 

So far, the fact is taken for granted that an electron spin of a free electron can be only 

in two states. In order to explain the reason for that, previous considerations have to 

be extended by the use of quantum mechanics. Here, the eigenvalue equation for the 

Thereby the transition frequency depends on the applied magnetic

spin Hamiltonian has to be solved due to the fact that the possible energy values of a 

physical system are the eigenvalues E of a Hamiltonian   

|  | .  (3.2.1) 

Thereby, |  determines an eigenvector describing the allowed states of the system, 

respectively electron spin.  

Since the samples under investigation are solutions containing spin labeled proteins the 

electron spin cannot be considered as free, but interacts with its local environment. 

These additional interactions can be considered by complementing terms in the Hamil-

tonian (Abragam, 1961; Arthur Schweiger and Gunnar Jeschke, 2001). Thus, the com-

plete Spin Hamiltonian of a system with an electron spin  interacting with the exter-

nal magnetic field, magnetic moments from nuclear spins as well as from other elec-

tron spins can be described as the sum of different contributions: 
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 + ,  (3.2.2) 

.  and   comprise the 

Heisenberg exchange and o electron spins,  the 

nuclear quadrupole interactions for spins with nuclear spin quantum numbers I> 1/2 

investigated in this study do not exhibit Heisenberg exchange interactions8 and as the 

 

following explanations. 

 

.2.1  Electron Zeeman interaction,  

he interaction energy between the spin of a free electron and the exterior magnetic 

field has already been given in equation 3.1.3. However, the bound electron in a spin 

Here,  describes the electron Zeeman interaction,  the nuclear Zeeman inte-

raction,  the hyperfine coupling between the electron and the nuclear spin,  

the zero-field splitting for spin systems with S > 1/2

dipole-dipole coupling between tw

and   the spin-spin interactions between pairs of nuclear spins. Since EPR samples 

interactions described by   ,  and    are only of minor contribution in 

the system under investigation (S = 1/2, I = 1 (14N)) they remain unconsidered in the

3

T

label (SL) additionally couples to the orbital angular momentum of the molecule, whe-

reby the value of the magnetic moment and hence the Hamiltonian becomes depen-

dent (anisotropic) on the orientation of the molecule in the magnetic field. This is tak-

en into account by the use of an anisotropic -tensor instead of the afore mentioned 

isotropic g-factor (for elaborated derivation see (Berliner, 1976; Slichter, 1980).  

  . (3.2.3) 

                                                 

the exchange of their spin functions do not occur. 
 interaction is negligible. 

8 The EPR samples under investigation do not exhibit distances below 10Å (Miick et al., 1992). Conse-
quently a partial overlap of their orbitals and thus 
Therefore Heisenberg exchange
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 in this case denotes the spin operator. However, the orientation dependence aver-

ages out, if the molecule or molecule residue is able to move fast enough. In this case, 

the isotropic scalar g-factor can be used as a simplification (Abragam, 1961; Arthur 

Schweiger and Gunnar Jeschke, 2001; Slichter, 1980). Applied to a spin label residue, 

afore mentioned simplifications are applicable, if the label is present in an unbound 

(free) state in a solution with low viscosity, for instance in water at room temperature. 

In contrast, for a spin labeled protein at temperatures below 190K the mobility of the 

spin la ered.  

In cas  SL mo

difficu t cases. On the 

bel residue is frozen out and the anisotropic g-tensor has to be consid

e of the intermediate state a quantitative description of the slow tion is 

cause the averaging of the g-anisotropy is in lete in moslt be comp

other side by analyzing the mobility of the spin label, information about mobility re-

stricting constraints can be obtained for the labeled position.  

In the following consideration the description of the terms contributing to the Hamil-

tonian is given under the assumption of an immobile spin label molecule. 

 

3.2.2  Interaction with further electron spins 

Another interaction which has to be discussed in general for the determination of an 

appropriate Hamiltonian is the coupling between magnetic dipoles. This interaction 

strongly depends on the distance and the angle between the interacting spins, and has 

een established as a valuable tool for the determination of molecular distances up to b

80Å (Jeschke and Polyhach, 2007; Rabenstein and Shin, 1995; Steinhoff et al., 1997; 

Steinhoff, 2004).  

3.2.2.1 Dipole-Dipole interaction,  

In a two-spin system with the magnetic dipole moments  and , which are in close 

proximity to each other, an interaction between them will occur with the energy E. 

Classically, the energy of two interacting magnetic dipoles m  and m  with the distance 1 2

vector r between them can be described by 
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· · ·   (3.2.4) 

By the use of the correspondence principal and the point-dipole approximation the 

Hamiltonian describing the dip n follows as: ole-dipole interactio

· · ·    (3.2.5) 

Here  indicates the group spin   F

9
F composed of the two spin operators 

 and , g1 and g2 are the g-values of the two electron spins, and D denotes the di-

pole-dipole coupling tensor (Arthur Schweiger and Gunnar Jeschke, 2001). The matrix 

elements of D thereby depend both on the inter-spin distance r-3 and the location of 

the vector in the spin-coordinate system.  

What becomes directly visible from equation 3.2.5 is the relation between the dipolar 

interaction of the two electrons and the distance r between the two spins, thereby be-

3.2.3.1 Hyperfine interaction,  

The hyperfine interaction between an electron and a nuclear spin comprises one of the 

 The interaction leads to 

ing predestined for the inter-spin-distance determination in spin labeling EPR.  

 

3.2.3  Interaction with nuclear spins 

most important sources of information in EPR spectroscopy.

a splitting of the EPR resonance lines according to the magnetic quantum numbers of 

the nucleus m I (see FIGURE 3.2.1), and the contribution to the spin Hamiltonian is 

given by 

 ∑ , (3.2.6) 

                                                 
9 This assumes that the coordinate systems of both spins are in agreement. 
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Here Îk is the nuclear spin operator of nucleus k and A the hyper ne tensor that com-

prises two different terms, namely (i) the isotropic or Fermi contact interaction 

 ∑  ,  (3.2.7) 

fi

 ,  and the electron-nuclear dipole-dipole coupling  , . The Fermi contact 

interaction is governed by the Hamiltonian  

,

whereby a denotes the constant that describisotropic hyperfine coupling es the 

strength of the coupling o u r ents (precise details on a canf the electron and n clea  mom  

be found in (Arthur Schweiger and Gunnar Jeschke, 2001; Berliner, 1976)).  

 

The electron-nuclear dipole-dipole coupling, which arises due to the interaction of the 

ive magnetic fields, is given by  

FIGUR 3.2.1 SE 
demonstration of the effect o

: chematic
f

the hyperfine interaction on a
system described by S = 1/2 and
I = 1 (14N). The two energy levels
resulting from the electron
Zeeman interaction additionally
split in a total number of six
energy levels. Together with the
qunatum mechanical selection
rules for allowed transitions (∆mI
= 0 and ∆mS = ±1), three EPR
transitions can be measured with
the resulting absorption signals
(here: first derivative) at the
bottom. The apparent hyperfine
splitting is designated by a0. 

two magnetic moments in their respect

,  ∑  , (3.2.8) 
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whereby Tk is the dipolar coupling tensor. This tensor dominates for electrons with a 

low spatial probability density at the nucleus, as it is for example the case for p-

electrons. For electrons with a nonzero probability at the nucleus this approximation 

cannot be made any longer.  

Since both of the hyperfine spl d on the spatial distribution of the 

spin density at the nitroxide it also depends on the implied electric field and therefore 

itting terms depen

on the polarity in the vicinity of the MTSSL. This influence of the spin polarity can be 

estimated by determining the AZZ value. In a polar environment the applied electric 

field E affects the environment in such a way that the electron density of the unpaired 

electron is shifted to the nitrogen atom (see F 3.2.2). Thus the hyperfine interac-IGURE 

tion with the nitrogen atom is inc

 

teraction,  

ouples the electron spin to the nuclear spin, it has to be 

remaining interactions of the nuclear spins are relevant for 

unately, the nuclear Zeeman interaction is usually imposs-

ular EPR experiment, but is of major importance in double 

resonance measurements (e.g. DEER or ENDOR), as the so-called ESEEM effect is a 

phenomenon where the electron spin is modulated with the resonance frequencies of 

reased. 

 

 

3.2.3.2 Nuclear Zeeman in

Since hyperfine interaction c

explored to what extend the 

the spin Hamiltonian. Unfort

ible to measure in a reg

FIGURE .2: Schematic view of 3.2 the electron density at the nitroxide spin label in polar ( ) and apolaA r 
(B) environment. A In a polar environment hydrogen bonds are formed and the electron density is
shifted towards the nitrogen atom (depicted by an enlarged 2pZN orbital). In an apolar environment 
(B) the electron density is shifted towards the oxygen. Here the hyperfine splitting donated by the AZZ
value is smaller then in a polar environment (Figure adapted from (Holterhues, 2009)). 
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nuclear spins coupled to it (Volkov, 2008). Thus, for the sake of clarity the nuclear 

Zeeman term is mentioned here.  

 (3.2.9) . 

The nuclear spin quantum number  and the nuclear g-factor  are inherent proper-

ties of the nucleus. :  denotes the nuclear magneton. As well as the electron

spin, the nuclear spin posses

 

ses different energy states when exposed to a static mag-

netic field (B0). This quantization is defined through the magnetic quantum number of 

the nucleus mI = I, I − 1, . . . ,−I.  

 

3.2.4  The total Spin Hamiltonian 

Considering all the relevant particular terms important for further reflections, the total 

Spin Hamiltonian is given by 

  (3.2.10) 

 ∑ ∑ ∑  (3.2.11) 

Whereby, the system under investigation exhibits two electron spins 1 and 2 coupled 

each to one nuclear spin 1 and 2. For a single labeled protein in concentration of 

0.2mM or smaller the last term vanishes and the second term has to be regarded only 

i

 

n the case of double resonance experiments. 
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3.3  The cw EPR spectrum 

In order to obtain the EPR spectrum of the nitroxide spin label relevant here, the spin 

Hamiltonian introduced in the previous Chapter has to be solved with regard to its 

eigenvalues, which will be delineated briefly in the following section. The nitroxide 

thereby displays the chemical group generating the magnetic moment of the spin label 

molecule used in this study (see Chapter 4.3.7). 

While spin operators ,  and the m e tor B0 are given in the laborator

coordinate system, A

agnetic fi ld vec y 

- und -tensor are usually given in their principal axis s

which is fixed with respect to the molecule residue, because the Zeeman and th

ystem, 

e 

Hyperfine interactions are mainly determined by the molecule. Therefore, a transfor-

mation of the A- and  - tensor into the laboratory coordinate system has to be done 

by application of a rotary matrix. Consequently the spin Hamiltonian  

 in the laboratory frame for a singly labeled protein can be approximated by 

 ,    (3.3.1) 

According to (Libertini and Griffith, 1970) the transformed Hamiltonian yields the 

with  

,

,

eigenvalues 

,  ,  ,                                (3.3.2) 

         (3.3.3) 

    (3.3.4)    

 and  are the corresponding Euler angles for the transformation of the - and  - 

tensors into the laboratory coordinate system. With the nitroxide system properties (S 
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= 1/2, I = 1) and the quantum mechanical selection rules (∆mS = ±1, ∆m I = 0) the 

energy differences for the three allowed EPR transitions are 

1  →  , ,      
0  →  ,       (3.3.5) 

1  →  , , ,        

and the respective resonance positions can be determined by  

,

,
 , 

,
 ,  (3.3.6) 

,

,
  . 

However, since molecules are usually oriented randomly in solution, the energy states 

for many different orientations have to be determined, i.e. the resonance lines of all 

possible orientations are systematically identified in a previously staked range of the 

magnetic field. Relevant transitions are then weighted with the quantum mechanical 

transition probability and the occurrence probability of this orientation. The addition 

of all lines obtained for an interval ∆B then leads to the resonance line intensity distri-

bution, namely the stick spectrum (FIGURE 3.3.1 A).  

Due to spin dynamics, inhomogenities of the magnetic field and relaxation effects (cf. 

Chapter 3.3.1-3.3.3) the res to be convoluted with a line broa-

dening function so that it c

ulting stick spectrum has 

an be applied to the measured spectra. This leads to an EPR 

spectrum without dipole-d e case for singly labeled proteins, ipole interaction, as it is th

where the spin labels do not interact with each other (FIGURE 3.3.1 B). Nevertheless, 

considering a two-spin system in the externally applied magnetic field, spectral compo-

nents will arise fro d in the so-called Pake m dipolar interaction, which are considere

pattern.  
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Starting from a sample in whi molecules are randomlych tations of the  the orien  distri-

FIGURE 3.3.1: A Stick  showing the intensities of the res
nsidere olution of the stick spectrum with

 spectrum onance lines of all nitroxide
orientations co d. B Conv  a line broadening function

ntly the 1. derivative of the
rom (Radzwill, 2001)). 

composed of a superposition of a Gaussian and a Lorentzian. Subseque
convoluted spectrum is plotted due to technical reasons (Figure adapted f

buted over all directions in sp lar interaction strongly pen-ace, the ex ent of the dipot de

dent on the orientation of th al magnetic e considered spins with respect to the extern

field. In the aforementioned two-spin system both, the spin up and spin down state are 

allowed. If both spins are aligned parallel along the B0 – field direction (see black ar-

rows in FIGURE 3.3.2) with the distance vector r connecting them, the magnetic field of 

spin S2 at S1 is oppositely oriented to the external magnetic field (see FIGURE 3.3.2 B). 

As a result the magnetic field experienced by S1 and consequently the energy level split-

ting is decreased, i.e. transitions can take place only at higher external magnetic field 

values (see FIGURE 3.3.2 E). In contrast, the presence of a spin species S3 aligned paral-

lel to B0 but located at the pole position of the sphere (FIGURE 3.3.2 A) leads to an 

opposite orientation of the magnetic field of spin S3 at S1. As a logical consequence 

magnetic fields oriented in the same way add up, whereby the corresponding magnetic 

field experienced by S1 increases, which shifts the spin excitation to lower B0 values 

(FIGURE 3.3.2 C). The striking fact that most of the transitions in such a frame take 

place at higher magnetic fields can easily be understood through the sphere’s nature, 
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since under the assumption of a statistical distribution of all spins present (except the 

one in the center) much more spins are located at the equator than at the poles. 

 

 

Analogous to the above explanation, the inversion of the spin orientation on the 

sphere’s surface leads to the inversion of the transition distribution (picture not shown 

here). Superposition of the two distributions eventually yields the Pake pattern shown 

in the center of the lower panel of FIGURE 3.3.2.  

Although this visual description displays how to obtain an EPR spectrum, observation 

of EPR signals would not be possible if the exited electrons would not be able to re-

turn to their ground state. The process of spontaneous return is referred to as relaxa-

tion and will be discussed briefly in the following Chapter together with further dy-

namic processes. 

 

FIGURE 3.3.2: Clarification of Pake pattern. Top : Alignment of spins in the externally applied magnetic
field B0 and indicated dipolar interactions between them. Bottom : Shifts of the resoance lines according
to the cases shown above and the resulting Pake pattern (center) as superposition of the two cases
(Figure adapted from (Holt, 2005)). 
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3.3.1 Relaxation processes and spectral linewidth 

In the systems considered so far only interactions between the spins and the magnetic 

fields B0, but no relaxation processes have been regarded. Relaxation is the general 

term for different processes that re-establish the thermal equilibrium or Boltzmann 

distribution of energies:  

∆     (3.3.7) 

It leads to a shortening of the lifetime of the individual spin-orientation state in the 

radical and is one of the spectral line broadening effects mentioned in the previous 

subchapter. However, detailed description of the physical conditions governing spin 

relaxation are found in several textbooks (Abragam, 1961; Banci et al., 1991; Eaton et 

al., 2000; Slichter, 1980; Standley and Vaughan, 1969). 

In general two types of relaxation processes can be distinguished: (i) interaction with 

the lattice (spin-lattice/ longitudinal relaxation), and (ii) interaction with other spins 

(spin-spin/ transversal relaxation). The term “longitudinal” or “transversal” indicates, 

if the considered component of the (macroscopic) magnetization M 1 ∑  is parallel 

to the direction of the static magnetic field or perpendicular to it (parallel to the plane 

Spin-lattice/ Longitudinal relaxation characterized by its relaxation time T1 describes 

 spin with the lattice of surrounding atoms. As a conceivable 

t 

 

of the alternating magnetic field of the microwave). 

3.3.1.1  Spin-lattice relaxation 

the interaction of the

process spontaneous emission has to be mentioned, i.e. the return of a spin from the 

excited to the lower energy level without external influences. However, since sponta-

neous emission ranges on a time scale not significant for EPR measurements applied 

here (Arthur Schweiger and Gunnar Jeschke, 2001), the significant role in this contex

is occupied by thermal motion of the environment, i.e. longitudinal relaxation is caused 

by absorption or stimulated emission of phonons. Thus, the energy transfer between

the spins and the lattice is mediated by fluctuating local magnetic fields which are in-
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duced by lattice vibration. In liquids such fluctuating fields are induced by molecular 

motion, molecular collision, and intra-molecular motions with the major contributor 

given by the stochastic Brownian motion. Certainly, measurements of T1 in liquids are 

uite rare because the same information on relaxation processes can often be obtained 

from T2. 

3.3.1.2  Spin-spin relaxation 

e energy exchange with the environment. Basis of the interac-

tion is an energy conserv in which one of the spin

changes from the α to the or a second spin to c

from the β to the α state. Transverse relaxation occurs pidly than longitudinal 

ctral linewidth 

to another but remains constant in 

time for a given paramagnetic center (Swartz, 1972). Moreover, dynamic broadening is 

ng, whereas the spatial type is termed inhomogeneous 

q

Here, T2 denotes the time for the spin-spin/ transverse relaxation, which describes the 

interaction of the spin system with other spins. Unlike spin-lattice relaxation, spin-spin 

relaxation does not requir

ing flip-flop process of two spins s 

 β state thereby providing energy f hange 

 more ra

relaxation, because it involves additional mechanisms. These are related to dephasing 

among the spins, and originate from a variety of processes, both microscopic and me-

soscopic.  

3.3.1.3  Influence of relaxation processes on the spe

Line broadenings are generally induced by altering local magnetic fields in the sample, 

with the result that transitions between the energy states occur at slightly higher or 

smaller exterior magnetic fields. The variations in local magnetic fields can be dynamic 

or spatial. In the first case each paramagnetic center experiences a local magnetic field 

that f luctuates in time, for instance due to thermal motion. In the latter case the local 

magnetic field varies from one paramagnetic center 

a homogeneous type of broadeni

broadening . Generally, homogeneously broadened lines have a Lorentzian shape, whe-

reas inhomogeneously broadened lines have a Gaussian shape. 
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3.3.2  Spin label mobility and its influence on cw EPR spectra 

Besides relaxation based processes, EPR spectra are also sensitive to the reorientational 

motion of the spin label side chain, (for details see (Berliner, 1976; Berliner, 1979; Ber-

liner and Reuben, 1989)). This mobility can be characterized by rotational correlation 

times (Hemminga et al., 2007). However, a qualitative evaluation of this mobility can 

directly be derived by eye from the cw EPR spectrum. Therefore, FIGURE 3.3.4 dis-

plays an overview of possible changes in the spectral shape depending on the spin label 

mobility. Here, spectra with three narrow lines (low-, middle- and high field line of the 

hyperfine splitting) of approximately the same height arise from highly mobile move-

ments of the spin label side chain, characterized by small rotational correlation times 

(τC). On the other hand a strong interaction of the nitroxide with neighboring side 

chains or backbone atoms (as found in the protein interior or at subunit interfaces) is 

indicated by a broadened line and increased apparent hyperfine splitting.  

 

FIGURE 3.3.3: Cw X-band EPR 
nitroxide spectra exhibiting different 
rotational correlation times τc. 
Isotropic spectra as in case of free 
diffusion with small τC values possess 

 (top), whereas 
larger τc values are accompanied b
three distinct lines

y 
spectral broadenings visualizing g and 
A anisotropies. Correlation times 
above 300ns characterize the case of 
complete spin label immobilization, 
i.e. the so-called powder spectrum . 
(The Figure was taken from 
(Radzwill, 2001) and slightly 
modified) 
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3.3.3  Distance determination in cw EPR 

The simultaneous exchange of two native amino acids by cysteines followed by mod-

ification with spin labels allows determination of inter-residual distances in the range of 

Å to 20Å in case of cw EPR (Banham et al., 2008; Borbat and Freed, 2007; Rabens-

tein and Shin, 1995). Distance determination relies on analyzing the magnetic dipole-

 A and B. It can 

be carried out by EPR measurements at temperatures below 190K, since diffusive resi-

6

dipole interaction between the magnetic moments  and B of spin

dual motions are strongly restricted at such temperatures. The interaction energy E 

between the two magnetic moments is given by equation (3.3.8) 

A B A B ,  (3.3.8) 

and can be converted to a quantum mechanical spin Hamiltonian as seen in equation 

3.2.5. At sufficiently small distances, coupling between the two unpaired electrons of 

both spin label can be observed due to the previously described dipole-dipole interac-

tion. Since this interaction is proportional to r-3 the strength of the dipole-dipole coupl-

ing can be determined based on the dipolar broadening of the EPR lines and by com-

paring it to simulated spectra. Hereby, the distance between the two paramagnetic cen-

ters can be defined by a “least square algorithm”. 

 

3.4  Pulse EPR spectroscopy 

 

For several issues or concerns the vast potential of EPR spectroscopy cannot be fully 

utilized with the traditional continuous wave methods to determine interesting parame-

ters of the spin Hamiltonian and to give an impression about the vicinity of the elec-

tron spins due to limitations in spectral and time resolution. Pulse EPR allows for the 

design of experiments which are more selective for t

stance the spatial resolution and the range of measure

he desired information. For in-

able inter-spin distances can be 
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increased from approx. 20Å up to 80Å. In this study particularly the four-pulse double 

electron-electron resonance (4-pulse DEER) technique is applied to determine dis-

 5) and thus, to obtain structural infor-

mation. Therefore, a brief introduction to pulse EPR is given in the following para-

 

 use the concept of a 

macroscopic net magnetizatio tating coordinate system. 

In a usual experimental setup spins (> 1015) are examin

interact with each other and 

tances within the MnmE protein (see Chapter

graphs. A wider overview and more details can be found in (Arthur Schweiger and

Gunnar Jeschke, 2001). 

 

3.4.1  The vector diagram of pulse EPR 

For the description of pulse EPR experiments it is convenient to

n in a ro

 ensembles of electron ed that 

with the lattice. The spin properties are described by de-

fining the total net magnetization M as a vector resulting from the sum of magnetic 

moments of the individual electron spins 

∑ . (3.4.1) 

At thermal equilibrium with the lattice and in the presence of a static magnetic field B0, 

whose direction is chosen along the z-axis of the laboratory frame (zL; FIGURE 3.4.1A), 

e resulting macroscopic magnetization M0 is aligned parallel to the external static 

eld (M0=(0, 0, MZ). Thereby, the electron spins precess with a random phase around 

the zL-axis, with the angular frequency of the precession, the Lamor frequency ωL 

(FIGURE 3.4.1A) 

 

th

fi

.  (3.4.2) 

If now a microwave pulse is applied with the second magnetic field B1, which of 

course will also cause the spins to precess, a complicated picture of two simultaneous 
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precessions emerges which can be simplified by the choice of a different coordinate 

system (see FIGURE 3.4.1B).  

 

 

As it is inconvenient to describe the motion of M in a frame where B  is time-

dependent a time-independent B  has to
1

1  be obtained by using a rotating reference 

frame (R) that precesses in the right-hand sense with the Lamor frequency ωL about the 

zL-axis of the laboratory frame. Th ield keeps constant in this frame and us, the B1- f

 this -axis (the magnetization precesses around B1 see FIGURE 3.4.1C). 

Considering now a resonant radiation with the m.w. field along the xR-axis of the rotat-

ing frame, the magnetization vector M is rotated by the flip angle θ about the xR-axis 

for the duration tP θ can be chosen by the  of the microwave pulse. I.e., the flip angle 

pulse length tp .  

So far we have been dealing with ex i .e. the Lamor frequency 

is exactly equal to the microwave f ever, the Lamor frequencies differ 

slightly due to the slightly different field at the position of each micro-

scopic moment (cf. previous subcha r he re lting phenomenon is known as fan-

act resonance conditions, 

requency. How

local magnetic 

pte ). T  su

FIGURE 3.4.1: A A classical magnetic moment M associated to an angular momentum when placed in
n otion about the magnetic field direction. The
s L=ħ-1gβeB0. B In a reference frame xR, yR, zR=z

a mag etic field B0║z undergoes a precession m
preces ion angular frequency (Larmor frequency) is ω L

rotating about z at the Larmor frequency, M is stationary. C If a small magnetic field B1 also rotating
at the Larmor frequency is superimposed to the static field B0, the magnetic moment M for an
observer in the xR, yR, zR precedes about B1 at anangular frequency ω1=ħ-1gβeB1. (Figure adapted from
(Brustolon et al., 2009)) 
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out of the transverse magnetization, i.e. the transversal magnetization spreads out into 

the xy-plane and decays in time (FIGURE 3.4.2). Therewith associated is a decreasing 

signal which is called Free Induction Decay (FID).  

 

 

3.4.2  Electron spin echo 

In order to recover the decayed transversal magnetization a second pulse (π-pulse; 

80°) can be applied along the x-axis after a time τ, so that a rephasing of all magneti-

Furthermore, hy that the time evolution of the echo intensity E of such a 

Hahn echo sequence is characterized by a decrease with the so-called phase memory 

FIGURE 3.4.2: Fan-out of the 
macroscopic magnetization in the 
xy-plane of the rotating frame. 
Directly after a π/2 pulse along 
the x-axis (left picture) the 
magnetization vector is aligned 
along the -y-axis. Due to 
relaxation processes, the 
transverse magnetization starts to 
dephase (highlighted by the dark 
gray to white fan) and according 
to their offset frequencies, the 

 
, 

spin species fan out clockwise 
and counterclockwise (indicated
by the bended arrows)
respectively.  

1

zation vectors is obtained. The fanned-out partial magnetizations are inverted with 

respect to the y-axis, and since circulation direction of the magnetization vectors re-

mains the same, the different Lamor frequencies lead to a refocusing or fan-in of the 

magnetization after the same time period τ. The resulting signal is called spin echo and 

the respective pulse set (π/2-τ-π-τ) is known as Hahn echo sequence. 

It is worth mentioning that the resulting negative amplitude of the echo described in 

FIGURE 3.4.2 can be inverted to be positive since an adequate phase shift of the ap-

plied πx-pulse results in a πy-pulse that leads to a rephasing of the magnetization vec-

tors along the +x-axis. 

it is notewort
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time Tm. A time constant that comprises all effects causing a not focusable decay of the 

transversal magnetization, with the transverse relaxation time T2 as one of its contribu-

tors (Arthur Schweiger and Gunnar Jeschke, 2001; Jeschke and Spiess, 1998).  

 

3.4.3  Distance determination by four-pulse DEER spectroscopy 

.4.3.1 The four-pulse DEER experiment 

Pulsed ELDOR or Double Electron-Electron Resonance (

determine distances in the range from 16 to 60Å, in very

80Å (Jeschke and Polyhach, 2007). The following paragra

nation of the four-pulse DEER method, which was used

tance information from dipole-dipole interactions between

and B. Hereby, the desired distance distribution is derive

echo amplitude of the A spins (observer spins) caused by

the B spins (pumped spins). The basis of the four-pulse DEER sequence is a refocused 

Hahn-echo sequence applied at the observer microwave fr

et to coincide with the low-field maximum of the nitroxide spectrum and should not 

overlap with the pump frequency (see FIGURE 4.4.4).  

o wn in FIGURE 3.4.3 the first pulse of the Hahn echo se-

quence (π/2) turns the magnetization of the observer spins (A spins) into the xy-plane 

3

DEER) methods are able to 

 favorable cases even up to 

phs will focus on the expla-

 in this work to extract dis-

 two electron spin species A 

d from a modulation of the 

 the dipolar interaction with 

equency υobs, which is usually 

s

Based n the illustration sho

(1→2). During the time τ1 the spins fan out as described in the previous paragraph 

(FIGURE 3.4.3, 2→3). After the time τ1 the following π-pulse flips the magnetization by 

180°, i.e. the single magnetization vectors are mirrored with respect to the x-axis, 

which leads to the creation of a negative Hahn echo (4→5). Now, in order to separate 

the dipolar interaction from other interactions, a π-pulse is applied at the pump fre-

quency (pump or ELDOR pulse) υELDOR, which is usually set to coincide with the glob-

al maximum of the nitroxide spectrum (FIGURE 4.4.4).  
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This ELDOR pulse flips the magnetization of the second spin fraction B (pumped  

spins), which indirectly leads to the change of the local magnetic field at the observer 

spins A. Consequently, the Lamor frequency of the A spins is shifted (7-10). After a 

time τ2 a second π-pulse is applied (8), which again flips the magnetization of the ob-

server spins about the y-axis and refocuses the negative echo to create the final echo at 

time τ2 (9→10) after the last pulse.  

FIGURE 3.4.3: Vector Diagram of the four-pulse DEER experiment. The upper part (A) of the figure 
xhibits the four-pulse DEER sequence. Positions in the sequence for which the behavior of the
agnetization is depicted in the vector diagrams shown below (B) are numbered.  

e  
m
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Because of the change in Lamor frequency Δω and depending on the time t of the 

pump pulse, the phase of the refocusing partial magnetization is shifted. Since there-

fore not all partial magnetizations contribute to the echo, the signal/ echo intensity as a 

nction of t is modulated by the shift of the Lamor frequency Δω. Thereby the shift 

of the Lamor frequency depends on the interaction, i.e. it can be identified with the 

coefficient of the dipolar interaction term  of the Hamiltonian in Eq. 3.2.5: 

∆

fu

   (3.4.3) 

3.4.3.2 Separation of distance information from four-pulse DEER spectra 

Besides the modulation due to dipolar coupling, the DEER signal also displays an echo 

decay, caused by the surrounding or “background” spins. Computation of the distance 

distribution then requires separation of the signal into the local contribution F(t) (form 

factor) due to interactions of spins within the same nano-object (echo modulation),  

and the background contribution B(t) due to interactions with spins in neighboring 

nano-objects (echo decay): The overall DEER signal as a function of the dipolar evolu-

tion time t can be splitted in 

· · . (3.4.4) 

Under the assumption that the objects under investigation are homogeneously distri-

buted the background contribution can be described by (Milov and Tsvetkov, 1997) 

⁄   (3.4.5) 

where D is the dimensionality of the background contribution. For molecules in a fro-

zen solution, a three-dimensional distribution (D = 3) can be assumed, whereas mem-

brane proteins in a lipid bilayer are most likely characterized by a distribution in two 

dimensions (D = 2) within the membrane plane. For doubly-labeled macromolecules 
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B(t) can be determined experimentally using the singly labeled species (Hilger et al., 

2005; Jeschke et al., 2006).  

The form factor F(t) has the appearance of a damped oscillation with a frequency that 

is inversely proportional to the cube of the mean distance    (cf. eq. 3.4.3). The de-

cay of the oscillation becomes faster with increasing width of the distance distribution 

because F(t) is then a superposition of Lamor frequencies from a wider interval. The 

decay can be characterized by an approximate time Tdd where the oscillation has fully 

decayed. Because of incomplete excitation of the pumped spins, F(t) decays to a non-

rame-

ters k and Δ in equation d eq )  t » Tdd. In practice, good fit

are obtained if the maxim  the condition 

zero value 1-Δ, where Δ is the modulation depth. For sufficiently long dipolar evolu-

tion times, the signal is thus described by  

1 Δ   (3.4.6) 

Separation of V(t) into F(t) and B(t) can thus be performed by fitting the two pa

ation (3.4.5) an  in u  (3.4.6 for s 

um dipolar evolution time fulfills

 . (3.4.7) 

ime of at least two 

periods of the dipolar oscillation (Jeschke and Polyhach, 2007). 

 

Additionally, the background fit range should be restricted to the second half of the 

dataset, t>tmax/2. This restriction corresponds to an observation t
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CHAPTER 4  

ATERIAL & METHODS M

The task of the previous Chapters was to elucidate the biological background and in-

terrogation of this work, and to give a brief theoretical introduction into the field of 

hysical methods used. Chapter 4 will now elaborate the different steps of protein 

preparation, starting with the molecular biological methods followed by the biochemi-

al procedures, whereas the required materials are listed at the beginning. The end of 

the Chapter is part of the EPR methods section. Herein, the various EPR methods 

handling are explained, including: cw EPR 

ature to determine the mobility and environment of the 

spin labels, cw EPR measurements at low temperature (160K) for the determination of 

istances between two spin label in the range of 8 - 20Å and pulse EPR experiments at 

50K for the distance range of 20 – 70Å. Explanation of analysis of the obtained data 

an be found as subchapters in the respective EPR method section.  

p

c

used in this work and their experimental 

measurements at room temper

d

c
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4.1 Materials 

4.1.1 Buffer and Solutions 

Unless otherwise stated, buffer and solutions have been prepared with distilled water 

and were sterile filtered. Their appropriate composition, depending on the experimen-

tal conditions, is described in the respective Chapters of the methods section. 

4.1.2 Chemicals and Biochemical’s 

Proteins 

Alkaline Phosphatase Roche (Mannheim, Germany) 

 

Nucleotides  

GDP Sigma Aldrich (Taufkirchen, Germany) 
GppNHp Sigma Aldrich (Taufkirchen, Germany) 
  

Protein standard  

SDS7 (66/45/36/29/24/20.1/14.2) Sigma (Deisenhofen, Germany) 
  

Column materials  

Ni – NTA - Sepharose Qiagen (Hilden, Germany) 
HiLoad Superdex 200 prep grade Pharmacia (Freiburg, Germany) 

Sephadex – G25 (PD-10-column, 
10ml) 

GE Healthcare (Freiburg, Germany) 

 

Cryoprotectant  

Ethylenglycol MPI Dortmund, Germany 
Glycerol d8 Sigma Aldrich, Taufkirchen, Germany  
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All other chemicals were purchased in the highest degree of purity from the following 

companies: Alexis (Lörrach, Germany), Amersham Bioscience (Freiburg, Germany), 

Fluka (Neu-Ulm, Germany), GE Healthcare (Freiburg, Germany), Merck (Darmstadt, 

Germany), Pharmacia (Freiburg, Germany), Roth (Karlsruhe, Germany), Sigma Al-

drich (Taufkirchen, Germany) and Toronto Research (North York, Canada). 

4.1.3 Microorganisms and Plasmids  

GenotypeOrganism 

E. coli DH5α fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 
gyrA96 recA1 relA1 endA1 thi-1 hsdR17  
 

E. coli TG1 supE thi-1 ∆(lac-proAB) ∆(mcrB-hsdSM)5 (rK-  mK-) 
 

E. coli BL21 (DE3) B F- dcm ompT hsdS(rB
-mB

-) gal λ(DE3) 
 

  

Plasmids  

pET-14b  Novagen (Darmstadt, Germany) Ampr, T7, His-tag 
pET-20+2xHis MPI Dortmund, Germany Ampr, T7, His-tag 

 

4.1.4 Media and Antibiotics 

Luria-Bertani (LB) (1l)   10g bacto-tryptone, 10g sodium chloride, 5g 
yeast extract 

Terrific Broth (TB) (1l)   2g bacto-tryptone, 24g yeast extract, 0.4% (v/v) 
glycerol, 2.31g KH2PO4, 12.54g K2HPO4 

Antibiotics Ampicillin 100mg/ml

 

Media were replenished upon one liter with distilled water and autoclaved before 

sage. u
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4.1.5 Equipment 

Fluidizer1 Microfluidics Corporation 
FPLC (ÄKTA Prime) 1 Amersham Pharmacia  (Freiburg, Ge-

rmany) 
Fraction collector FC 204  Abimed (Langenfeld, Germany) 1

HPLC (System Gold 166) 1 Beckman (München, Germany) 

Photometer, BioPhotometer 1 Eppendorf (Hamburg, Germany) 
Rotor (JA 10-17)  Beckman (München, Germany)  1

Centrifuges (J2-HC, J2-HS and Avanti30) Beckman (München, Germany) 
1 
UV/VIS spectral photometer UV-2450, Shimadzu Corporation, 

Kyoto, (Japan) 
EPR continuous flow helix cryostat 
ESR9001 

on, Ox-Oxford Instruments, Abingd
fordshire, (UK) 

EPR spectrometer Elexsys5801 Bruker, Billerica MA, USA 

EPR split-rin Bruker, Billerica MA, USA g resonator ER 4118X-
MS31 
EPR temperature-control-unit ITC 503S1 Oxford Instruments, Abingdon, Ox-

fordshire, (UK) 

 
1 Max-Planck-Institute of Molecular Physiology, former Department of Structural Bi-

ology, Prof. A. Wittinghofer.  

 

 

4. method

4.2.1 Choice of amino acid residues for site-directed spin labeling 

To keep the influence of the amino acid exchange on the functionality of the protein as 

lo only not-conserved residu , restriction of 

po nge sites to surface exposed of 

abel during labeling.  

2 Molecular biological s  

w as possible, es were selected. Moreover

ssible excha residues ensures sufficient accessibility 

the cysteine by the spin l
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For studies on the GTPase cycle and its ion dependency, various spin labels were in-

troduced at positions D246 (switch I region), H260 (β-strand Gβ2), S278 (switch II 

region), E287 (Gα2), Q291 (Gα2), D366 (Gα6) 10 of the G domain. Since MnmE is a 

homodimeric protein, replacement of the respective amino acid by a cysteine reveals 

two spin labeled positions, which are symmetrically related.  

As a possible ‘‘negative control’’ positions I105 and K95 in the N-terminal domain 

cycle. However, since for all those considerations the naturally occurring cysteine 

would contribute to the results of the interesting positions, C451C was replaced by 

serine. Certainly it doesn’t  

end of MnmE was explored separately to elucidate its possible catalytic role in the 

modification mechanism of tRNA. 

Besides introducing spin labels at identical positions of each MnmE molecule (e.g. 

D246 in MolA and D246 in MolB), additional mutants were prepared in which th

spin label can bind at two different positions within one MnmE molecule 

(C451S/I105C/H260C, C C, 

C 66C). Th to provide he 

lative position of the G domains to the remaining domains (e.g. α-helical and N-

terminal). The influence of mutations on the function of the protein was tested by as-

ium stimulated GTPase activity (done by our colla-

mund) with

 

hemical methods 

rotein samples used in this work have been prepared in collaboration with the group 

of Prof. A. Wittinghofer from the MPI of Molecular Physiology in Dortmund.  

                                     

were spin labeled, for which no distance changes are expected during the GTPase 

remain unconsidered. Position C451 at the very C-terminal

e 

C451S/I105C/S278C, 415S/I105C/E287

451S/I105C/D3 ose mutants are designed  information on t

re

saying mutated proteins for potass

borators at the MPI Dort  and without attached MTS spin label.  

 

4.3 Bioc

P

            
10 E. coli numbering 
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4.3.1 Protein expression  

Expression strains for the adequate protein co 4.3.1.  

rains for the re

nstructs are listed in TABLE 

TABLE 4.3.1: Expression st spective protein constructs 

Protein Expression strain 

E.coli MnmE wt BL21(DE3) MnmE- 

E.coli MnmE mutants BL21(DE3) MnmE- 

E.coli GidAwt BL21(DE3) 

 

 

Over-expression of the protein construct was performed by inoculation of 5 – 15l TB-

m ith an over- ubation was 

do tings. ately 0.4 to 

0.6AU protein expression was induced by a on) 

IPTG, and as a control step, samples were ta GE analysis before and 

fter induction with IPTG.  

5 lysis buffer per 1l of cell culture (see TABLE 4.3.2), and 

tored at -80°C. 

 

4.3.2 Cell disruption and protein purification 

i cell suspensions stored at -80°C were thawed and disrupted by 4 cycles of micro 

fluidization in lysis buffer containing 150µM protease inhibitor phenylmethylsulphonyl 

ure (approx-

edium (+100µg/ml ampicillin) w night culture (ratio 1:20). Inc

ne at 37°C and 150rpm shaker set At an OD600nm of approxim

ddition of 200µM (final concentrati

ken for SDS-PA

a

After 4-6 hours of induction cells were harvested by centrifugation (15min) at 

000rpm, resuspended in 20ml 

s

E. col

fluoride (PMSF). Thereby, the microfluidizer disrupts cells at high press

imately 700kPa) by forcing the suspension through an interaction chamber containing 

a narrow channel whereby the appearing shear forces permit controlled cell breakage 

without the addition of detergent. While unsolvable components were separated by 
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centrifugation of the cell suspension (60min, 16000rpm, rotor JA-17) after cell disrup-

tion, the appropriate protein could be found in the supernatant. 

The N-terminal His-taged MnmE was then loaded onto a Ni-NTA-agarose-column 

pre-equilibrated with the appropriate lysis buffer (see TABLE 4.3.2). 

 

TABLE 4.3.2: Buffer compositions 

Protein Lysis buffer Elution buffer Gelfiltration buffer 
(buffer A) 

wt - MnmE and 
mutated con-

structs (E. coli) 

50mM Tris-HCl,  
pH 7.5 

100mM NaCl 
5mM MgCl2 

20mM Imidazole 

50mM Tris-HCl,  
pH 7.5 

100mM NaCl  

50mM Tris-HCl,  
pH 7.5  

100mM NaCl  

5mM 2-
Mercaptoethanol 
150 µM PMSF 

150 µM PMSF 

5mM MgCl2  
250mM Imidazole  

5mM MgCl2  
 

wt - GidA  
(E. coli) 

50mM Tris-HCl,  
pH 7.5  

100mM NaCl  
5mM MgCl2  

20mM Imidazole  
500mM FAD  

5mM 2-
Mercaptoethanol  

150µM PMSF 

50mM Tris-HCl,  
pH 7.5 

100mM NaCl  
5mM MgCl2  

250mM Imidazole  
500mM FAD 
150µM PMSF 

50mM Tris-HCl,  
pH 7.5  

100mM NaCl  
5mM MgCl2  

 

    

 

Ni-NTA-agarose columns are used for a separation technique that is based on the abil-

ity of a protein to bind a metal ion via coordinative covalent binding (immobilized 

metal- ion affinity chromatography (IMAC)). Since affinity for metal ions is not widely 

spread for many naturally occurring G proteins they have to be engineered to contain 

etal 

ions that are immobilized in the stationary phase of the column. In the case of a Ni-

an appropriate binding tail, e.g. a poly-histidine tail. This tail then enables the protein 

to be separated from the protein suspension based on the interaction with the m
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NTA-agarose column binding of the histidine-tagged recombinant protein leads to 

formation of a chelate complex.  

aining 

20mM imidazole removes unspecifically bound

the matrix. Such moderate imidazole concentrations are sufficient to wash out un-

wanted molecules tha nd more loosely to the matrix than the chelates. After-

wards th ashed with a high sa ining 500mM NaCl to 

eliminate co- A bound to MnmE. This is followed by a third washing step 

with 5-fold column volume of lysis buffer to exchange the high salt lysis buffer 

(500mM NaCl) against the low salt lysis buffer (100mM NaCl). The purified protein 

ted from the column with 3-fold column volume of elution buffer (see 

. This method can be used for analysis of molecular size, 

tion was mixed with 9U alkaline phosphatase (Roche Diagnostics, 

annheim) per mg protein and incubated over night at 4°C to dephosphorylate the 

guanine nucleotide present in the protein solution. After verification of the complete-

e HPLC (for detailed ex-

planation see 4.3.3), the alkaline phosphatase was separated from the MnmE protein 

additionally contained 500µM FAD. GidA was then further subjected to a buffer ex-

The subsequent washing step with lysis buffer (10-fold column volume) cont

 molecules by competitively binding to 

t are bou

e column was w lt lysis buffer conta

purified Gid

was then elu

TABLE 4.3.2) providing adequate amounts of imidazol to substitute the sample on the 

Ni-NTA matrix.  

The eluted protein was concentrated and subjected to a gel filtration column (Superdex 

200, 16/60; 26/60 or rather PD-10-columns) to remove the imidazole in the eluate. In 

gel filtration chromatography proteins, peptides and oligonucleotides in solution are 

separated based on their size

for separations of components in a mixture, and for salt removal or buffer exchange 

from a preparation of macromolecules (Amersham Biosciences, 2002). Subsequently 

the protein solu

M

ness of nucleotide dephosphorylation by using reversed phas

solution via IMA chromatography with Ni-NTA-columns (without the high salt wash-

ing step). This is followed by gel filtrated against the buffer listed in TABLE 4.3.2 (Su-

perdex 200, 16/60; 25/60 or rather PD-10-columns), sample concentration and imme-

diate freezing in liquid nitrogen for storage at -80°C.  

Purification of wild type E. coli GidA was performed according to the first step of the 

MnmE protocol, by loading the protein to a Ni-NTA-column. However, the buffer 
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change using a PD-10-column. The purified protein solutions were again concentrated 

and fast frozen for storage at -80°C. 

4.3.3 Analysis of nucleotide-free protein  

Reversed phase HPLC is a form of column chromatography frequently used to sepa-

ounds. The separation principle is based on the inte-

raction of an aqueous, moderately polar mobile phase with a non-polar stationary 

phas alysis the uanine nu  Mnm

thod of Lenzen (Len  used, whereby the mobile pha  

10mM tetrabutylammonium bromide which bind  nucleotide, resulting in hy-

drophobic features of the nucleotide. Depending on the amount of phosphate groups 

the hydrophobicity in s the t articular analy  to pass 

through the system (retention time), allowing a sufficient separation of the guanosine, 

guanosine-mono-, -di- and -triphsophate.  

In the experiments performed here, the HPLC system Gold 166 (Beckm  Al-

to, USA) was used together with a reversed phase column “ODS H  a 

“Nucleosil-100-C8” pre-column (Bischoff, L tein solution as incu-

bated for two minutes at  dissolve the tide from MnmE. Dena-

tured protein was separated by centrifugation (1min, 13000rpm) and 20µl of the super-

natant was analyzed by HPLC. Detection of the nucleotides and therefore quantifica-

on of the nucleotide separation was carried out by determining the absorption spectra 

at 254nm and comparing the results to standard spectra with known concentration 

solutes of high molecular weight are retained during centrifugation (4000rpm, 4°C), 

rate, identify, and quantify comp

e. To an  binding of g cleotides to the E protein the me-

zen et al., 1995) was se contains

s to the

creases as well a ime it takes for a p te

an, Paolo

ypersil” and

eonberg). The pro w

 95°C to  bound nucleo

ti

(Meyer, 2009). 

 

4.3.4 Concentration of proteins by ultrafiltration 

Ultrafiltration is a membrane filtration technique in which hydrostatic pressure forces a 

liquid against a semi-permeable membrane (Bellucci et al., 2003). Suspended solids and 
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while water and low molecular weight solutes beyond the MWC (molecular weight 

cutoff) pass through the membrane. Application of centrifugal filter devices with a 

alysis of purity of the expressed proteins 

yoto, Japan) through the Beer-

MWC between 10-30kDa (Amicon/ Millipore, Carringtwohill, Co. Cork, Ireland; Vi-

vascience, Lincoln, USA) allows fast ultrafiltration, with the capability for high concen-

trations and easy recovery of the concentrate from dilute and complex sample matric-

es.  

 

4.3.5 Denaturing SDS-PAGE 

SDS gel electrophoresis is probably the world's most widely used biochemical method 

in which samples having identical charge per unit mass due to binding of SDS are frac-

tionated by size (Deyl, 1983). In this study an

was carried out by denaturing SDS-polyacrylamide gel electrophoresis according to 

Laemmli (Laemmli, 1970) and Schaegger (Schaegger and von Jagow, 1987).  

 

4.3.6 Determination of protein concentration  

To measure the protein concentration in solution two different spectroscopic analytical 

procedures were used: (i) the Bradford protein assay (Bradford, 1976), which is based 

on the absorbance shift of the dye Coomassie from the red form coomassie reagent 

into coomassie blue upon binding of protein. Hereby, an increase of the absorbance 

maximum at 595nm will be proportional to the amount of bound dye, and thus to the 

amount (concentration) of protein present in the sample. Contrary to that in the (ii) 

procedure absorption of the protein was determined at 280nm with an UV-VIS spec-

trophotometer (UV-2450, Shimadzu Corporation, K

Lambert law by adding 6M guanidine hydrochloride and 20mM sodium phosphate (pH 

6.5) to the purified protein. Extinction coefficients of the proteins were calculated ac-
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cording to the method of Gill and von Hippel (Gill and von Hippel, 1989) by using the 

internet program ProteinCalculatorv3.3 11.  

of cysteine mutants 

 volume, similar to a phenylalanine or tryp-

Moreover, it exerts a negligible influence on the biological activity and stability as well 

 et al., 2007; Mchaourab et al., 

1996). This spin label is bound to the protein by formation of a disulfide bond to the 

4.3.7 Site – directed spin labeling (SDSL) 

A very well-established method to modify peptides or proteins with paramagnetic spin 

labels utilizes the reactivity of the sulfhydryl group of the cysteine residues naturally 

present or introduced via site-directed mutagenesis (Altenbach et al., 1990; Hubbell 

and Altenbach, 1994; Todd et al., 1989). In general, this approach requires that the 

target proteins possess only cysteine residues at the desired sites and that additional 

cysteines present in the protein can be replaced by serines or alanines (Bordignon and 

Steinhoff, 2007). Among the various spin labels available the (1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl) methanethio-sulfonate spin label (MTSSL) (FIGURE 

4.3.1;(Berliner et al., 1982)) is most commonly used in SDSL studies due to its high 

sulfhydryl specificity and a small molecular

tophan side chain.  

 

FIGURE 4.3.1: The
methanethiosulfonate (MTS) spin
label. A Conformational space of
MTS spin label attached to an α-
helix. All flexible bonds within the
R1 side chain are highlighted by
bend arrows. B Chemical
structure of the MTSSL 

as does not change the secondary structure (Czogalla

sulfhydryl group of the cysteine (FIGURE 4.3.2). The resulting side chain is commonly 

abbreviated R1. The major advantage of R1 is its side chain flexibility, caused by the 

                                                 
11 http://www.scripps.edu/~cdputnam/protcalc. html 
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flexible linker between the piperidine-oxyl moiety and the protein backbone, thereby 

minimizing disturbances of the native fold of the proteins. However, its flexibility re-

sults in a large conformational space accessible for the nitroxide (4Å < d (Cβ-NO) < 

8Å, depending on the conformation). Therefore, a direct relation of the experimental 

distances to the properties of the native side chain replaced by the spin label is not 

possible, but simulation techniques like molecular dynamics simulation or rotamer li-

brary approaches can be used to account for this issue.  

 

                                                

 

Regarding the present work the desired cysteines were introduced via site–specific mu-

tagenesis (FIGURE 4.3.2). After cysteine substitution mutagenesis, the purified and nuc-

leotide free protein was incubated 1h at 4°C with 10mM DTE12 or 10mM DTT13 (final 

concentration) in 50mM Tris, 100mM NaCl and 5mM MgCl2 (buffer A) in order to 

prevent oxidation of the cysteine. Afterwards gel filtration chromatography (SD-200-

16/60, PD-10-columns) was used to remove the DTE/ DTT from the protein sample 

before addition of the spin label, since remaining DTE/ DTT would inhibit spin label 

binding through disulfide bridges and cut already existing ones. Then, the concentra-

tion of the protein solution was adjusted to 100µM and incubated with 3mM MTSSL 

FIGURE 4.3.2: Reaction of the methanethiosulfonate spin label (MTSSL) with the sulfhydryl group
of a cysteine side chain, generating the spin label side chain R1. Via site-directed mutagenesis the 
native amino acid (left) is substituted by a cysteine (center) that can be spin labeled with MTS 
(Figure adapted from (Wegener, 2002)). 

 
12 Dithioerythritol, less negative reduction potential compared to DTT 
13 Dithiotreitol, Prohibits oxidation of sulfhydryl groups (SH-) to disulfide bridges by oxygen. 
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at 4°C over night (Bordignon and Steinhoff, 2007). Excess unbound spin label was 

removed from the protein by gel filtration (SD-200-16/60 or PD-10-column) using 

buffer A. 

e

f

t

s

s

a

available books (Hemminga et al., 2007; Jeschke and Spiess, 1998; Schneider F. and 

Plato M., 1971).  

 

4.4.1 Cw EPR measurements at ambient temperatu

FIGURE 4.4.1 illustrates the basic assembly of the EPR spectrometer used for cw EPR 

measurements. In general, it can be divided into subunits describing the microwav

part, the magnet and the detection system. The resonator harboring the sample volume 

is located in a homogeneous magnetic field provided by an electromagnet. The micro-

 

4.4 EPR Methods 

In order to investigate several issues describing the molecular system of interest, differ-

nt experimental setups were used, whereas all of them are operating at microwave 

requencies of about 9.5 GHz (X-band). As for this work commercially available spec-

rometers were used and the setup of the machinery is not changed, the following sub-

ections will present just a brief description of the assembly and principle procedure of 

uch a spectrometer. The basic settings used for the EPR measurements will be denoted 

s well. For further detailed information the interested reader is directed to the many 

re 

e 

wave (mw) produced by the mw source (a klystron or gun diode) is split in two arms, a 

reference and a main arm. In the former the incident radiation is guided through a wa-

veguide system to the detection unit, acting as bias.  

 

FIGURE 4.4.1: Simplified
scheme of a cw EPR
spectrometer (Figure adapted
from (Hemminga et al., 2007)) 
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Another fraction is directed to the resonator (cavity) by passing the main attenuator 

and the circulator of the system (main arm). The reflected power is transmitted from 

the resonator again through the circulator to the detector (mw diode). With the elec-

tron spins off resonance, the reflected power should be zero. This is achieved by criti-

cal coupling of the resonator, i.e., the coupling is adjusted so that the condition 

 (4.4.1) 

 fulfilled. Thereby, R0 is the impedance of the waveguide from the klystron to the 

cavity, n a parameter characterizing the coupling between wave guide and resonator, 

and r the impedance of the resonator. In this situation the system is critically coupled. 

If now the sample probe under conditions of critical coupling absorbs microwave 

energy, the energy losses in the cavity increase (the quality factor of the resonator de-

creases) thereby changing the resonator’s impedance. Thus, the impedances of the 

resonator and the waveguide do not match anymore. The cavity is therefore no longer 

critically coupled and microwaves will be reflected back into the bridge, resulting in an 

E

In -

tr H, Berlin, Germany) is used with a rectangular 

TE102 resonator. The microwave power was set to 10mW and the B-field modulation 

amplitude to 0.15mT. EPR glass capillaries (0.9mm inner diameter) were filled with 

ample volumes of 10µl at final protein concentrations of 200 to 400µM. The tempera-

 

 

method is (ii) to normalize the spectra to the area of the EPR absorption spectrum. 

n the sample and was used 

is

PR signal which can be measured via phase sensitive lock-in detection.  

 case of room temperature cw EPR experiments a MiniScope benchtop EPR spec

ometer (MS200; Magnettech Gmb

s

ture in the resonator was stabilized by a continuous flow of gaseous nitrogen. 

4.4.1.1 Analysis of cw data measured at ambient temperature 

To compare room temperature cw EPR spectra, the EPR first derivative spectra had to

be normalized. Therefore two types of normalization are common: (i) the first deriva-

tive spectrum can be normalized to the value of maximum amplitude which leads to a 

normalization to the maximum of the central resonance line. A more sophisticated

This area is directly proportional to the spin concentration i
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to calculate the sample concentration when compared to the area integral of a refer-

ence spin probe (here 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO)) of known con-

centration. The calculation of spin label efficiency is done by using Equation. 4.4.2: 

 · , (4.4.2) 

spond to the concentration of spin label in the whole 

sample. Then, if the protein concentration is already known by determination with 

whereas csl-samp and csl-ref corre

other techniques (for further information see chapter 4.3.6), the obtained concentra-

tion of spin label within the sample can be used to calculate the spin label efficiency 

(Equation 4.4.3).  

   .  (4.4.3) 

 

4.4.2 Cw EPR measurements at 160K 

Cw EPR spectra at 160K were recorded with a Bruker Elexsys 580 spectrometer 

quipped with a Super High Sensitivity Probehead (SHQ; Bruker Biospin GmbH, 

Rheinstetten, Germany). A continuous flow cryostat (ESR 900; Oxford Instruments, 

ture setting 

and stabilization was controlled by an Oxford Intelligent temperature controller (ITC 

me expansion inside the capillary 

in the dewar.  
                                                

e

Oxford, UK) was used for cooling to 160K with liquid helium. Tempera

503S; Oxford Instruments). Quartz capillaries (inner diameter 3.5mm) were loaded 

with 40µl of sample, containing 5% ethylene glycol14 (MPI Dortmund, Germany) or 

12.5% of deuterated glycerol15 (Sigma Aldrich, Taufkirchen, Germany). Ethylene glycol 

and deuterated glycerol act as cryoprotectant preventing the sample from freezing 

damages. The microwave power was set to 0.1mW and the -field modulation ampli-

tude to 0.3mT. Freezing the samples prior to their insertion in the resonator was per-

formed to avoid a possible burst due to sample volu

 
14 Cryoprotectant for measurements in H2O 
15 Cryoprotectant for measurements in D2O 
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4.4.2.1  Analysis of cw data measured at 160K 

In order to determine the inter-spin distances from experimental data obtained by cw 

EPR measurements at 160K, simulated dipolar broadened EPR powder spectra had to 

be fitted to the experimental data. For this purpose the softw

a Windows version of the initial program Dipfit written by

workers (Steinhoff et al., 1997).  

certain 

distribution of resonance frequencies. T this technique requires: (i) excitation 

bandwidths of at least a few MHz ((H t al., 2007), page 25-43) to al

adequate frequency separation, (ii) the  of a second frequency (in case of 

are WinDipfit was used, 

 H.-J. Steinhoff and co-

 

4.4.3 DEER - Double Electron-Electron Resonance 

Unlike in cw EPR, pulse EPR depends on the excitation of spins exhibiting a 

herefore, 

emminga e low an 

 availability

DEER spectroscopy), and (iii) a high B1 field of the pump pulse due to the relation 

between field strength B1, pulse duration tp and flip angle θ. 

  (4.4.4) 

To meet the requirements for the performance of pulse experiments, the technical 

setup had to be changed according to FIGURE 4.4.2.  

Pulse EPR experiments were accomplished at X-band frequencies with a Bruker Elex-

sys 580 spectrometer equipped with a Flexline split-ring resonator ER 4118X-MS3 

tant but 

(Bruker Biospin GmbH, Rheinstetten, Germany). Again, a continuous flow cryostat 

(ESR 900; Oxford Instruments, Oxford, UK) was used for cooling to 50K with liquid 

helium, controlled by an Oxford Intelligent Temperature Controller (ITC 503S; Ox-

ford Instruments). Quartz capillaries were loaded with 40µl of sample, containing 5% 

ethylene glycol (MPI Dortmund, Germany) or 12.5% deuterated glycerol (Sigma Al-

drich, Taufkirchen, Germany), which in this case not only act as cryoprotec
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have also an effect on the spin-lattice relaxation, connected with an enhancement of 

the spin-spin relaxation time T  described in section 3.3.1.2. 

 

4.4.3.1 Four-pulse DE

-

F

2

 

ER 

Four-pulse DEER experiments were performed using the following sequence: π/2(υobs) 

 τ1 – π (υobs) – t’ – π (υpump) – (τ1 + τ2 – t’) – π (υobs) - τ2 – echo ((Pannier et al., 2000), 

IGURE 4.4.3).  

 

 

FIGURE 4.4.3: Pulse sequence and timing of the 4-pulse DEER experiment. Indicated is the timing
with the pulse lengths and the interpulse delays for the two frequencies, νobserve and νELDOR. Data is
recorded by integrating over the echo for time pg while shifting the pump pulse (increment t). 

FIGURE 4.4.2: Simplified
scheme of a pulsed ESR
spectrometer (Figure
adapted from (Hemminga
et al., 2007)). Dashed parts
display optional
components required for
pulsed ELDOR. PFU
denotes the pulse-forming
unit. 



CHAPTER 4.4 EPR METHODS | 89 

Nevertheless, previous to inter-spin distance determination experiments, two- pulse 

electron spin echo envelope modulation (ESEEM) spectra were recorded for obtaining 

the relaxation in terms of the phase memory time Tm, which characterizes the decay of 

a two-pulse echo (Eqn. 4.4.5).  

  ,   (4.4.5) 

The exponential decay of the echo height is caused through interaction of the electron 

eriodic oscillation or modulation in 

pacing between the two pulses is varied to observe an 

exponential decay with periodic oscillations caused by transverse relaxation. The long-

st time t’, where there is still a detectable echo signal, yields tdip with tdip = t’/2. Since 

the dominant relaxation effect at 50K is due to the protons in the spin label micro-

ol) and matrix deuteration 

(indicated by D2O) are used to achieve longer dipolar evolution times. Therefore, the 

tional cw EPR spectrum. 

Once more the Hahn-Echo sequence is used, but instead of incrementing the inter-

pulse delay stepwise, τ1 is kept fixed, while the external magnetic field B0 is swept 

through the whole spectrum. From the resulting field-swept EPR spectrum, the B0-

Subsequently the observer - and 

- and mid-field maxima of the two overlapping 

spin with the nuclei in their vicinity, whereby a p

the echo height superimposed on the normal echo decay emerges and contributes to 

Tm. In fact, for distance measurements by DEER spectroscopy, Tm is very often the 

limiting factor as it dictates the maximum dipolar evolution that can be recorded and 

therefore the maximum accessible distance range. Here, a simple Hahn-sequence (π/2 

− τ − π/2) is used whereby the s

e

environment both cryoprotectants (12.5 % of ethylenglyc

upper limit for distance measurements is imposed by the longest dipolar evolution 

time, tdip, whereas the lower limit is dictated by the excitation bandwidth of the pump 

pulse (Banham et al., 2008).  

After determination of the maximum dipolar evolution time tdip, the echo intensity as a 

function of the magnetic field (echo detected field sweep) is recorded. Such a field-

swept electron spin echo is the pulse analogue to a conven

field value exhibiting the maximum intensity can be obtained and used further for the 

optimization of the four-pulse DEER experiment. 

pump-frequencies are set to the low
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EPR spectra of the nitroxides (FIGURE 4.4.4) to excite a maximum number of coupled 

pairs with little overlap of the excitation bandwidths of the two pulses.  

 

Finally, four-pulse DEER experiments were performed using the PulseSPEL program 

written by G. Jeschke, described amongst others in (Dressel M. et al., 2004). A two-step 

phase cycling (+‹ x ›, - ‹ x ›16) was performed on π/2(υobs) in ord

due to imbalances in the quadrature detection and to eliminat

echoes (Klare and Steinhoff, 2010). Time t’ is varied, whereas τ

stant, and the dipolar evolution time is given by t = t’ – τ1. Data were analyzed only for 

t > 0. The resonator was overcoupled to Q ~ 10017; the pump frequency υpump was set 

to the center of the resonator dip and coincided with the maximum of the nitroxide 

EPR spectru υobs was 65MHz higher and coincided 

with the low field local maximum of the spectrum. All measurements were performed 

a

rting at τ1,0 = 200ns and incrementing by Δτ1 = 8ns. In the presence of 

deuterated glycerol, deuterium modulation was averaged by adding traces at eight differ-

ent τ1 values, starting at τ1,0 = 400ns and incrementing by Δτ1 = 56ns. The total mea-

surement time for each sample was between 4 and 48h.  

                                                

FIGURE 4.4.4: Observer and pump pulse settings in 
the four-pulse DEE
field swept EPR spectr

R experiment. Echo-detected 
um of a nitroxide. 

er to suppress artifacts 

e unwanted FIDs and 

1 and τ2 are kept con-

 

m, whereas the observer frequency 

t 50K with observer pulse lengths of 16ns for π/2 and 32ns for π pulses and a pump 

pulse length of 12ns. Proton modulation was averaged by adding traces at eight differ-

ent τ1 values, sta

 
16 Individually tunable microwave pulse channels (for observer frequency) in the Elexsys E580 pulse 

EPR spectrometer. 
17 Overcoupling the resonator increases its bandwidth Δνres due to Δνres = νmw /Q. 
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4.4.3.2   Analysis of DEER data 

iously, however, the signal phase had to be corrected 

since the exact adjustment of the phase duri

signals, and small phase dri lation are likely to occur. After 

adjustment the entire signal is in the real part of the data set and the imagina

4

In the case of the analysis tool written by Jeschke and coworkers (Jeschke, 2008; 

ossibility to identify the one present in the sample is deli-

Inter-spin distance distributions were obtained by fitting pulse EPR data with the pro-

gram DeerAnalysis2008 (Jeschke et al., 2006) and/ or DEFit 4.1 (Fajer et al., 2007) 

according to the manual. Prev

ng setup is quite difficult in case of weak 

fts during spectra accumu

ry part 

should be zero.  

Jeschke, 2009), the program by default determines the corresponding phase correction 

directly by minimizing the root mean square deviation of the imaginary part for the last 

three quarters of data. Since in most cases only distances within the complex under 

investigation are of interest, the spectral contribution of inter-molecular distances 

present in the background has to be suppressed as described in Chapter 3.4.3.2.  

Therefore the signal V(t) is separated into a local contribution F(t) for the nano object 

itself, and the background decay B(t) due to neighboring spin labels. The quality of the 

background subtraction can be judged from the inspection of the Pake pattern (cf. 

Chapter 3.3), a Fourier transform of the background corrected dipolar evolution data.  

Once the background contribution B(t) has been removed the resulting form factor 

F(t) has to be converted into a distance distribution P(r). However, this represents an 

ill-posed problem, which means that solutions are neither stable nor unique, e.g. two 

different distance distributions might lead to equally good fits with respect to the expe-

rimental data. Therefore the p

.4.3.2.1  DeerAnalysis 2008/ 2009 

cate. The solution discussed here, Tikhonov regularization, was discussed in the litera-

ture (Chiang et al., 2005; Jeschke et al., 2004; Jeschke et al., 2006) and is implemented 

in the software DeerAnalysis, which is based on computation of a simulated time do-
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main signal S(t) from a given distance distribution P(r) by multiplication with a kernel 

function K(t, r) 

, .  (4.4.6) 

The optimum distance distribution P(r) is then found by minimizing the target func-

tion given in Equation (4.4.7) for a given α,  

    , (4.4.7) 

where α is a regularization parameter which quantifies the compromise between 

smoothness (artifact suppression) and resolution of the distance distribution. While the 

first term of Equation (4.4.7) describes the mean square deviation between the simu-

lated and experimental dipolar evolution 

ative of P(r), weighted by the regularization para

for the smoothness of P(r). A large α value corresponds to a strong suppression of 

sp

The second type of analyses can be performed by fitting methods. Here, a physical 

model for the distance distribution is assumed and by applying various optimization 

function, the second term is the second deriv-

meter α. The latter one is a measure 

artifacts as well as to a strong broadening of the peaks in the distance distribution. De-

termination of an optimum α is done using the so-called L-curve criterion (described in 

detail in (Jeschke et al., 2006)) by plotting the logarithm of the smoothness (second 

term of Equation (4.4.7), without α) against the logarithm of the mean square deviation 

between the simulated and experimental dipolar evolution function (first term of Equa-

tion (4.4.7)). The optimum compromise between smoothness of P(r) and quality of the 

fit of F(t), and therefore the appropriate regularization parameter, correspond to the 

comer of the L-curve. After an L-curve has been computed, the distance distribution 

and simulated dipolar evolution function can be in ected for all values of α. 

 

4.4.3.2.2  DEFit 4.1 
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procedures, e.g. the Monte Carlo approach, the optimum distance distribution can be 

found. A possible application of this would be the MATLAB based program DEFit 

4.1 from P. Fajer’s lab18. 

DEFit 4.1 is an analysis program in which the implemented approach uses Gaussian 

is scribe the total distribution of distances between 

stances, this program requires also pre-processing steps, like correc-

tion of the signal phase as well as background subtraction. In the case of DEFit, de-

termination of the best background parameters has to be done manually. The program 

ting conditions and finds the best solution 

by minimizing the sum-of-squares deviation using the simplex algorithm. After a series 

shaped d tance subpopulations to de

two spin labels. The program applies a Monte Carlo/SIMPLEX algorithm to find a 

distance distribution to which the corresponding dipolar evolution function represents 

the best fit to the experimental data. Selection of the number of Gaussian populations 

used to describe the experimental data is based on a statistical F-test 19. The advantage 

of this approach is the ability to estimate the errors for the assumed distance models 

and to check for uniqueness of the determined distance distribution. Prior to the de-

termination of di

tries several random parameter sets as star

of random trials (Monte Carlo) for n Gaussians are completed, the program compares 

the goodness of n-1 and n Gaussian's. Computation will stop when the last model was 

not better compared to the previous one. Thereafter, the contour plots can be generat-

ed by executing a program which randomly selects the fitting variables in a defined 

interval, simulates the dipolar function, and calculates the goodness of fit, χ 2 (Sen and 

Fajer P.G., 2009).  

 

4.5  Rotamer library analysis 

As distance distributions are measured between the unpaired electrons of the two spin 

labels rather than between the sites to which the labels are attached, comparison of 

                                                 
18 Available at: http://www.sb.fsu.edu/~fajer /Programs/DEFit/de- fit.html. 
19 F-test: statistical test to compare statistical models that have been fit to a data set, in order to identify 

the  model that fits best to the experimental data set 
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label-to-label distances to Cα–Cα or Cβ–Cβ distance can not be made without further 

ado. Because, if the size and conformation of the spin label is not considered and the 

distance between the nitroxide labels is interpreted as a Cα–Cα distance, errors of up to 

12Å may be introduced that result from conformational distributions of a single spin 

label between 2 and 6Å (Borbat et al., 2002). Thus, to improve the comparison of ex-

perimental distances with the c ble orientations of spin lab

side chains and distances betw ns are predicted by using a semi-

 conformations, which is called rotamer 

library .  

To perform the r

provided by Y. Polyhach and G. Jeschke (ETH Zürich, (Jeschke and Polyhach, 2007)). 

rystal structure, possi el (R1) 

een these side chai

dynamic structure model of the spin label. Hereby, dynamics of the R1 side chain are 

represented by a discrete set of its possible

otamer analysis in this work a pre-calculated rotamer library is used, 

This library contains 98 MTSSL (R1) rotamer structures representing different combi-

nations of dihedral angles of R1. These structures are attached to the respective cyste-

ine position in the protein X-ray structure and their probabilities to occur in this pro-

tein structure is then determined by the Boltzmann distribution over the rotamers 

(Jeschke and Polyhach, 2007). Certainly, these probabilities are influenced by spatial 

restrictions of the R1 chain due to its local environment. Thus, the free energy for each 

rotamer is computed considering only Van-der-Waals interaction between atoms of the 

label and atoms in the protein structure, using a Lennard-Jones potential parameterized 

by an OPLS (optimized potentials for liquid simulations) force field. The energy Ek for 

the k-th rotamer of the library attached to the protein is therefore calculated by: 

∑ ∑ 4 ,   (4.5.1) 

where rij is the distance between the i-th atom of the label and the j-th atom of the pro-

in. 
/   is the interaction coefficient from the individual atom coeffi-

cients (extractable from the used force field), and 
/   describes the effec-

 from er-Waals radii of the respective atoms. fij is an energy scaling 

factor, also called forgive factor, which originally was set to 1 in the OPLS force field. 

te

tive radius  the Van-d
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Reducing the forgive factor would reduce the energy penalty for atom clashes, provid-

ing a rotamer ensemble similar to an ensemble that arises from protein flexibility over 

time. Thus, a certain amount of flexibility of the local spin label environment is mi-

micked, although the grade of flexibility is in general unknown. 

Finally, the population Pk for the k-th rotamer in the library attached to a certain pro-

tein position is calculated by weighting the determined energy Ek according to the 

Boltzmann distribution followed by normalization with the partition function Z: 

/  .    (4.5.2) 

Here, kB is the Boltzmann constant, T the temperature, and the partition function Z is 

given by 

∑ / .      (4.5.3) 

From the rotamer sets of two different residual positions a distance distribution is cal-

culated by weighting all combinations of rotamers between the two sites with the 

product of their probability. Then a histogram with the calculated weights yields the 

distance distribution for spin labels at the two respective positions.  
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CHAPTER 5  

RESULTS & D  ISCUSSION

As the necessary biological, aspects for understanding the 

underlying subject of this wor r 2 to 4, Chapter 5 deals with

 

idA. Thereby, the 

following aspects are examined: 

a) Section 5.2 - The mobility of the MnmE G domains . So far dimerization of the G 

omains has not been proven directly in context of the full-length protein. Therefore, 

distances between various positions in the G domains are determined in the presence 

nd absence of different G-nucleotides to elucidate the behavior of the full-length pro-

tein in solution and to verify possible GTPase-coupled rearrangements.  

b) Section 5.3 - Cation dependency of G domain dimerization . Here, the influence of 

ifferent salts on the dimerization process of the G domains in the full-length protein 

theoretical and technical 

k were provided by Chapte  

 After resentation f ththe actual issues of this work. p o e biochemical results in section

one including sample preparation, spin labeling, and validation of the different bio-

chemical steps by SDS-PAGE analysis, section 2 to 6 will show the detailed analysis of 

the structure and function of MnmE and its interaction partner G

d

a

d
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in solution is investigated, as previous studies have been demonstrated that not only 

the presence of G-nucleotide affects the dimerization process, but also specific cations 

crima and Wittinghofer, 2006). 

) Section 5.4 - The catalytic cysteine C451 . Position C451 in E.coli MnmE entitles the 

only naturally occurring cysteine, which is suggest to play a catalytic role in the tRNA 

odification mechanism (Scrima and Wittinghofer, 2006), due to its position and 

orientation, as well as its proximity to the cofactor 5-formyl-THF. Therefore, this posi-

on is analyzed in the presence of different G-nucleotides. 

) Section 5.5 - The MnmE double mutants . In section five G domain movement with 

respect to the N-terminal domain is investigated. Up to now it is speculated that the 

(S

c

m

ti

d

dimerization process in the G domains influences not only those two domains, but the 

entire protein. Thus, the G domain motion with respect to the N-terminal domain is 

characterized in more detail by determining intra-molecular distances between the N-

terminal and the G domain during the GTPase cycle.  

) Section 5.6 - Modulation of G domain dimerization by GidA . The last section will 

concentrate on the interaction within the MnmE/ GidA complex. Thereby, general 

fluences of GidA on the MnmE protein are determined, together with possible ef-

fects of GidA on the MnmE G domain dimerization mechanism.  

 

 

e

in
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5.1  Biochemical Results 

5.1.1 Sample Preparation  

5.1.1.1 Cloning 

E. coli MnmE constructs were cloned into a pET20-2xHis-vector by using the restric-

ites of EcoRI/NotI (per at the MPI Dortmund by Prof. Wittinghofer’s 

rminus of the construct. The desired mutations 

sis and after sequencing the respective posi-

tive plasmids were transformed into the E. coli expression strain BL21 DE3 MnmE- 

hich would disturb analysis 

of the respective Mutants. 

5.1.1.2 Over-expression 

disruption. 

 

IGURE 

tion s formed 

group), leading to a His-tag at the N-te

were introduced via site directed mutagene

(Chapter 4.2). In this strain the MnmE allele is interrupted by a kanamycin resistance 

cassette to avoid co-expression of native E. coli MnmE, w

As described in Chapter 4.3, 5-15l of TB medium plus ampicillin were inoculated with 

an over-night culture and cultivated to an optical density (OD600) of 0.4 – 0.6. Protein 

expression was induced with 200µM IPTG and cultivation was continued at 37°C for 

4-6 hours. Cells were harvested by centrifugation, resuspended in lysis buffer, and dis-

rupted by micro fluidization. Remaining cell fragments were separated by spinning 

down the suspension again after 

5.1.1.3 Purification 

The first step of purification was performed by Ni-NTA affinity chromatography. 

Herein unspecifically bound molecules are removed by a subsequent washing step with 

lysis buffer containing 20mM imidazole. The eluted protein was concentrated and sub-

sequently subjected to a size exclusion chromatography to remove the imidazole from

the Ni-NTA elution step. The appropriate fractions were pooled and the protein was 

further addressed to the separation of nucleotides bound to MnmE as described in the 

“Materials & Method” section of this work. F 5.1.1 A-C demonstrates an exam-
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ple for the preparation of nucleotide-free protein (here, S278C and E287C were cho-

sen) with reversed-phase (RP) HPLC. All other proteins in this work exhibit the same 

results.  

 

While in (A) the standard solution containing GDP and GTP was applied to the HPLC 

column, (B) and (C) show the results for the nucleotide separated from S278C and 

287C by denaturation of the protein. In general, tetrabutylammonium bromide 

present in the mobile phase of the chromatography buffer, binds to the phosphate 

roups of the nucleotide. Consequently with increasing amount of phosphate groups 

also the amount of bound tetrabutylammonium bromide accumulates and therefore 

e hydrophobic features of the nucleotide increase as well as the retention time.  

In case of MnmE S278C and E287C FIGURE 5.1.1 B-C displays significantly shorter 

retention times (S278C, 2.19min; E287C, 2.20 min) for the nucleotide separated from 

FIGURE 5.1.1: Nucleotide 
degradation to guanosin and 
guanosine monophosphate 
verified by reversed-phase 
HPLC. Section A depicts the 
chromatograms of GDP/ GTP 
standard, while section B-C 
displays the nucleotid separation 
from MnmE S278C and MnmE 
E287C. The respective retention 
times are indicated in brackets. 
Absorption spectra were 
recorded at 254nm. 

E

g

th



CHAPTER 5.1 BIOCHEMICAL RESULTS | 101 

the p tein after incubation with ro alkaline phosphatase in comparison to the GDP/ 

GTP standard solution (GDP, 3.20min; GTP, 4.25min; FIGURE 5.1.1 A). Since short 

e nucleotide, which in 

turn correlates with the amount of phosphate present at the nucleotide, the results of 

 E287C reflect the retention times of completely dephosphorylated 

guanosine or guanosine monophosphate (GMP). Thus it can be concluded that degra-

ess of nucleotide separation the proteins were ad-

dressed to a Ni-NTA-agarose column to separate the phosphatase from the protein 

ee protein was then incubated with DTE/ 

DTT in order to reduce the cysteine thiol groups. Afterwards the redox agent is re-

 

5.1.3 Validation of the different biochemical steps 

retention times are indicative for low hydrophobic features of th

MnmE S278C and

dation of GTP/ GDP bound to MnmE protein was carried out completely by the alka-

line phosphatase.  

 

5.1.2 Spin labeling 

After verification of the completen

suspension. The purified and nucleotide fr

moved by gel filtration chromatography since remaining DTE / DTT would interfere 

with the labeling reaction. 

The protein concentration was adjusted to 100µM and spin labeling was carried out as 

described in the Material & Methods Chapter. Excess unbound spin label was removed 

by gel filtration. 

As exemplarily illustrated in FIGURE 5.1.2 for mutant E287C, the different biochemical 

steps, starting with expression of the protein right up to spin labeling of the respective 

mutants were validated by SDS-PAGE analysis. It becomes clearly visible that after 

purification and spin labeling the mutant E287R1 was available in high purity.  
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The spin labeling efficiency was determined, by comparison with a reference spin 

probe (TEMPO), to be > 60%.  

 

 

5.1.4 Functional analysis of the GTPase activity of m

In order to test if mutation of MnmE at the respective s

influences structure and function of the protein, K+- stimul

ty was tested by our collaborators at the MPI Dortmund (Dr. S Meyer, Prof. A. Wit-

tinghofer, (Meyer et al., 2009a)). GTPase reactions were started by adding 0.5µM of 

wild type or mutant MTSSL-labeled or non-labeled MnmE protein to 186µM of GTP 

e introduction of the spin label. Since effi-

FIGURE 5.1.2: SDS-PAGE analysis of the 
purification of MnmE protein (50kDa). As an 
example, the first 5 lanes of the SDS gel
demonstrate the purification steps for mutant 
E287C. The last lane shows the purified and
spin labeled MnmE E287R1. 

utated MnmE protein 

ites and binding of MTSSL 

ated GTP- hydrolysis activi-

in 50mM Tris-HCl/ Tris-DCl (pH 7.5), 100mM KCl, 5mM MgCl2, and performed at 

20°C. At time points 0, 1, 2, 3, 5, 7, and 10min aliquots were taken and analyzed for 

their nucleotide content by HPLC as described in (Scrima and Wittinghofer, 2006). For 

comparison, vapp was determined as the absolute value of the slope of a linear fit of 

GTP consumption over time, normalized to the total amount of enzyme for a range in 

which 10% of initial GTP was consumed. An excerpt of the results is shown in TABLE 

5.1.1. Comparison with the wild type protein does not show any impairment of 

GTPase activity by the mutation itself or th

cient GTPase activity in the presence of K+ is strictly dependent on correct K+-binding 
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and G domain dimerization (Scrima and Wittinghofer, 2006), we can conclude that the 

structural and functional aspects of G domain dimerization and GTPase activity of the 

mutants are preserved in the proteins used for DEER. 

 

TABLE 5.1.1: Rates vapp1 of K+-stimulated GTP-hydrolysis for wild type MnmE, non-
labelled and MTSSL-labelled (R1) mutant MnmE proteins. 

Protein vapp / min-1 

MnmE wild type 3.2 ± 0.2 

MnmE S278C 4.2 ± 0.2 

MnmE S278R1 4.0 ± 0.1 

MnmE E287C 3.0 ± 0.1 

MnmE E287R1 2.9 ± 0.1 

MnmE D366C 2.8 ±.0.2 

MnmE D366R1 2.7 ± 0.1 
1 vapp is the absolute value of the slope of a linear fit of GTP consumption over time from mul-
tiple turnover experiments with 0.5µM protein and 186µM GTP for a range in which 10% of 
initial GTP was consumed, normalized to the total amount of enzyme. 
 

 

 

5.2 Characterization of MnmE G domain mobility  

Despite high homology between the MnmE G domain and the small G protein Ras, 

 to that of many molecular 

switch-type G proteins of the Ras superfamily, as its GTPase is activated by nucleo-

mE ho-

ologues ((Meyer et al., 2009a); FIGURE 5.2.1 B-D). In order to dimerize they have to 

MnmE displays entirely different regulatory properties

tide-dependent homodimerization across the nucleotide-binding site (Scrima and Wit-

tinghofer, 2006). In the nucleotide free or GDP-bound state the G domains face each 

other with their nucleotide binding sites (FIGURE 5.2.1 A) without displaying any struc-

tural contacts between each other, as could be demonstrated for different Mn

m
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overcome a 20-30Å distance gap as judged from the X-ray structure of the isolated G 

domain (Scrima and Wittinghofer, 2006). 

f

 

 

To test whether the “open” G domain arrangement found in the crystal structures is 

representative or the conformation in solution and to identify and characterize the 

putative transition state with closed G domains, which could not be obtained by crys-

tallization, four-pulse DEER measurements were carried out.  

Positions mutated to cysteine for spin labeling with MTS are H246 located in switch I, 

D260 in β-strand Gβ2, S278 in switch II, E287, close to the top of the G domain in 

Gα2, Q291 also in helix Gα2, and D366, located in Gα6, as shown in FIGURE 5.2.2.  

FIGURE 5.2.1: X-ray structures of full-length MnmE dimers. A Model of dimeric MnmE obtained
from the partial structure of nucleotide-free MnmE from T. maritima, where only the N-terminal
domain (NB), but not the helical (HB), or G domain (GB) of molecule B were present in the crystal.
The model was obtained by superimposition of molecule A on the N domain of B and the expected
positions of the nucleotide binding sites (denoted as NBS) in this model are indicated. B–D Ribbon
models of X-ray structures of Chlorobium tepidum MnmE·GDP (B), Nostoc MnmE·GDP (C), and
Chlorobium tepidum MnmE·GppCp (dimer a) (D), with colors of the N, H, and G domains as indicated,
and the protomers A and B (Meyer et al., 2009a). 
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In t  ces 

exh or 

those positio TPase cycle 

re investigated including GTP binding (mimicked by the tri-phosphate analog 

ppNHp), hydrolysis (mimicked by the transition state analogue GDP·AlFx and GDP) 

and release (Apo- state). However, to obtain a complete and clear understanding about 

the behavior of the G domains during GTP hydrolysis additional mutants (D246R1, 

tance distributions obtained with the software DeerAnalysis. 5.2.3 B displays the data 

he following, Section 5.2.1 will concentrate on positions whose Cβ-Cβ distan

ibit the most promising changes between the Apo- and the GTP bound state. F

ns (S278R1, E287R1, D366R1) the different steps of the G

FIGURE 5.2.2: Sp  MnmE dimer. Position of residue tated to Cys and
spin labeled are  spheres. Dashed lines indicat di een residues in the
open [generated with A) and closed (B

in label sites in the s that were mu
indicated by yellow stances betw

 pdb 1XZP] ( ) conformation [pdb mains are labeled
as followed: N-te A, NB), α-helical domains (HA,H mains (GA,GB).  

 2GJ8]. Do
B) and G-dorminal domains (N

a

G

H260R1, and Q291R1) are discussed in Section 5.2.2.  

 

5.2.1 Inter-G domain distances measured at different steps of the GTPase 

cycle for mutant S278R1, E287R1, and D366R1 

FIGURE 5.2.3 shows the results of the measurements for position S278, E287, and 

D366. In A the left panel shows the background-corrected dipolar evolution data, the 

centre panel the respective dipolar spectra and the right panel the corresponding dis-
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of position S278R1 fitted with the DEFit software, which also explains differences in 

the signal to noise ratio of the background corrected dipolar evolution data in A and B. 
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5

The analysis of mutant E287R1, close to the top of the G domain in Gα2, reveals one 

ajor peak centered at a distance of 55Å for the Apo- and 54Å for the GDP-bound 

 open conformation of the G 

domains.  

hese assignments are further supported by distance distributions obtained from the 

rotamer library approach (cf. Chapter 4.5), in which rotamer structures were analyzed 

using th .4 A illustrates the resulting 

distance distributions of E287R1 and D366R1 (gray lines), which were calculated con-

FIGURE 5.2.3: DEER characterization of nucleotide-dependent domain movements of MTSSL 
labeled MnmE (E287R1, D366R1, S278R1). Left panel: background corrected dipolar evolution
data for the Apo-, GDP-, GppNHp-, and GDP·AlFx-state of the respective MnmE mutants as 
indicated. The length of the arrow on the vertical axis (F(t)) corresponds to 0.2. Centre panel: 
dipolar spectra (Fourier transformation of the dipolar evolution data in the left panel). Right
column: distance distributions obtained by Tikhonov regularization. All plots are normalized by 
amplitude. Broken lines in the left and center panel are fits to the data obtained by Tikhonov
regularization. For S278R1 in Apo-, GDP-, and GDP·AlFx-state, alternative fits and resulting 
distance distributions obtained with smaller regularization parameters α, are shown in corresponding 
pale colours. (B) Data for S278R1 in the GDP-, GppNHp-, and GDP·AlFx-state are analyzed by the 
DEFit programm assuming a sum of Gaussian distributed conformers. Left panel: background
corrected dipolar evolution data. The length of the arrow on the vertical axis (F(t)) corresponds to
0.2. Centre panel: goodness-of-fit (χ2) surfaces, created by random sampling of distance and width 
for each Gaussian population in the distance distributions shown in the right panel. Plots in the left
and right column are normalized by amplitude. Broken lines in the left panel are fits to the data.  

.2.1.1   The nucleotide free and GDP-bound state 

m

state. This distances correspond well to the Cβ-Cβ distances in the TmMnmE crystal 

structure model of 54Å (the corresponding residues in the CtMnmE and NoMnmE 

structures are not resolved) and is therefore in agreement with an open conformation 

of the G domains.  

Also for D366R1 (situated at Gα5), a well-defined inter-spin distance distribution cen-

tered at 67Å in the Apo-state and 65Å in the GDP-bound state could be observed. 

This correlates with the Cβ-Cβ distances obtained from the TmMnmE dimer model 

(66Å) and NoMnmE·GDP (65Å), again suggesting an

T

in terms of their probability to occur in the protein structure at the particular position 

e TmMnmE dimer model (pdb 1XZP). FIGURE 5.2

sidering all possible rotamer combinations, weighted according to the product of the 

respective populations. For position 287 (helix Gα2)/ 366 (helix Gα5) in the Apo- and 
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GDP-bound state (black and blue lines) the theoretical data are in good agreement 

with the DEER measurements, although the widths of the calculated distance distribu-

tions are extended to larger distances compared to the experimental data. One possible 

reason for this could be a limitation of the dipolar evolution time d2, which influences 

e maximum detectable distance. Moreover, as the distance range obtained by the 

RLA covers the experimental data, this approach seems to sample an increased num-

ber of R1 orientations which could not be occupied by the MTSSL in solution.  

 

 

In addition, influences on the widths of the distance distributions due to spin label 

uded from cw spectra in FIGURE 5.2.4 B. Therein, all spectra 

are characterized by the presence of two distinct components (labeled 1 and 2, respec-

th

FIGURE 5.2.4:  Theoretical distance distributions for the GDP state based on the MnmE crystalA
structure for position E287 and D366 calculated from the results of the rotamer library approach.
Samples were measured in 50mM Tris-HCL buffer (pH 7.5) containing 100mM KCl and 5mM MgCl2.
For the sake of clarity the experimental distances from DEER measurements in FIGURE 5.2.3 are
plotted together with the calculated distances from the RLA approach for the Apo- and GDP-bound
state. B. Cw EPR spectra. The obtained spectra were spin normalized and the two spectral
components (1 and 2) are highlighted by black arrows.  

mobility can also be concl
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tively). Component one (in the following denoted “immobile component”) represents 

a  

te  

is  

s -

b  

re  

fl

In general, for position E287 and D366 in the Apo- and GDP-bound state only minor 

bile 

component is more pronounced than the immobile one a certain motional flexibility of 

 data from position E287 and 

D366 in the Apo- and GDP-bound state indicate that the “open” MnmE G domains 

orresponding to different protein and/or spin label conformers 

opulations, which are well defined as judged by the χ2 surfaces, summing up 

 fraction of the nitroxide population, where the spin label is engaged in secondary and

rtiary interactions reducing its reorientational freedom. The resulting EPR spectrum

 characterized by broad lines and large apparent hyperfine splittings. Contrarily, the

econd component (“mobile component”) represents a nitroxide subpopulation exhi

iting more narrow lines, indicating high spin label mobility, which can be correlated to

duced secondary/tertiary constraints in the spin label environment and/or backbone

uctuations. 

ifferences between the two components can be observed. Nevertheless, as the mod

the spin label side chain can be assumed. All together, the

seem to have quite distinct orientations reflected by the defined distance distributions.  

In contrast, the analysis for S278R1 (switch II region) by Tikhonov regularization did 

not allow discrimination between a continuum of distances ranging from 25Å to 50Å 

with increasing probabilities for larger distances (shown in dark colors) or three to four 

distinct distances c

(shown in pale colors). To clarify this issue, the GDP data were additionally fitted with 

a Monte Carlo/SIMPLEX algorithm assuming a sum of Gaussian-distributed confor-

mers contributing to the dipolar evolution data (FIGURE 5.2.3 B;(Sen et al., 2007)). The 

experimental data were satisfactorily reproduced by a distance distribution with two 

Gaussian p

to a broad distribution in the range of 30–50Å. Possible explanations for such a conti-

nuum in the distance distribution could be (i) that the labeled position is located in the 

switch II region, which is flexible in the free and GDP-bound states, in line with the 

X-ray results, or (ii) that the spin label side chains are not restricted in their conforma-

tional space and populate multiple rotamers, or (iii) a combination of (i) and (ii).  
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To answer this question cw EPR spectra at ambient temperature are analyzed concern-

ing changes in the linewidth and peak amplitude. FIGURE 5.2.5 depicts the spin norma-

lized cw EPR spectra for mutant S278R1 in the Apo- and GDP-bound state.  

 

From the results it is evident that both, the mobile (2) and immobile (1) components 

are present during both steps of the GTPase cycle. Thereby the mobile component is 

more pronounced compared to the immobile one, explainable by the location of posi-

tion S278 in the loop region of switch II. As the switch II region exhibits a very high 

structural flexibility, the dominating population of MTSSL side chains is able to expe-

riences less environmental constraints concerning secondary/ tertiary interactions. 

Consequently it is able to populate multiple rotamers, as can be judged from a rotamer 

library approach discussed below in more detail (FIGURE 5.2.6 B). 

However, even if the enhanced degree of motional freedom supports a broad distance 

distribution, the width of the distribution can not solely be explained by the rotational 

freedom of the MTSSL side chain, as this side chain itself has an average length of only 

7Å between the nitroxyl radical and the Cβ-atom. Consequently, two freely diffusing 

MTS spin label can only cause a distribution width in the range of 14Å. Thus, also the 

flexibility of the switch II region in the open conformation of the protein has to con-

tribute to the broad distance distribution of mutant S278R1 (25Å - 50Å) in the Apo- 

and GDP-bound state.  

Besides the width of the distance distribution, also the location of the maximum dis-

tance (~45Å) attracts attention, as the deviation to the Cβ-Cβ distance of the 

TmMnmE dimer model amounts to 22Å. The RLA in FIGURE 5.2.6 A reveals a dis-

FIGURE 5.2.5: Spin normalized room temperature cw 
EPR spectra of spin-labeled MnmE S278C in the 
Apo- and GDP-bound state. The samples were 
measured in 50mM Tris-HCl buffer (pH 7.5) 
containing 100mM KCl and 5mM MgCl2. The two 
spectral components (1 and 2) are highlighted by the 
black arrows. 
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tance distribution in the range from ~ 10Å to 22Å, in line with the Cβ-Cβ distances 

t a clear shift in the distances towards 

higher values (25Å-50Å), the switch II region of the MnmE protein has to adopt 

another conformation in solution then in the crystal structure. In this conformation the 

Indeed, since for position E287 and D366 the experimental data correspond well to 

from the X-ray structure.  

 

 

Consequently, as the experimental data exhibi

FIGURE 5.2.6: A Distance distribution between spin labels attached at positions S278C in the MnmE
protein in the Apo state. The gray curve depicts the distance distribution obtained by the RLA and
the black curve exibits the experimental data from the DEER measurements.B Populated R1
rotamers attached to the G domains at position 278. The high number of rotamers reflects a high
mobility of R1 at this position, as could be observed also in the cw EPR measurements. 

two positions 278 in the G domain are further apart from each other, implying that 

also the gap between the two switch regions increases. In fact, the deviation from the 

crystal structure for position S278 is probably due to a switch II conformation induced 

by crystal packing forces. It has been observed before, that even in structures of the 

same G protein-nucleotide complex different switch II conformations were induced by 

crystal packing forces (Sprang, 1997). 

the Cβ-Cβ distances in the TmMnmE dimer, a general continuum of G domain orien-

tations can be excluded and differences between the crystal structure and the one in 

solution have to be restricted to the switch II region. Nevertheless, the most pro-

nounced distances between 40-50Å as well as the minor fractions situated between 

30Å and 40Å observed by DEER are in strong agreement with an open state of the G 
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domains as already could be observed for position E287 and D366 in the Apo- and 

GDP-bound state. 

Although these results support the open G domain conformation, additional mea-

surements were performed for position S278 to obtain more information about the 

reason of the broad distance distribution. So far, an additional aspect has been neg-

lected, namely the length of the dipolar evolution functions and therefore the maxi-

mum distance that can be reliably quantified. The limited length of the time traces 

(S278Apo, d2= 2.25µs; GDP, d2= 2.27µs; FIGURE 5.2.3) possibly leads to an underes-

timation of distances at/ beyond the limit given by the dipolar evolution time (d2). In 

.

the case of S278R1 in the Apo- and GDP-bound state a maximum distance of approx-

imately 48Å can be derived from the modulation frequency ν via Equation 5.1.1. 

/
  (5.1.1) 

To prolong the maximum accessible distance range DEER measurements were per-

formed using deuterated buffer (FIGURE

mited by the phase memory time or spin

and since transverse relaxation of electro

hyperfine field at the electron spin, deute

tion of the protons, contributing most to the fluctuation of the hyperfine field. This 

causes a decrease of this fluctuation, as the magnetic moment of deuterons is smaller 

 5.2.7). The maximum evolution time is li-

–spin relaxation time of the nitroxide labels, 

n spins is mainly due to fluctuations of the 

ration of the solvent decreases the concentra-

than the one of protons by a factor of about 6.5 (Jeschke and Polyhach, 2007). Thus, 

transverse relaxation can be slowed down, and sensitivity and distance range of pulsed 

EPR distance measurements can be significantly improved. 

The experiments performed in deuterated buffer reveal a defined distance distribution 

for S278R1 with a major distance at 49Å in the Apo- and 48Å in the GDP-bound 

state. Although the measureable maximum dipolar evolution time could not be pro-

longed significantly (~0.5µs) compared to the measurements in H2O buffer, a narrow-

ing of the distance distribution is visible in the presence of D2O. This possibly implies 

for position 278 in the MnmE protein that in the presence of D2O the switch II region 
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adopts a more defined/ less flexible conformation which differs again from the one in 

the crystal structure.  

 

 

As the replacement of water by D2O clearly results in a different shape of the distance 

distribution and therefore may alter the tertiary structure of the protein, the effect of 

D2O on biological systems has to be discussed at this point. In general D2O exhibits a 

great diversity of effects ranging from an enhancement of the activation energy of the 

hydrogen bond so that reactions involving it proceed more slowly, to effects on the 

s -

t -

s hanging the 

electrochemistry of the whole system with the result, among others, that the mobility 

of the ion will change. Indeed, the most important effect of D2O appears to be on the 

ydrophobic bonds by strengthening these interactions (Deschcherevskii and Kor-

FIGURE 5.2.7: Elongated time traces for DEER measurements at position S278. Left panel:
background corrected dipolar evolution data for the Apo- and GDP state of the MnmE mutan

tability of protein structure (Pittendrigh et al., 1973). Its viscosity exceeds that of wa

er; the increased mass of the deuteron slows its diffusion; and the dissociation con

tant for D2O differs from that of water (pD is not equivalent to pH), c

h

nienko, 1964). However, it remains obscure if and how all these physical and chemical 

features influence the loop structure of the MnmE G domains, or proteins in general. 

Currently, it can only be speculated that the strengthening of hydrophobic bonds in the 

surrounding of the switch II region may restrict the conformational flexibility of the 

loop and thus result in a more defined distance distribution. Moreover, mutant pro-

t
S278R1. Right column: distance distributions obtained by Tikhonov regularization. All plots are
normalized by amplitude. Broken lines in the left panel are fits to the data obtained by Tikhono
regularization. 

v
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teins were assayed for K+-stimulated GTPase activity, with and without MTSSL. Since 

efficient GTPase activity in the presence of K+ is strictly dependent on correct K+ -

binding and G domain dimerization (Scrima and Wittinghofer, 2006) and no impair-

ment of GTPase activity in comparison to wild type could be observed, it can be con-

 

GppNHp-bound state compared to the Apo and GDP state. While mutant S278R1 

exhibits a comparable spectral and GDP-bound state with the 

presence of a mobile and immo

is shifted in favor of the mobil pNHp. That implies, that in the tri-

cluded that the structural and functional aspects of G domain dimerization and 

GTPase activity of the mutants are preserved in the proteins used for DEER. None-

theless the important question regarding the influence of D2O on protein structures 

has to be further investigated.  

 

5.2.1.2   The GppNHp-bound state 

In the presence of the non-hydrolysable GTP analogue guanosine 5’-

imidotriphosphate (GppNHp) the distance distributions (FIGURE 5.2.3) comprise two 

fractions with different inter-spin distances for all three labeled positions. One larger 

distance (E287R1, 54Å; D366R1, 63Å; and 278R1, 43Å) corresponds to the open state

of the G domains as observed for the nucleotide-free and GDP-bound forms, whereas 

the other distance, contributing about 30% to the distance distribution (average value 

calculated from the area under the distance distribution curve), is characterized by sig-

nificantly shorter distances (E287R1, 37Å; D366R1, 47Å; and S278R1, 26Å). Also the 

cw room temperature EPR results (FIGURE 5.2.8 A) indicate slight changes for the 

 shape for the Apo- 

bile component, the ratio between the two components 

e fraction with Gp

phosphate bound state the spin label side chain at position 278 experiences less restric-

tions in its reorientational motion, being indicative for conformational or chemical 

changes in the environment of the switch II region. Indeed, it is known that the switch 

II region were position 278 is located represents one of the three interaction surfaces 

in the X-ray structure of the G domain dimer (pdb2GJ8). This region displays an un-

structured conformation in the nucleotide-free state and changes into a helix confor-

mation after binding of GDP·AlFx. In this stage the interaction of the G domains hap-
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pens through polar and hydrophobic interactions, whereas additional water molecules 

in the interface of the G domains support the interaction by forming hydrogen bonds. 

Therefore, the process of rearrangement of switch II is accompanied by biochemical 

 

and structural changes in the environment of position 278, resulting in less restriction 

of the spin label side chains. Since GppNHp bound to the MnmE protein, however, 

mimics the GTP-bound state without subsequent hydrolysis, an intermediate state be-

tween the two conformations known from crystallization is trapped. For this interme-

diate state neither a structure nor biochemical features are known so that the exact type 

of biochemical changes occurring during the transition process has to be further inves-

tigated.  

 

FIGURE 5.2.8: A Spin normalized cw EPR spectra for the GppNHp-bound state of spin-labeled
MnmE S278, E287, and D366 measured at ambient temperature. For the sake of clarity the spectra of
the Apo- (gray lines) and GDP state (ligth gray) are included. B Distance distribution between spin
labels attached at positions S278, E287, and D366 in the MnmE protein. While the gray curve depicts
the distance distribution obtained by the RLA from the crystal structure (1XZP) of the open G domain
conformation, the black curve displays the results from the RLA for the closed crystal structure (2GJ8)
of the MnmE G domains. The green curve shows the experimental data from DEER measurements
depicted in detail in FIGURE 5.2.3.  
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As for the GDP-bound state, the GppNHp data for S278R1 were additionally fitted, 

assuming a sum of Gaussian distributions (FIGURE 5.2.3 B). Despite differences espe-

cially in the distribution width for the two populations, this approach also reveals the 

presence of the two conformations of the G domains. Those two conformations could 

not be reproduced by the RLA (FIGURE 5.2.8 B), as a structure of the GppNHp-

bound state is not available. However, examination of the results from the RLA of 

position 278 for the open and closed crystal structure of the G domains reveals only 

the slightly broadened distance distribution for the open conformation already dis-

cussed in Chapter 5.2.1.1. For the closed conformation, the width of the distribution 

narrows and the calculated distance distribution displays two major maxima at 

14Å/16Å. Moreover, the distance between the S278-pair of the closed G domains 

(FIGURE 5.2.8 B, black line) obtained by the RLA approach is thus somewhat shorter 

as compared to the GppNHp DEER data (S278R1, 26Å). Nevertheless, even if the 

distance becomes shorter for the GppNHp-bound state by approximately 23Å, this 

conformation of the switch II region seems not to be identical to the conformation in 

the GDP·AlFx-bound state, as the short distance maxima in the GppNHp-distance 

distribution of S278R1 is just partly covered by the RLA from the GDP·AlFx-bound 

state (FIGURE 5.2.8 B). Thus, the switch region II has to occupy an additional orienta-

on that differs from that of the closed conformation in the crystal structure of the 

MnmE G domains.  

ition E287 located in Gα2 and D366 at the 

beginning of helix α5 of the G domain, regarding the presence of a second population 

ti

Comparable results are obtained for pos

in the distance distribution. In case of E287R1 this second population exhibits a major 

distance distribution around 37Å, whereas for position 366 the major maximum of the 

short distance peak is located at 47Å. Certainly, for both mutants the DEER data are 

in good agreement with the calculated distance distribution from the rotamer library 

approach. Thereby, the distance peaks exhibiting larger distances (E287R1, 54Å; 

D366R1, 63Å) are covered by the RLA data from the open G domain conformation, 

and the experimental distance peaks exhibiting shorter maxima are covered by the 

RLA data from the closed G domain structure. This implies that for E287R1 and 

D366R1 both crystal structures (open/ closed G domain conformation) reflect nicely 
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the conformations of helices Gα2 and Gα5 in solution. Slight changes in the mobility 

of the spin label (cf. FIGURE 5.2.8 A) are linked to rearrangements of helices 2 and 5. 

From the X-ray structure of the closed G domain conformation (pdb 2GJ8) it can be 

seen that helix Gα2 is elongated in the transition state (GTP is already dephosphory-

lated, but the phosphate is still present at the nucleotide binding side) by two additional 

turns and tilted by approximately 33° (FIGURE 5.2.10, Chapter 5.2.1.3). In contrast, 

position D366 is located in the N-terminal part of helix Gα5 which attaches the C-

terminal end of the G domain to the helical domain. This region is also known as 

“hinge” region (Meyer et al., 2009a) and therefore experiences structural changes de-

pending on the conformation of the G domains.  

In summary, analysis of the data obtained for the GppNHp-bound state reveals the 

coexistence of an open and closed state of the G domains. The crystal structure of 

GppCp-bound MnmE shows the G domains in an open conformation, indicating that 

this equilibrium is shifted towards the open state under crystallization conditions 

(Meyer et al., 2009a). The presence of an equilibrium of open and closed conforma-

tions in the GppNHp-bound state also suggests that dimerization of the G domains in 

the full-length dimer is not sufficiently stabilized by the triphosphate analogue. 

 

5.2.1.3   The GDP·AlFx- bound state 

For conventional G proteins regulated by GAPs (Vetter and Wittinghofer, 2001) as 

well as for G proteins activated by dimerization (Gasper et al., 2009), AlFx-in the γ-

phosphate binding site mimics the transition state of the phosphor transfer reaction. In 

the presence of GDP·AlFx, S278R1 and E287R1 exhibit a single population maximum, 

with defined distances of 28Å and 36Å, respectively, in line with a closed conformation 

(FIGURE 5.2.3/ FIGURE 5.2.9). Furthermore, the distance distributions calculated from 

the RLA (FIGURE 5.2.9 B) are in good agreement with the results from the DEER 

measurements, except for S278R1. Here, the calculated inter-spin distances (14Å/ 

16Å) for the respective MTS side chain orientations are significantly shorter compared 

to the experimental data (28Å). At this point and also for further considerations it is 
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worth mentioning that in the RLA protein flexibility is not taken into account. Admit-

tedly, a certain side chain flexibility around the spin label is mimicked by the so-called 

forgive factor (cf. Chapter 4.5) and thus interaction between the atoms of the label and 

atoms in the protein structure are considered in the calculations, the protein backbone 

is taken as rigid. Therefore, deviations in the distances between the S278-pair caused 

by rearrangements of the protein structure are not reflected in the RLA. This, in turn, 

supports the assumption that especially for position 278, deviations between the Cβ-

Cβ distances of the crystal structure and the distance obtained from DEER measure-

ments are mainly correlated to conformational changes of the protein backbone.  

 

 

From the cw EPR spectra measured at ambient temperature (FIGURE 5.2.9 A) a certain 

flexibility of R1 is recognizable. As for the other steps of the GTPase cycle discussed 

FIGURE 5.2.9: A Spin normalized cw EPR spectra of spin-labeled MnmE S278, E287, and D366 
measured in the GDP·AlFx state at ambient temperature. For the sake of clarity the spectra of the 
Apo- (first line), GDP (second line), and GppNHp state (third line) are included. B Distance 
distribution for the GDP·AlFx-bound state for spin labels attached at positions S278, E287, and D366.
The gray curve depicts the results from the RLA for the closed crystal structure (2GJ8) of the MnmE
G domains and the red curve shows the experimental data from DEER measurements depicted in 
detail in FIGURE 5.2.3.  
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above, this mobile component dominates the spectral shape of the low field peak, ex-

cept for E287R1. In this case, the afore mentioned elongation of helix 5 in the 

GDP·AlFx state and the subsequent tilting by ~33° causes a restriction of the spin label 

side chain  

Compared to the distances characterizing the G domain conformation in the presence 

of GppNHp, the distance distributions for the transition state mimic are sharper and 

the maxima are slightly shifted. For E287R1 it decreases by about 1Å and for position 

S278R1 the broad distribution between 20Å and 30Å converts to a more defined but 

asymmetric distribution with a major distance of 28Å, which is well reproduced also by 

the Monte Carlo approach (FIGURE 5.2.3 B).  

For position D366R1 two major fractions with inter-spin distances of 58Å and 48Å are 

visible, presumably due to two different rotamer populations of the spin label side 

chain, which are also reproduced by the RLA (FIGURE 5.2.9 B). Nevertheless, the rela-

tive contributions are reversed, which can be explained by protein flexibilities that are 

not considered in the RLA, as mentioned above. As is obvious from the distance dis-

tributions for the GppNHp and the GDP·AlFx state, the closed state in the presence of 

GDP·AlFx slightly differs from that in the presence of GppNHp, suggesting that on 

the reaction pathway from the triphosphate state to the GTPase competent conforma-

tion further rearrangements in the active site of the G domains take place. Overall, the 

distance maxima are shifted to shorter distances as compared to the Apo-, GDP- and 

GppNHp distances. This confirms that the G domains adapt a closed conformation as 

observed in the GDP·AlFx - complexed G domain structure (Scrima and Wittinghofer, 

2006).  

Considering all previous results, summarized in TABLE 5.2.1, it could be demonstrated 

that dimerization of the G domains upon GDP·AlFX binding induces large conforma-

tional changes in the nucleotide binding domains suggesting them to be highly mobile 

elements capable of moving independently with regard to the other domains. In con-

trast to the X-ray data, the DEER distance distributions suggest the presence of one 

defined orientation for the open state in solution, arguing that the different G domain 

orientations in the X-ray structures result from crystal packing forces (cf. (Meyer et al., 
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2009a). Furthermore, for the GDP·AlFx-bound state the inter-spin distances between 

the spin labeled G domains obtained by DEER directly prove that the G domains con-

TABLE 5.2.1: Cβ-Cβ distances between pair of residues mutated to Cys for MTSSL 
labeling measured in various MnmE dimer crystal structures and maxima in distance 
distributions for the pair of spin labels from experimentally determined DEER distance 
distributions. 
 

tact each other in the presence of triphosphate or transition state analogs. A notable 

feature of the GppNHp-bound state is the coexistence of an open and closed state, 

pointing out that a triphosphate analogue is not sufficient to fully stabilize the closed 

state.  

 

Residuea mutated Nucleotide state 
to Cys 

Cβ-Cβ distance 
from X-ray struc-

Maximum in 
DEER distance 

tures / Å distribution / Åb 
E287R1, Gα2 Apo 

GDP 
GppNHp 
GDP·AlFx 

54c 
- 
- 

30d 

55 
54 

37, 54 
36 

D366R1, Gα5 Apo 
GDP 

GppNHp 
GDP·AlFx 

66c 
55e, 65f 
49g, 53h 

48b 

67 
65 

47, 63 
48, 58 

S278R1, switch II Apo 
GDP 

GppNHp 
GDP·AlFx 

23c 
- 
- 

14d 

25 - 50 (49)i 
25 – 50 (48)i 

26,43 
28 

a Numbering according to E. coli MnmE sequence
b Major maxima are highlighted in bold 
c Thermotoga maritima homodimer model (generated with pdb 1XZP) 
d from E. coli G domain dimer (pdb 2GJ8) 
e From CtMnmE·GDP 
f From NoMnmE·GDP 
g From CtMnmE·GppCp, Dimer A 
h From CtMnmE·GppCp, Dimer B 
i DEER data obtained with longer time traces 
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5.2.2  Inter-G domain distances measured for mutants in switch region I, Gβ2 

and Gα2 

Previous studies on MnmE (Scrima and Wittinghofer, 2006) show that not only the 

switch II region, but also switch I is highly flexible in the Apo-form but appears to be 

fixed and restructured in the transition state (FIGURE 5.2.10). 

 

oreover, GDP·AlFx- binding results in reorientation of Gβ2/3, due to rearrange-

tures. As it could be demonstrated in the previous section that GppNHp is 

GDP·AlFx-bound state. Furthermore, as for position S278, E287, and D366 no signifi-

M

FIGURE 5.2.10: Superimposition of the
nucleotide free (red) and GDP·AlFx
bound (blue) structures of a single G
domain. The presence of potassium
induces conformational changes in helix
Gα2 and among others in switch I and II,
whereby Gα2 is elongated and tilted by
approximately 33° compared to the apo-
form. All spin label positions are indicated
as yellow spheres for the Apo- and 
GDP·AlFx- bound state. While positions
S278, E287, and D366 were discussed in
the previous sections, positions D246,
H260, and Q291 are investigated in the
following subchapter. 

ments in the switch II region. Thus, additional EPR measurements are performed to 

gain further information about switch I and Gβ2, as well as about tilting and elonga-

tion if Gα2. FIGURE 5.2.10/ 11 shows the mutated positions D246R1 (in the middle of 

switch I), H260R1 (at the end of Gβ2), and Q291R1 (close to the end of Gα2) in the 

MnmE G domains for the open (A) and closed (B) conformation of the respective 

crystal struc

not able to stabilize the closed conformation of the G domains in the full-length pro-

tein, conformational changes in the G domain are now investigated only in the 



122 | CHAPTER 5.2 CHARACTERIZATION OF MNME G DOMAIN MOBILITY 

cant differences of the protein structure between the Apo- and the GDP state could be 

observed, only the GDP-bound state is investigated here. Both states reflect the most 

important steps in the GTPase cycle regarding structural changes in the MnmE G do-

mains.  

 

 

 

nt of backbone motions influences the spectra. 

FIGURE 5.2.11: Spin label sites in the MnmE dimer. Position of residues that were mutated to Cys and
spin labeled are depicted as yellow spheres. Dashed lines between the respective residues indicate
distances in the open (A, generated with 1XZP) and closed conformation (B, 2GJ8). 

5.2.2.1 The GDP-bound state 

Analysis of mutant D246R1, located in the K-loop in the middle of switch I, reveals a 

broad distance distribution shown in FIGURE 5.2.12. Like for position S278 in the 

switch II region, also the results of mutant D246R1 do not allow to discriminate be-

tween a continuum of distances ranging from 25Å to 42Å (shown in pale color), or 

three to four distinct distances corresponding to different protein and spin label con-

formers (shown in dark color). An additional fit with the Monte Carlo/SIMPLEX ap-

proach (FIGURE 5.2.12 B) provides a satisfactory reproduction of the experimental data 

by one Gaussian population with a distance distribution centered at 26Å. However, the 

question remains if the width of the distance distribution in FIGURE 5.2.12 A/B 

(~25Å/ 35Å) can be ascribed solely to spin label side chain flexibilities, or if also a 

certain amou
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Analysis of this position in the TmMnmE crystal structure by the RLA yields a calcu-

of 28Å (FIGURE

ains, which causes such a 

broad distance distribution. As is known from previous studies (Scrima and Wittingho-

fer, 2006), this K-loop region contacts potassium and forms a cap that shields the ion 

FIGURE erization of n movements of MTS labeled Mnm n the
presence of K+. (A) DEER meas ata analysis performed by Tikhono . Lef

 5.2.12: Charact  domai E (D246R1) i
v re tionurements. D gulariza t

column: background corrected dipolar evolution data for th P -bound state o on D246;
center column: dipolar spectr umn: distance ributions obtained by Tikhono

e GD
 dist

f itipos
a; Right col v

regularization. All plots are normalized by amplitude. Broken lines in the left and center panel are fits to
th ternative fits and resulting distance distributions
ob eters α, are shown in corresponding pale colours. (B) Dat

e data obtained by Tikhonov regularization. Al
tained with smaller regularization param a

fo stributed conformers. Left panel:
ba . Centre panel: goodness-of-fit (χ2) surfaces, created b

r D246R1 in the GDP state analyzed assuming a sum of Gaussian di
ckground corrected dipolar evolution data y

ra nce and width for each Gaussian population in the distance distributions
sh ts in the left and right column are normalized by amplitude. Broken lines i

ndom sampling of dista
own in the right panel. Plo n

th ance distributions obtained by RLA are depicted in gray in the
rig

e left panel are fits to the data. Dist
ht panel. 

lated distance distribution with one rotamer population at a defined distance maximum 

 5.2.14 B) and a FWHM of ~6Å. This distance distribution partly cov-

ers the experimental data, however, the broadness of the DEER results can not be 

reproduced by this theoretical approach. Thus, flexibility of the backbone has to be 

assumed at position D246 in the K-loop region of the G dom
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from solvent. Furthermore, the loop is located in the switch I region which forms the 

interaction surface of the G domains and is known to be flexible in the nucleotide-free 

state. Therefore, the flexibility of the loop gives rise to a broad distance distribution in 

the DEER data, as well as to a dominating mobile component in the room tempera-

.13. 

Beside the broad distance distribution of mutant D246R1 in FIGURE 5.2.12 A, the 

ture spectrum, shown in FIGURE 5.2

 

FIGURE 5.2.13: Spin normalized room temperature 
cw EPR spectra of spin-labeled MnmE (D246) fo

DEER distribution indicates the presence of a further distance peak below 20Å. Since 

this peak ranges in the borderline region of pulse EPR and can therefore not be re-

solved by DEER spectroscopy, cw EPR measurements were performed at 160K and 

the results are depicted in FIGURE 5.2.14. Although the DEER measurements clearly 

indicate the presence of an additional population with inter-spin distances below 20Å, 

a dipolar broadening in the resulting low temperature cw EPR spectrum can not be 

observed. Moreover, it has to remain open, to which extent a possible second broa-

dened fraction is present below the non broadened spectrum. 

 

r 
the GDP-bound state . 

FIGURE 5.2.14: Characterization of position
D246R1 by low temperature cw EPR in the
GDP-bound state. The experiment was
performed in the presence of 100mM KCl.
Data were fitted with the program Short
DistancesV21 (2008) developed by Altenbach
and coworkers (Altenbach et al., 2001).
Experimental data are depicted as solid blue
line, whereas the fit obtained by Tikhono
regularization is shown as dotted black line. 

v
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Based on the previous findings it can be concluded that for D246R1 in the GDP state, 

a high flexibility at this position is observable, due to the mobility of the switch I re-

gion in solution, as judged from the RLA approach (FIGURE 5.2.12 B). This flexibility 

seems to be that high that the distance between the 246-pair ranges from ~20Å up to 

41Å. Thereby, it correlates not only with the TmMnmE crystal structure (Cβ-Cβ, 19Å), 

but also with the NoMnmE·GDP model (pdb 3GEH; Cβ-Cβ, 26Å) shown in FIGURE 

5.2.15. 

 

R data indicates one ma-

jor peak centered at a distance of 49Å (H260R1) and 53Å (Q291R1), respectively. The 

distance distribution observed for position H260 is partly covered by the RLA data of 

the TmMnmE dimer, however, the experimental distance peak is slightly shifted to 

larger distances indicating a possible deviation between the TmMnmE crystal structure 

 

In contrast, H260R1 (situated at the end of Gβ2) and Q291R1 (helix Gα2) seem to be 

located in a region within the respective β-strand/ α-helix, which displays a flexibility in 

the GDP-bound state, judged from the following results, that is less pronounced com-

pared to position D246. Tikhonov regularization of the DEE

FIGURE 5.2.15: Overlay of the TmMnmE·Apo (pdb 1XZP) and NoMnmE·GDP (pdb 3GEH) 
crystal structure generated with pymol. Gray spheres indicate the location of position 246 in the 
respective structure. While A represents the complete pdb structure of both Tm/NoMnmE
monomers, B shows in more detail the region where mutant D246R1 is located.  
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and the protein in solution. Here, it has to be mentioned again that the RLA is a crude 

but fast approximation which neglects protein flexibility, providing another possible 

explanation for the small shift compared to the experimental data (FIGURE 5.2.16). 

 

For position Q291 the RLA yields two distinct components, corresponding to two 

ifferent rotamer structures, with a distance distribution maximum at 63Å and 68Å, 

FIGURE 5.2.16: Characterization of β-strand 2 and helix α5 in the MnmE G domains. DEER
measurements. Data analysis performed by Tikhonov regularization. Left column: background
corrected dipolar evolution data for the GDP -bound state of position D246; center column: dipolar
spectra; Right column: distance distributions obtained by Tikhonov regularization. All plots are
normalized by amplitude. Broken lines in the left and center panel are fits to the data obtained by
Tikhonov regularization. Alternative fits and resulting distance distributions obtained with smaller
regularization parameters α, are shown in corresponding pale colours. The gray lines depict the
distance distribution calculated from the RLA. 

 

d

respectively. Compared to the experimental data (53Å), the calculated distances are 

shifted to larger values by about 10-18Å. It has to be mentioned here that the length of 

time traces influences the reliable quantification of large distances in DEER experi-

ments. As the phase memory time Tm dictates the maximum dipolar evolution time 

(d2) and therefore the maximum accessible distance range, distances at/ beyond the 

limit given by d2 are usually underestimated in shorter traces. Thus, prolongation of 



CHAPTER 5.2 CHARACTERIZATION OF MNME G DOMAIN MOBILITY | 127 

the time trace might shift the experimental data towards longer distances. However, 

this could not be achieved here with respect to a reasonable signal/noise ratio. 

Nevertheless, already for position E287 in the middle of Gα2 it could be demonstrated 

that the RLA just partly reflects the behavior of this region in solution. The DEER 

analysis displayed a narrow distance distribution centered at 54Å, whereas the RLA 

resulted in a broad distribution indicating that the rotamer library analysis samples 

more R1 orientations than can be occupied by the MTSSL in solution. The deviations 

etween RLA and experimental results were explained by small deviations between the 

crystal structure and the protein in solution. In case of position 291, close to the end of 

helix Gα2, the deviation from the crystal structure seems to be enhanced.  

Besides those findings, cw EPR spectroscopy at ambient temperature (FIGURE 5.2.17) 

reveals different spectra for positions H260 and Q291, with a distinct mobile compo-

nent for both mutants. An immobile comp

tral lines are only visible for H260. Here, th of component 2 shifts 

in favor of the immobile one. Thus, H260R1 located in Gβ2 subsequent to the switch 

I region experiences strong restriction in its motional freedom, whereas Q291 in Gα2 

Overall, the results for D246R1, H260R1 and Q

cate the presence of an open G domain dimer, i

b

onent and a certain broadening of the spec-

e dominating effect 

reflects the mobility of the α-helix already demonstrated by mutant E287R1.  

 

 

291 in the presence of GDP also indi-

n which the Gβ2 region correlates with 

FIGURE 5.2.17: Spin normalized cw EPR room temperature measurements for position H260 and
Q291 in the MnmE G domains. 
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the structure in the crystal, but the switch I region and Gα2 exhibit a higher flexibility 

as expected from the TmMnmE crystal structure model. 

 

5.2.2.2 The GDP·AlFx-bound state 

For D246 the addition of the transition state analogue GDP·AlF  leads to a significant 

narrowing of the distance distribution, and 
x

to the increased appearance of an immobile 

n the RT cw EPR spectrum (FIGURE 5.2.18 A and B) as compared to the 

GDP-bound state. Thus, a broadening of the cw spectral shape compared to the GDP-

bound state is clearly visible, indicating alterations of the motional freedom of the spin 

label side chain due to structural changes around position 246 in switch I. The DEER 

data (FIGURE 5.2.18 B) reveal a decrease in the distance distribution of the full width 

half maximum (FWHM) by about 10Å, and a shift of the major peak towards 31Å. 

Mainly the decrease in the distribution width supports the assumption that, like in the 

crystal structure of EcMnmE·GDP·AlFx (pdb 2GJ8), the switch I region takes on a 

more ordered structure upon binding of the transition state analogue (Scrima and Wit-

tinghofer, 2006). Minor deviations between experimental data (31Å) and RLA (34Å) in 

FIGURE 5.2.18 B can be addressed to experimental errors, as these differences amount 

to

th

For H260R1, a shift of the distance distribution by about 13Å towards shorter dis-

tances is observed. Moreover, the intensity of the major population present in the 

GDP bound state (49Å) is significantly reduced in favor of a second distance peak 

component i

 only 3Å. Therefore, the experimental data are in satisfactory agreement with the 

eoretical results for the GDP·AlFx- bound E. coli G domain dimer (29Å). 

located below 20Å. As the cw EPR room temperature spectra in FIGURE 5.2.18 A do 

not reveal changes in the spectral shape from the GDP to the GDP·AlFx- bound state 

for H260R1, the displacement of the distance distribution has to be accounted to 

changes in the protein structure. The shift of the larger distance peak by 13Å towards 

36Å does not coincide with the distance determined by the RLA (FIGURE 5.2.18 B 

21Å), and as the difference between model and experimental results increases (GDP, 

4Å; GDP·AlFx, 16Å), β-strand 2 has to experience stronger displacements in the 

GDP·AlFx- bound state as obvious from the EcMnmE crystal structure. These large 
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conformational changes in the transition state already illustrated in FIGURE 5.2.10 are 

induced by the recruitment of switch II to the G domain, thereby bringing Gβ2 closer 

to the symmetry axis of the MnmE dimer. 

 

 

FIGURE 5.2.18: Characterization of position D246, H260, and Q291 in the GDP·AlFx-bound state. A
Spin normalized cw EPR room temperature measurements. B DEER measurements. Data analysis
performed by Tikhonov regularization. Left column: background corrected dipolar evolution data for
the GDP·AlFx -bound state. The length of the arrow on the vertical axis (F(t)) corresponds to 0.1.
Center column: dipolar spectra; Right column: distance distributions obtained by Tikhonov
regularization. All plots are normalized by amplitude. Broken lines in the left and center panel are fits
to the data obtained by Tikhonov regularization. Light red lines depict the distance distribution
calculated from the RLA. For better comparison also the spectra of the GDP state (gray) discussed in
Chapter 5.2.2.1 are integrated in section A and B. 
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However, besides the small population around 36Å a contribution in the borderline 

region of the pulse EPR technique at <20Å is visible, wherefore additional cw EPR 

measurements at 160K were performed (FIGURE 5.2.19). Certainly, as already seen in 

section 5.2.2.1, no dipolar broadening can be observed in the resulting cw EPR spec-

trum. Therefore, further conclusions about the presence of an additional fraction be-

low 20Å can not be made at this point.  

 

Although the RLA results in FIGURE 5.2.18 are also indicative for a smaller population 

FIGURE 5.2.19: Low temperature cw EPR
measurements performed in the presence of
GDP·AlFx and 100mM KCl. Data were
analyzed with the ShortDistanceV21 (2008)
program (Altenbach et al., 2001).
Experimental data are depicted as red solid
line and the fit is shown as dotted black line. 

with distances below 20Å, it can not be stated whether this population dominates the 

distribution panel as suggested by the DEER experiment or if its contribution is just 

minor.  

Position Q291 in Gα2 shows two fractions with inter-spin distances of 32Å and 49Å, 

respectively. In the transition state, the major peak at 32Å is remarkably shifted to-

wards shorter distances by about 20Å and is in line with the observed distances in the 

G domain dimer of the EcMnmE cr

reveals a very good agreement of the calculated distance distribution with the experi-

mental results (FIGURE 5.2.18 B) using the EcMnmE dimer crystal structure. The 

smaller fraction in the distance distribution panel at 49Å is almost identical to that 

und for the GDP-bound state. Although the mutant is able to induce dimerization in 

ystal structure (29Å). Furthermore, also the RLA 

fo

the presence of GDP·AlFx and potassium, a small population of the protein seems 

either not to be able to dimerize, or dimerization takes place but the transition state 
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can no longer be stabilized. However, as position 291 belongs to the less conserved 

residues in helix Gα2 (Scrima and Wittinghofer, 2006) influences on the dimerization 

reaction through replacement of the native amino acid by site directed mutagenesis 

appear to be unlikely. 

 

TABLE 5.2.2: Cβ-Cβ distances between pair of residues mutated to Cys for MTSSL labeling 
measured in the Thermotoga marit ima  MnmE dimer crystal structure and maxima in 
distance distributions for the pair of spin labels from experimentally determined DEER 
distance distributions. 

Residuea mutated 
to Cys 

Nucleotide 
state 

Cβ-Cβ distance 
from X-ray struc-

tures / Å

Maximum in 
DEER distance 
distribution / Åb 

D246R1, switch 
I/ K-loop 

GDP

GDP·AlFx 
19f, 26e

29c 

25 – 41 (27) 
31 

H260R1, Gβ2 GDP

GDP·AlFx 
39d, 40e;43f

21c 
49 
36 

Q291R1, Gα2 GDP

GDP·AlFx 
34e, 58f

29c 
42, 53 

32, 49 

a Numbering according to E. coli MnmE sequence. 
b Major maxima are highlighted in bold. 
c E .coli G domain dimer (pdb 2GJ8) 
d From CtMnmE·GDP (generated with pdb 3GEE) 
e From NoMnmE·GDP (generated with pdb 3GEH) 
f From TmMnmE, Apo-state (generated with pdb 1XZP) 
 

 

 

In summary, the data for position D246, H260, and Q291 achieved by cw/ pulse EPR 

together with the rotamer analysis reveal the presence of two highly different G do-

main conformations for the GDP- and GDP·AlFx-bound state, as could already be 

demonstrated for position S278, E287, and D366. The distance distribution in the 

GDP-bound state reveals that the G domains are far apart also in solution, thereby 

excluding that the open conformation in the crystal structure is a crystallographic arti-

fact. Our data show that in the GDP-bound state the Gβ2 region correlates with the 
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structure in the crystal, whereas the switch I region and Gα2 exhibit a higher flexibility 

as expected from the TmMnmE crystal structure model.  

For the transition state analogue a narrowing of the distance distribution of position 

246 is observed, which supports the assumption from the EcMnmE GDP·AlFx crystal 

ructure that the switch I region takes on a more ordered shape upon binding of the 

transition state analogue. Furthermore, β-strand 2 has to experience stronger displace-

ments in the GDP·AlFx- bound state then obvious from the EcMnmE crystal struc-

ture, indicated by an increasing difference between model and experimental results 

(GDP, 4Å; GDP·AlFx, 16Å). This restructuring process is induced by the recruitment 

of switch II to the G domain, thereby bringing Gβ2 close to the symmetry axis of the 

MnmE dimer. For the last position, Q291 in Gα2, the measured inter-spin distances 

are well in line with the observed distances in the G domain dimer of the EcMnmE 

crystal structure. Thus, the elongation and subsequent tilting of helix 2 in the X-ray 

structure upon binding of the nucleotide to the G domains is likely to take place also 

for the protein in solution. 

For the activation of the modification reaction, conformational changes induced by 

dimerization of the G domains are essential. Furthermore, since in case of the 

GppNHp-bound state the coexistence of an open and closed conformation could be 

demonstrated, it can be concluded that the triphosphate analogue is not sufficient to 

fully stabilize the closed state. Thus, a GTP bound state with dimerized G domains is 

not sufficient for the tRNA modification mechanism. The protein also has to perform 

an efficient GTP hydrolysis, as shown by (Meyer, 2009; Scrima, 2005), and therefore 

the respective parts in the G domains have to undergo further conformational changes 

as seen by the results discussed above. The different conformations of the G domains 

in the Apo/ GDP state and GDP·AlFx state imply that those domains cycle between 

an open and closed conformation during the modification mechanism, coupling the 

reaction to this cycle.  

 

 

st
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5.3  Cation dependency of G domain dimerization 

As demonstrated in Chapter 5.2.1 and 5.2.2 dimerization of the G domains and 

GDP·AlFx induced complex formation was carried out in the presence of potassium. 

This salt is bound in the dimer interface (FIGURE 5.3.1) and its position overlaps with 

that of an arginine finger required for the GAP-mediated GTP hydrolysis in Ras-like G 

proteins (Scrima and Wittinghofer, 2006; Vetter and Wittinghofer, 2001).  

 

 

 
 

 

 

(pdb 2GJ9 and 2GJA) (Scrima and Wittinghofer, 2006). Since those studies were per-

formed in using fluorescent mant-nucleotides (Scrima et al., 2005), they provide just 

ce of potassium in the GTP hydrolysis mechan-

ism. Thus, mutants S278R1 and E287R1 were characterized by EPR measurements in 

the presence of various cations, in order to analyze the cation dependency of the dime-

rization process in the full-length protein in solution. 

Previous studies by (Scrima and Wittinghofer, 2006) have shown K+- ions to activate 

indirect evidence about the importan

FIGURE 5.3.1: Nucleotide binding (adapted 
from Scrima et al., 2006). The catalytic centre
as viewed from the in-line attacking water
towards AlF4-. The K-loop together with the
phosphates, the AlF4- and Asn226 coordinates
the potassium ion and shields it from the
surrounding solvent. The three positive
charges of the P-loop Lys229, Mg2+ and K+

form a triangle around what represents the β–
γ-bridging oxygen of GTP. 

the MnmE GTPase. Moreover, GTPase activity and AlFx induced dimerization are at

least partially stimulated by cations with an ionic radius comparable to K+ (1.38Å) such

as Rb+ (1.52Å) and, to a lesser extent, NH4
+ (1.44Å) whereas Na+ (0.99Å) and Cs+

(1.67Å) do not show this effect. Consistent with this, Rb+ and NH4
+ were also found

to be coordinated to the K+- binding site in two MnmE G domain dimer structures
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5.3.1  Cw EPR measurements at ambient temperature 

As illustrated in FIGURE 5.3.2, all cw EPR spectra are characterized by the presence of 

two distinct components, the fractions of which depend on the type of cation present 

in solution, as well as on the presence/ absence of the different phosphate nucleotides. 

For position E287R1 stronger changes of the mobility of the spin label can be ob-

served, compared to mutant S278R1, based on restriction of the conformational space 

that the spin label side chain can access, as well as on protein backbone interactions. 

Moreover, it is clearly noticeable that mutant E287R1 in the Apo/ GDP state in pres-

ence of K+ and Cs+ displays a significantly broadened line width especially in the first 

peak of the cw EPR spectrum, compared to the spectra obtained for Na+ and Rb+. 

Position E287 in Gα2 is located in close proximity to the active site of the MnmE pro-

tein in the G domain. As binding of K+ to the active site induces structural changes in 

different regions of the G domain, including position E282 close to investigated mu-

nt, thereof resulting conformational changes should also be sensed by the spin label 

at position E287.Certainly, so far it was postulated that binding of K+ to the active site 

of th  of 

them for 

E287R1, however, indicate that binding of this cation to the G domain takes place 

already in the Apo state. Interestingly, also Cs+, for which it is postulated either not to 

bind to the active site or not have the effects described for potassium (Scrima and Wit-

tinghofer, hows an ex broad eak sium. 

However, it is not clear whether potassium just  interacts w e site or 

is already nd in t e. This bro ing decreases for th cations in 

the pre NHp, w n the GD nd state the i ence of the 

nucleotide and K+ becomes visible. Furthermore, in the Apo state Rb+ s to a spec-

tral com hich bo mponents, mobile and immobile, do exist, but the 

mobile one is dominating. In the presence of Na e immobile com t vanishes, 

whereas for Cs+ this component becomes dominant. The same behavior is obtained 

for the GDP-bound sate, however, the spectral line width of component two in the 

presence of Na+ and Rb+ increases (FIGURE 5.3.2, red and blue curve).  

ta

e protein ensues in the presence of GDP and AlFx (Scrima, 2005), as both

 are involved in stabilization of the cation. The cw EPR data obtained 

2006), s treme ening of the first p  as seen for potas

 loosely ith the activ

 tightly bou he Apo stat aden  bo

sence of Gpp hile i P·AlFx-bou nflu

 lead

position in w th co
+ th ponen
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Upon addition of GppNHp all four spectra of mutant E287R1 representing the differ-

ent s al line width, indicating that the mobility of the 

spin  by the second compo-

nent. + and Rb+ are similar, but clearly 
+ and Na+, so that a comparable effect of the two salts can 

alts exhibit a decrease in the spectr

label increases, and therefore the spectrum is determined

 For the GDP·AlFx-bound state the spectra of K

different from the one of Cs

be supposed.  

 

 
FIGURE 5.3.2: Cw EPR characterization of the influence of different cations on the GTPase cycle
for position S278 (left column) and 
due to clarity reasons.  

E287 (right column). All spectra were normalized by amplitude 
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Mutant S278R1 in the presence of Na+ exhibits an immobile component for the Apo 

and GDP state, which decreases in the presence of the triphosphate, whereas for Cs+ 

the ratio between both components does not change. K+ and Rb+ display nearly iden-

tical spectra in which the immobile component is well-marked in the Apo and GDP 

state, but vanishes in the GppNHp and GDP·AlFx state. 

However, it is obvious from the cw EPR spectra (FIGURE 5.3.2) that the spin label 

attached at positions 278 and 287 are affected differently during the GTPase cycle de-

pending on the salt present in the sample. For mutant S278R1 the mobility of the spin 

label side chain clearly increases during the GTPase cycle in the presence of K+, while 

for Na+, Cs+ and Rb+ slight changes in the ratio of the two components are visible. In 

rn, for mutant E287R1 in presence of K+ such a distinct tendency is not obvious, as 

for example the intensity of the mobile component is comparable in the Apo and 

DP state, while it increases in the presence of GppNHp, and becomes less pro-

nounced in the presence of GDP·AlFx. Thus, interpretation of the cw EPR spectra in 

ous to what 

extent those changes correlate with the ability of the ion to induce G domain dimeriza-

osition S278 

and E287. Therein, a complete shift of the equilibrium towards the closed G domain 

imer only in the presence of GDP·AlFx and K+ is noticeable. The ability of the re-

spective cations to stabilize G domain dimerization follows the order K+ > Rb+ > 

NH4
+ > Cs+ ≈ Na+, clearly correlated with their ionic radii and their ability to stimulate 

fer, 2006). Thus for the first time it could be 

ion of the G domains in the transition state of 

g of K+ or similar cations, as NH4
+ 

ce of potassium on the activity of the protein 

cture of MnmE in the transition state (Scrima 

ositive charge to the active site in the form of 

tu

G

terms of protein structural changes is not easily possible, as it is not obvi

tion. Therefore, pulse EPR measurements are performed in the following subsection. 

 

5.3.2  Salt dependent DEER measurements 

FIGURE 5.3.3 displays the results from the pulse EPR measurements of p

d

GTP hydrolysis (Scrima and Wittingho

directly demonstrated that the dimerizat

the GTP hydrolysis is directly linked with the bindin

and Rb+. This obviously distinct influen

can be explained by the active site stru

and Wittinghofer, 2006): by adding a p
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potassium, the β-phosphate is surrounded by a total of three positively charged moie-

ties, namely Lys229 from the P-loop, the bivalent magnesium and the monovalent po-

tassium ion (FIGURE 5.3.1). Mg2+ and Lys neutralize the negative charges of phos-

phates in the ground state, whereas potassium allocates an additional positive charge in 

order to compensate the developing negative charge in a presumed associative transi-

tion state.  

 

 
FIGURE 5.3.3: Cation dependency of DEER distance distributions, for MnmE mutants S278R1 (left)
and E287R1 (right). For each mutant, the left column shows the background corrected dipolar
evolution data and the fit obtained by Tikhonov regularization (broken line) and the right column the
corresponding distance distribution. The evolution data and the respective distance distributions are
colored according to the cation present in the experiment (red, Na+; black, K+; blue, Rb+; green, Cs+;
and purple, NH4+ (only for S278R1, GDP, and GDP·AlFx)).  
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Moreover, in the presence of GppNHp, the same order of cations is observed with 

regard to their capability of shifting the equilibrium towards the closed state. Notably, 

as seen from the significantly broadened and partly shifted distance distributions of 

mutant S278R1 (switch II) compared to those for the other cations, Cs+, which is 

completely unable to stabilize G domain dimerization, and Rb+ seem to have an influ-

ence on switch II conformational dynamics and on the overall orientation of the G 

domains. Thus, the mechanism of hydrolysis activation for MnmE can be compared 

with the one of classical GAPs. For example, the RasGAP accelerates hydrolysis of Ras 

proteins by inserting a positive charge in the active site of the protein via an “arginine-

finger”. In case of MnmE the positive charge is introduced by binding of K+ in the 

active site. Thereby, conformational changes in switch I (not investigated in this study) 

and Gα2 (position E287) are induced, which enable the G domains to dimerize (Scri-

 the influence of potassium on hydrolysis activity happens through ele-

ments of the MnmE G domains and not by a second protein, which argues for potas-

sium being a major GTPase-activating element for MnmE. 

 

5.3.4  Model of the G domain cycle of MnmE  

Understanding how GADs use the GTPase cycle as the driving force to perform a 

variety of functions like insertion of signal sequences into the ER translocon by the 

SRP/SR system (Egea et al., 2005), tRNA modification by MnmE (Scrima et al., 2005; 

Scrima and Wittinghofer, 2006), kinase activation by the Parkinson kinase LRRK2 

(Lewis, 2009), or metal ion delivery to hydrogenases is a crucial step for elucidating the 

diverse mechanism by which these proteins operate. Based on the structural studies 

done in this work and the X-ray data from the MPI Dortmund, it is possible to estab-

lish a model of the G domain cycle of MnmE as depicted in FIGURE 5.3.4.  

ma and Wittinghofer, 2006). These conformational changes for position E287 are most 

pronounced in the presence of potassium, as obvious from FIGURE 5.3.3, and decrease 

with the order of cations stated above. Furthermore, the rearrangement of switch I and 

Gα2 repositions the catalytic E282 in helix Gα2 to provide a water molecule for nuc-

leophilic attack (Scrima and Wittinghofer, 2006). Thus, unlike in classical GAPs, in the 

MnmE protein
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FIGURE 5.3.4: Schematic model for the G domain conformational states during the GTPase cycle.
Figure adapted from (Boehme et al., 2010a) and changed based on the results in FIGURE 5.3.2. The 
G domains are colored in red, the α-helical domains in green and the α/β-domains in blue. The key 
structural elements of the G domain (K-loop, switch I and II (sI and sII, respectively)) are indicated. 
In the GDP state the G domains adopt an open conformation, independent of the presence of K+. 
SI, sII and the K-loop are disordered. After GTP binding, which due to the low nucleotide affinity
takes places via a nucleotide free intermediate, the G domains exhibit an equilibrium between the
open and a closed conformation. In the presence of K+ this equilibrium is shifted towards the 
closed state, in which K+ additionally binds to the K-loop, which becomes structured, and the switch 
regions form the dimer interface. Thereby, the catalytic machinery for GTP-hydrolysis is assembled 
and the transition state of GTP-hydrolysis (indicated by GTP*) is stabilized by G domain
dimerization. Details of the steps following hydrolysis, dissociation of the γ-phosphate group and 
GDP, have not been elucidated so far. 
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Starting with the GDP- bound state the G domain s exhibit an open conformation, 

t in a nucleotide free – open 

 

.4  The role of the catalytic cysteine C451  

nduces conformational 

changes not only in the two upper domains of the protein (G domains), but also in the 

independent of the presence of specific ions in the environment, as could be shown by 

DEER spectroscopy (FIGURE 5.3.3) and X-ray crystallography (Meyer et al., 2009a). In 

this state the switch regions and the K-loop are unclassified. Due to low nucleotide 

affinity exchange of GDP by GTP takes place via an intermediate state (Apo-state), in 

which the nucleotide is released and the protein is presen

conformation. After binding of GTP the G domains exhibit an equilibrium between 

the open and a closed conformation (see FIGURE 5.3.3, GppNHp state). In the pres-

ence of K+ this equilibrium is shifted towards the closed state and the catalytic machi-

nery for GTP-hydrolysis is assembled. Thereby, K+ is finally fixed by a coordination 

through specific amino acids in the K-loop, the P-loop, as well as by the β/ γ phos-

phates of the G-nucleotide. Thus, the K-loop becomes restructured, and the switch 

regions form the dimer interface. Then, in the presence of K+ MnmE passes over to 

the transition state of GTP-hydrolysis which is stabilized by G domain dimerization. 

This state is imitated by binding of the transition state analog GDP·AlFx. However, 

details of the steps following hydrolysis, release of the γ – phosphate and dissociation 

of the G domains back to the GDP bound, open state, have not been elucidated so far. 

 

5

Previous studies suggest that dimerization of the G domains i

remaining domains, leading to reorganization of the tRNA modification interface in 

the N-terminal domain (Scrima and Wittinghofer, 2006). Since the only native cysteine 

(C451 in E.coli MnmE) of MnmE is proposed to attack the C6 atom of U34 (FIGURE 

5.4.1 A), forming a covalent intermediate that increases the nucleophilicity at the 5 

position of U34, Cys451 was presumed to act as catalytic amino acid during the first 

steps of the tRNA modification mechanism. To do so, the aforementioned conforma-
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tional changes would enable the cysteine to approach the cofactor 5-formyl-THF dur-

ing tRNA modification in order to activate the uridine base U34 for nucleophilic attack 

(Scrima et al., 2005; Yim et al., 2003). However, in the THF-bound nucleotide-free 

state of the MnmE protein the putative active site cysteine and the 5-formyl-THF are 

11Å apart and could therefore not be simultaneously bound to the same uridine base 

as required for the proposed tRNA modification scheme (Scrima et al., 2005; Scrima 

and Wittinghofer, 2006).  

 

 

Therefore, conformational changes induced by dimerization have to close the active 

site, bringing Cys451 and the formyl group in juxtaposition to allow the modification 

reaction to take place (Scrima and Wittinghofer, 2006). Furthermore, while previous 

FIGURE 5.4.1: The role of the invariant C-terminal cysteine. Postulated activation mechanism ofA
U34 at position 5 for subsequent nucleophilic attack. Here Cys451 would be an active thiolat that
nucleophilically attacks the 6 position of uracil and creats a carbanion at the 5 position. B Detailed
view onto the tRNA modification center harboring the catalytic Cys and 5-formyl-THF, which are
11Å apart in the full-length MnmE structure (Figure adapted from (Meyer, 2009)). 

studies indicated that mutation of this position leads to loss of the modification reac-

tion in vivo (Yim et al., 2003), recent data show that despite the mutation of this cyste-

ine in vivo (Osawa et al., 2009), under certain conditions a remaining activity of the 

tRNA-modification is present.  
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5.4.1 Addition of the triphosphate analogues influences the mobility of the 

sence of two distinct components, 

whose equilibrium seems to shift depending on the different steps of GTP-hydrolysis. 

In order to investigate the ratio between the two components in more detail, the low 

spin label 

In order to verify the role of the naturally occurring MnmE cysteine, cw EPR mea-

surements were performed at position C451C in the Apo-, GDP-, GppNHp- and 

GDP·AlFx-bound state in presence of 100mM potassium.  

As the cw EPR spectral shape reflects the motion of the nitroxide side chain relative to 

the protein as well as the tumbling of the entire molecule, FIGURE 5.4.2 is used to illu-

strate possible changes in the spin label mobility, depending on the presence of differ-

ent G-nucleotides. Measured at ambient temperature, the spectra show a detectable 

broadening of the lines as well as a decrease in the spectral amplitude due to changes in 

secondary/ tertiary contact interactions during the GTPase cycle.  

 

 

Moreover, each spectrum is characterized by the pre

FIGURE 5.4.2: Spin normalized cw room temperature spectra of MnmE spin-labeld at position C451. 
Spectra of samples were recorded at different steps of the GTPase cycle in the presence of 100mM
KCl. The inset displays an enlargement of the first peak (gray area) of each cw EPR spectra, whereby 
the coloring coresponds to the colors in the left panel designated with the different steps of the
GTPase cycle. 
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field peaks are shown as enlargement in the inset of FIGURE 5.4.2. Therein, it is ob-

vious that the nitroxide subpopulation with high spin label mobility, reflected by com-

ponent number two (see black arrows in FIGURE 5.4.2), is more pronounced in the 

Apo- (black)/ GDP state (blue) compared to the triphosphate bound state. 

Thus, the addition of the non-hydrolysable GTP analogue (GppNHp) or the transition 

state analogue GDP·AlFx leads to restructuring of the protein in the proximity of the 

spin label, whereby a restriction of the spin label motion takes place. In addition, the 

same relationship between changes in amplitude and the different steps of the GTPase 

cycle are found. A decrease of the peak amplitude indicates an increase of the rotation-

al correlation times of the spin label and thus restriction of its movement. Thus, the 

MTS-spin label side chain is influenced in its flexibility by rearrangements in the sur-

rounding of position C451, namely the α-helical or N-terminal domains. Such rear-

rangements can lead to chemical changes in the spin label environment, whereby inte-

raction with surrounding atoms increases and thus flexibility of the side chain is re-

duced.  

Comprising all the previous results it can be concluded that dimerization of the G do-

mains apparently influences also the structure of the α-helical/ N-terminal domain in 

the way that the area around the spin label becomes more structured resulting in less 

space for the spin label. Nevertheless, addition of the spin label at a position in the 

interior of the protein can lead to a constraint interference of the label with the protein 

backbone. To investigate if the altered motional freedom of the spin label side chain 

reflects the main changes in the protein, or if also the protein dynamics in this region 

are influenced upon dimerization of the G domains, pulse EPR spectra are recorded 

and discussed in the next subsection. 

 

5.4.2 Results from pulse EPR measurements 

FIGURE 5.4.3 displays results of the four-pulse DEER measurements determined in the 

presence of 100mM KCl, again for the different steps of the GTPase cycle. The cor-

responding distances are listed in TABLE 5.4.1. 
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Analysis of the nucleotide free and GDP bound state by Tikhonov regularization (dark 

olors) shows a variety of distances, which, especially in the Apo-state, do not allow to 

discriminate between a continuum of distances ranging from 31Å to 50Å with increas-

ing probabilities for shorter distances, or three distinct distances corresponding to dif-

ferent protein and/or spin label conformations. A broad distribution of distances in 

the range of 20Å-50Å is also obtained by an additional fit of those data with the Monte 

Carlo/SIMPLEX algorithm included in the software DEFit 4.1 (FIGURE 5.4.3 B). The 

experimental data were satisfactorily reproduced with one Gaussian population, which 

is well defined as judged by the χ2 surfaces. However, analyzing position C451 in the 

crystal structure of TmMnmE by the rotamer library approach, the continuum of dis-

tances reduces to a defined distance distribution exhibiting various rotamer orienta-

tions, with maximum distances between 17Å and 27Å. Here, it has to be assumed that 

introduction of the MTS-spin label at this site influences the protein in such a way, that 

structures in the environment of C451 are altered, enabling the spin label side chain to 

less interactions with its environment (indicated by the broad distance distribution in 

FIGURE 5.4.3) and consequently populate multiple rotamers.  

On the other hand, as in the presence of the triphosphate the broad distribution de-

creases to a defined distance peak, another possibility would be that the C-terminal end 

of the protein, in which C451 is located, possesses a different conformation in solution 

as indicated by the crystal structure. For example, the helical domains may perform an 

upward movement in the Apo/ GDP state (like a jackknife), whereby the C-terminal 

e

su  

e -

is -

m  

w s 

re  

increased mobility in the Apo- and GDP state compared to the GppNHp and 

GDP·AlFx state in the cw EPR spectra exposed in section 5.4.1. 

 

c

nd moves away from the symmetry axis of the protein, but also comes closer to the 

rface of MnmE. Furthermore, a certain motional flexibility of this region can not be

xcludes as C451 is believed to act as catalytic amino acid in the modification mechan

m, while it is brought in juxtaposition with the formyl group in the N-terminal do

ain upon GTP-hydrolysis. Such a certain amount of flexibility of the C-terminal end

ould enable the MTSSL at position 451 to access a larger area in space due to les

striction in its reorientational motion. This assumption is further supported by an
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As mentioned above, in the presence of the non-hydrolysable triphosphate GppNHp 

the broad distance distribution takes on a more defined shape. Two major peaks are 

evident, whereby the first one is centered at 35Å. Comparison with the distance distri-

FIGURE 5.4.3: DEER characterization of changes at the catalytic cysteine C451R1 upon 
dimerization of the MnmE G domains. A Left panel: background corrected dipolar evolution data 
for the Apo-, GDP-, GppNHp-, and GDP·AlFx- bound state. Centre panel: dipolar spectra (Fourier 
transformation of the dipolar evolution data in the left panel). Right column: distance distributions 
obtained by Tikhonov regularization and by the rotamer library approach (gray curve). All plots are 
normalized by amplitude. Broken lines in the left and center panel are fits to the data obtained by 
Tikhonov regularization. B Data for C451R1 in the Apo- and GDP - state analyzed assuming a sum 

rrected dipolar evolution data. 
Centre panel: goodness-of-fit (χ2) surfaces, created by random sampling of distance and width fo
of Gaussian distributed conformers. Left panel: background co

r 
each Gaussian population in the distance distributions shown in the right panel.  
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bution from the RLA of the TmMnmE crystal structure model reveals that the differ-

ence between the main peaks of experimental and theoretical data differ by about 15Å.  

By taking into account the length of the MTSSL-side chain itself (7Å per label side 

chain between the nitroxyl-radical and the Cβ-atom (Rabenstein and Shin, 1995)) the 

experimental data are in acceptable agreement with the Cβ-Cβ distances obtained from 

the crystal structure (TmMnmE: 22.3Å, CtMnmE·GDP: 23.3Å, NoMnmE·GDP: 

22.8Å). Nevertheless, differences of the protein structure in solution from the one in 

the crystal can not be excluded, as the gap between experimental and theoretical data is 

 the borderline region of the deviations that can be explained by the length of the 

spin label itself. Moreover, as stated a various times before, the RLA neglects dynamics 

of the protein, so that an accurate classification of amount of the influences is clearly 

not possible.  

In contrast, the second peak in the GppNHp distance distribution is characterized by a 

significantly longer distance (54Å), indicating the presence of a second protein popula-

tion in which either the region around position C451 is restructured in such a way that 

the distance between the two positions enlarges, or dimerization of the G domains and 

therewith associated upward movements of the helical domains can not take place. 

H -

b . 

Only a very small proportion of protein in the sample displays the second conforma-

tion with a distance around 37Å. Such an enlargement of the distance between posi-

tions C451C could be caused by a rearrangement of the helical domains, as suggested 

y (Scrima and Wittinghofer, 2006). Hereby, the outer region of the α-helical domain 

in

owever, as soon as GDP·AlFx is bound to the protein, the previously seen equili

rium between the two states shifts in favor of the larger distance centered at 55Å

b

performs an upward movement upon GTP hydrolysis, whereby the C-terminal end of 

helix 9 and also position C451 are brought in juxtaposition of 5-formyl-THF in the N-

terminal domain. Thus, the first step of the modification mechanism can take place. 
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TABLE 5.4.1: Cβ-Cβ distances between Cys 451 measured in the T.maritima, C.tepidium and 
Nostoc MnmE dimer crystal structure, and maxima in distance distributions for the pair of 
spin labels from experimentally determined DEER distance distributions 

Resid
tated to Cys

ucleotide state Cβ-Cβ distance 
from X-ray struc-

tures / Å 

Maximum in DEER dis-
tance distribution / Å 

uea mu-
 

N

C451R1 Apo 22.3 c 31, 41, 50 
35 b 

 GDP 23.4d, 22.8e 31, 42 
34b 

 GppNHp 22.4f 35, 54 
 GDP·AlFx - 37, 55 

a Numbering according to E. coli MnmE sequence. 
b Distances determined with DEFit4.1. 
c Distance from TmMnmE, Apo-state (generated with pdb 1XZP). 
d Distance from CtMnmE·GDP (generated with pdb 3GEE) 
e Distance from NoMnmE·GDP (generated with pdb 3GEH) 
f Distance from CtMnmE·GppCp (generated with pdb 3GEI) 
 

 

Consequently, it can be concluded that conformational changes in the G domains 

upon binding of GDP·AlFx also influence additional parts of the protein. Indeed a 

crystal structure of CtMnmE is available, crystallized in the presence of GppCp, how-

ever, the conditions chosen for crystallization prevent the G domains from dimeriza-

tion. As a result structural changes in the whole protein upon dimerization of the G 

domains cannot be observed, and the Cβ-Cβ distances extracted from the crystal struc-

tures only display the state of the dissociated G domains with GDP bound to the ac-

tive site (Meyer, 2009). Thus, possible structural changes in the remaining domains (N-

terminal, α-helical) during GTP hydrolysis have to be further elucidated by solving the 

crystal structure of the closed conformation of the full-length protein.  

 

5.4.3  The role of the natural occurring cysteine remains speculative 

As explained and illustrated in detail in the previous sections, the different steps of the 

GTPase cycle apparently affect not only the conformation of the G domain, but also 
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the C-terminal part of the helical domain. Even though this part of MnmE is buried in 

ormational 

However, as for the GDP·AlF  state the distance between the C451-pair more likely 

in  

t  

to the 5-F-THF binding site would imply that both cysteines of MnmE converge. Cer-

tainly, the reorientation of the C-terminal end of the protein (region after helix 9) upon 

binding of GDP·AlFx takes place in such a way that the spin label side chains protrude 

 

the interior of the protein and is fixed by interactions with the N-terminal domain as 

well as elements of the helical domain, the MTS-spin label attached at the extreme end 

of the C-terminus experiences differences in the conformation of this region reflected 

by mobility changes and alterations in the distance distributions. To act as catalytic 

amino acid, C451 has to close a gap of 11Å between the 5-F-THF and itself, which is 

assumed to take place through conformational changes induced by dimerization of the 

G domains (Scrima et al., 2005; Scrima and Wittinghofer, 2006). Conf

changes in the region of position C451 were also observed in the DEER experiments. 

away from the symmetry axis of the dimer and therefore the distance between them 

increases. However, as recent in vivo studies by (Osawa et al., 2009) contradict the 

assumption of the catalytic role of the cysteine, the actual role of C451 has to be fur-

ther clarified in terms of the tRNA modification mechanism. Those studies show that 

a mutation of this cysteine only leads to decreased activity, whereas mutation of two 

conserved residues in GidA result in complete loss of the modification mechanism. 

 

 

 

 

x

creases compared to the other states, it is not clear if this large distance is in line with

he catalytic role of C451C. Closure of the active site, and thus approximation of C451
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5.5  Motion of the MnmE G domains with respect to the N-

terminal domain – The MnmE double mutants 

Heretofore it could be demonstrated that during GTP-hydrolysis the G domains pass 

h sing, which is accompanied by re-

cruiting of switch regions, elongation and tilting of helices, as well as large domain 

 to the helical/ N-terminal domain, or 

throug  a complex mechanism of opening and clo

movements of up to 20Å. While we now have concrete information about movement 

of the two G domains relative to each other, the question remains whether these do-

mains are also changing their position relative

whether their movement affects these domains. 

As discussed in Chapter 5.4, it is speculated that dimerization of the G domains leads 

to an upward movement of the α-helical domains, thereby bringing the C-terminal 

catalytic cysteine closer to the 5-formyl-THF binding site located in the N-terminal 

domain (Scrima and Wittinghofer, 2006). These structural changes could be caused by 

an upward movement of the C-terminal end of helix 8, whereby helix 9 of the helical 

domain, as well as the cysteine are pushed in the direction of the N-terminal domain. 

However, the role of the entire α-helical domain in the tRNA modification process is 

still unknown.  

For the N-terminal domain, so far it is only established that it contains the 5-F-THF 

binding site, and comprises the dimerization interface for MnmE homodimerization. 

In order to characterize the G domain motion in more detail cw EPR and four-pulse 

DEER measurements were performed for doubly labeled mutants comprising one 

“fixed point” in the protein structure. For this purpose, the N-terminal domains were 

selected, as distances between G and N-terminal domain are still in the region measu-

reable with DEER spectroscopy (<70Å). In this domain, position K95 (Nα2) and I105 

(between Nα2 and Nα3) in the upper part of the N-terminal domain (FIGURE 5.5.1) 

are investigated to decide which of them serves best as the “fixed point” mentioned 

before. 
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5.5.1  Determination of the “fixed point” in the N – terminal domain 

FIGURE 5.5.1 A illustrates the location of the putative fix points, namely either K95 or 

I105 in the N-terminal domain. Comparison of the distance distributions (FIGURE 

5.5.1 B) of position K95 obtained for the GDP state (47Å) and GDP·AlFx state (48Å) 

reveals a slight shift of the major peak by about 1Å.  

 

 
FIGURE 5.5.1: Investigation of possible “fixed point” positions in the N-terminal domain of MnmE.
A Location of position K95 and I105 in the upper part of the N-terminal domains. The left figure
displays the front view, whereas in the rigth figure the two domains are turned by 90°. The dot in the
rigth figure indicates the symmetry axis of the protein. Both domains are color coded as seen in the
previous sections. B DEER characterization of position K95/ I105. Left panel: background corrected
dipolar evolution data for the GDP and GDP·AlFx state. Centre panel: dipolar spectra. Right column:
distance distributions obtained by Tikhonov regularization. Dotted lines indicate the maximum
experimental distance and results from the RLA are depicted in ligth blue. All plots are normalized by
amplitude. Broken lines in the left and center panel are fits to the data obtained by Tikhonov
regularization.  
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The distance distribution from the RLA calculated by using the TmMnmE crystal 

e seen from the DEER data. Hence, for the following we assume that 

the distances within the MnmE monomers are resembled by the crystal structure and 

th  

5 , 

an -

si

 

5.5.2  Investigation of the double mutants 

structure model overlaps just partly with the DEER data. In the open state the RLA is 

rather a bit displaced by ~2Å in favor of shorter distances. For the closed state of the 

protein (GDP·AlFx) the displacement increases by about 1Å. Thus, position K95 in the 

N-terminal domain experiences small changes in its environment during the GTPase 

cycle, which, however, are at the limit to the experimental errors. Nevertheless, posi-

tion K95 is not chosen as “fixed point” due to the possible changes. 

Mutant I105R1 in turn does not show differences concerning the major population in 

the distance distribution (29Å; FIGURE 5.5.1 B) of both states. Certainly, the RLA 

would suggest a different distribution with a major distance (39Å) being shifted by 

about 10Å in the Apo/ GDP-state of the protein compared to the experimental data. 

This suggests that the region around I105, connecting Nα2 and Nα3, exhibits a certain 

dynamic/ flexibility allowing this region to shift by 10Å compared to the TmMnmE 

crystal structure. However, in solution this region is not influenced during the GTPase 

cycle, as can b

e differences seen for the inter-molecular distances of the I105R1-pair (FIGURE

.5.1) are due to deviations in the alignment of the N-terminal domains in solution

d thus of the dimer interface. Consequently, position I105 is considered as the de

red “fixed point” for the following investigations. 

After determining the respective fix point in the N-terminal domain, this mutation is 

combined with several spin labeled positions in the G domain (H260, S278, E287 and 

D366), so that due to the dimeric properties of the MnmE protein, four spin labels are 

present in the complex (FIGURE 5.5.2). 
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5.5.2.1  The GDP- bound state 

corresponding distance distribution in the right column. These and all further data are 

FIGURE 5.5.2: MnmE double Mutants. Positions of residues that were mutated to Cys and spin labeled
ed

in generated with pdb 1XZP. B Closed
e TmMnmE crystal structure. 

are indicated by yellow spheres, whereby the dashed lines indicate the distances that will be determin
in the experiment. A Open conformation of the MnmE prote
conformation of the G domains [pdb 2GJ8] superimposed on th

The result of the DEER experiment for double mutant I105R1-H260R1 in the GDP-

bound state is depicted in FIGURE 5.5.3 with the background-corrected dipolar evolu-

tion data in the left column, the respective dipolar spectra in the centre panel, and the 
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summarized in TABLE 5.5.1 at the end of Chapter 5.5.2. Determination of distances for 

the MnmE protein in the Apo state has been neglected since previous studies demon-

strate that significant changes in the protein structure occur mainly in the di-/ tri-

nucleotide bound states (GPD, GDP·AlFx). 

The DEER analysis of I105R1-H260R1 in the diphosphate state (FIGURE 5.5.3) shows 

an extremely broad distance distribution in the range of 20Å to 60Å, resulting from 

additional contributions of the inter-molecular spin label pairs, such as H260R1MolA-

260R1MolB, I105R1MolA-H260R1MolB, and I105R1MolA-I105R1MolB20.  H

 

 

While the larger distance at 53Å for example provides a smaller contribution to the 

distance distribution, the shorter distance peak comprises the main population with a 

distance of 29Å and a full width at half maximum of ~22Å. However, considering the 

RLA data a different distribution of possible distances calculated from the TmMnmE 

crystal structure model is clearly visible. Here, the dominating population is located at a 

distance of ~40Å (FWHM 14Å), which does not overlap with the interesting part of 

the major fraction in the DEER data. Moreover, the location of the maximum distance 

in the experimental data is depicted as a minimum in the distance distribution of the 

                                                 
20 MolA/MolB…Molecule A/B of MnmE (see FIGURE 5.5.2) 

FIGURE 5.5.3: DEER characterization of MTS spin labeled MnmE I105R1-H260R1. Left panel:
background corrected dipolar evolution data, Center panel: dipolar spectra, Right panel: distance
distributions obtained by Tikhonov regulaization. The light blue colored curves correspond to the
theoretical distance distribution calculated from the RLA using the TmMnmE crystal structure model.
All plots are normalized by amplitude. Broken lines in the left and center panel represent the fits to the
data.  
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RLA, implying that distances between 22Å and 31Å are rather unlikely, if the arrange-

ment of β-strand 2 resembles the one in the crystal structure. Thus, structural changes 

f the protein backbone have to occur, especially at position H260, to explain the ob-

rved results. Nevertheless, it is not unambiguously assignable what changes occur 

etween positions I105 in the N-terminal domains and H260 in the G domain.  

o examine this issue in more detail, spin dilution measurements are performed (FIG-

RE 5.5.4) by mixing the respective MnmE double mutants with a three-fold excess of 

on-labeled MnmE wild type protein. Thereby, approximately 6% of the whole 

ount of protein will contain four spin label, two in each MnmE monomer (Mo-

R1/MolBR1); ~37% consist of one labeled MnmE monomer and on wild type mo-

nomer (MolAR1/MolB or MolA/MolBR1); and ~56% will be unlabeled. Thus, deter-

mination of distances between the respective positions within one MnmE monomer is 

The res E 5.5.4 A, each in 

comparison with the results of (i) the MnmE protein possessing four spin label, (ii) the 

ed by 4Å compared to the undiluted 

o

se

b

T

U

n

am

lA

possible. 

ults of the spin diluted measurements are displayed in FIGUR

single mutant H260R1 in the G domain, and (iii) the data of the fixed point I105 in the 

N-terminal domain. All peaks were normalized with respect to their area under the 

distance distribution. Thus, it is possible to make a prediction about which additional 

peak is included in the distance distribution of the undiluted double mutant and to 

what extent.  

For mutant I105R1-H260R1 the spin diluted measurements reveal a main distance 

(blue line in FIGURE 5.5.4 A) which is displac

sample, indicating that the “real” distance between position I105MolA and H260MolA 

in solution amounts to ~33Å. Thus, the broad distance distribution of the undiluted 

double mutant comprises not only the distance of I105R1-H260R1 within one MnmE 

molecule, but also the inter-molecular distance of I105R1MolA and H260R1MolB 

(24Å), the experimental distance of the I105R1-pair (29Å) and the one of the H260R1-

pair (49Å). 
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Comparing now the spin diluted results with the calculated distance distribution in 

monomeric MnmE (FIGURE 5.5.4 B), it is obvious that the protein in solution exhibits 

distances which are not reflected in the RLA, especially in the region below 30Å. Fur-

thermore, when recapitulating the results from single mutant H260 in Chapter 5.2.2.1, 

where β-strand 2 in the G domain displayed certain flexibilities, it is clear that this flex-

ibility is intensified here when considering the motion of the G domain with respect to 

the fixed point in the N-terminal domain. The C-terminal end of β-strand 2 and the 

subsequent connecting region seem to be restructured in such a way that Gβ2 is 

brought closer to the symmetry axis of the dimer, and thus converge at position I105. 

This could be caused by the flexibility of switch region I, since an upward movement 

of this loop region would pull down Gβ2 and therefore bring the MTS-spin label at 

FIGURE 5.5.4: Spin diluted measurements with double mutant I105R1-H260R1 for the GDP state. A
DEER date. While the left column depicts the dipolar evolution time traces, the respective distance

at mutant. B Comparison o

distribution of the four-fold labeld MnmE mutant (black line), the spin diluted double mutant (blue
line), the respective single mutant in the G domains (green line), and position I105R1 in the N-
terminal domain is shown in the right column. All plots are normalized by the area under the distance
distribution curve. The box indicated at the end of the distance distribution panel comprises the
region in which a comparison of the distances is no longer advisable due to the limited length of the
dipolar evolution trace trace of either the double or spin dilut f
experimental DEER data (black curve) and calculated distance distribution (RLA, gray curve) for
MnmE protein exhibiting four MTS-spin label and spin diluted MnmE. 
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position H260 closer to the N-terminal domain. The huge flexibility of switch I and 

ffer by ~15Å, the 

width of the experimental distance distribution is nicely reproduced by the RLA. Con-

 

Differences in the distribution maximum have to be addressed to inter-molecular con-

ibutions, because for the protein in solution neither helix 2 alone does show exten-

sive dynamics in the GDP state (see Chapter 5.2.1.1), nor does position I105 change its 

the deviation from the crystal structure were already demonstrated in Chapter 5.2.2.1.  

For position I105R1-E287R1 (FIGURE 5.5.5) the experiment reveals also a broad dis-

tance distribution from 40Å to 54Å, with decreasing probability for larger distances. 

This broad distance distribution is in good agreement with the RLA data (light 

blue/gray line FIGURE 5.5.5/ 5.5.6 B), which displays a major distance peak at 40Å. 

Although the main distances of experimental and theoretical data di

sequently, the MTS-spin label side chains at position I105 and E287 in solution seem 

to be able to access a similar space as in the crystal structure. Thus, it could be assumed 

that in the GDP-bound state the location/ orientation of both, Gα2 and the connect-

ing region between Nα2 and Nα3, are well displayed within the crystal structure of the 

TmMnmE monomer. 

 

FIGURE 5.5.5: DEER characterization of MTS spin labeled MnmE I105R1-E287R1. Left panel:
background corrected dipolar evolution data, Center panel: dipolar spectra, Right panel: distance
distributions obtained by Tikhonov regulaization. The light blue colored curves correspond to the
theoretical distance distribution calculated from the RLA using the TmMnmE crystal structure
model. All plots are normalized by amplitude. Broken lines in the left and center panel represent the
fits to the data.  

tr
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locatio  in the dimerization domain (N-termin nal domain) as judged from Chapter 

5.5.1.  

ta more nicely, apart from a slight shift of the 

major distance (46Å) and the small peaks at 26Å/ 35Å.  

 

 

Those small peaks represent either a minor protein population, which still comprises 

four label and thus leads to contributions in the distance distribution from the I105R1-

pair/ I105R1MolA-E287R1MolB, or an additional population in which the label is 

more restricted in its motion. However, it can be seen as good agreement between 

In contrast, the spin diluted sample reveals a defined distance (FIGURE 5.5.6 A, 49Å) 

with a FWHM of 7Å. That peak nearly matches the distance of the E287R1-pair (54Å), 

but is marginally displaced by 4Å. Interestingly, the rotamer library approach (FIGURE 

5.5.6 B) reproduces the experimental da

FIGURE 5.5.6: Spin diluted measurements with double mutant I105R1-E287R1 for the GDP state. A
DEER date. Left column: dipolar evolution time traces; Right column: respective distance
distribution of the four-fold labeld MnmE mutant (black line), the spin diluted double mutant (blue
line), the respective single mutant in the G domains (green line), and position I105R1 in the N-
terminal domain is shown in the right column. All plots are normalized by the area under the
distance distribution curve. The box indicated at the end of the distance distribution panel comprises
the region in which a comparison of the distances is no longer advisable due to the limited length of
the dipolar evolution trace trace of either the double or spin dilutat mutant. B Comparison of
experimental DEER data (black curve) and calculated distance distribution (RLA, gray curve) for
MnmE protein exhibiting four MTS-spin label and spin diluted MnmE. 



158 | CHAPTER 5.5 MNME DOUBLE MUTANTS 

experiment and theory, as the difference amounts to only 3Å (FIGURE 5.5.6). There-

re, it is supposed that the location of Gα2 is partially reflected by the crystal struc-

ture, but based on differences in the distribution widths, the region around position 

 in solution, when considering its orientation within 

one MnmE monomer relative to the N-terminal domain. 

lution. Admittedly, the analysis of single 

hich is 

indeed smaller as seen for the S278R1-pair in the G domains (~30Å, cf. Chapter 

 

 

fo

E287 still seems to be influenced

A defined distance distribution is obtained also for mutant I105R1-S278R1 (FIGURE 

5.5.7) with a major fraction around 47Å and a small shoulder at 29Å. Already previous-

ly it was noticed that this small shoulder reflects the distance of the I105R1-pair (FIG-

URE 5.5.8 A). In turn, the large distance peak coincides with the results from the 

S278R1-pair (48Å), but also reflects the expected inter-molecular distance of I105-

S278, so one would assume that there are no great differences in the switch II region 

between the protein in the crystal and in so

mutant S278R1 has shown the switch II region to be a highly mobile structure (cf. 

Chapter 5.2.1.1), which is also expected to occur in the double mutants. This would 

explain the deviation of the experimental results from the theoretical data depicted in 

FIGURE 5.5.7. The expected deviation to the crystal structure amounts to 12Å, w

5.2.1.1), but likewise explainable by the flexibility of this loop region. 

FIGURE 5.5.7: DEER characterization of MTS spin labeled MnmE I105R1-S278R1. As stated several
times before, the left panel shows the background corrected dipolar evolution data, the center panel
the dipolar spectra, and the right panel the distance distributions obtained by Tikhonov regulaization.
The light blue colored curve corresponds to the theoretical distance distribution calculated with the
RLA and all plots are normalized by amplitude. Broken lines in the left and center panel represent the
fits to the data.  
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Although the flexibility is less pronounced when considering its movement with re-

with the distance within one doubly labeled MnmE monomer, only the distance width 

However, also here deviations between experimental and theoretical data are visible 

regarding the location of the major distance peak (FIGURE 5.5.8 B), which is shifted by 

spect to the N-terminal domain, it is clearly recognizable. Nevertheless, that the dis-

tance between the two spin labels in monomeric MnmE is really described by the ma-

jor peak in the distance distribution of the mutant comprising two spin label in each 

MnmE molecule, is confirmed by the results from the spin diluted measurement (blue 

line FIGURE 5.5.8 A). Here, the distinct peak at higher distances (48Å) coincides exactly 

about 13Åtowards higher values (48Å). 

 

differs. But this can be explained by inter-molecular influences from the S278R1-pair 

to the results of the I105R1-S278R1 mutant containing two spin label within one 

MnmE monomer, as they exhibit the same spacing between them.  

 

FIGURE 5.5.8: Spin diluted measurements with double mutant I105R1-S278R1 for the GDP state. A
DEER date. Left column: dipolar evolution time traces; Right column: respective distance distribution
of the four-fold labeld MnmE mutant (black line), the spin diluted double mutant (blue line), the
respective 
is shown i

single mutant in the G domains (green line), and position I105R1 in the N-terminal domain 
n the right column. All plots are normalized by the area under the distance distribution

curve. The box indicated at the end of the distance distribution panel comprises the region in which a
comparison of the distances is no longer advisable due to the limited length of the dipolar evolution
trace. B Comparison of experimental DEER data (black curve) and calculated distance distribution
(RLA, gray curve) for MnmE protein exhibiting four MTS-spin label and spin diluted MnmE. 
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In summary, the initially assumed agreement between the orientation of switch region 

II with respect to the N-terminal domain in the crystal and in solution is neglected by 

comparison of the experimental data with the RLA results. The high flexibility of the 

switch II region, already demonstrated for the S278R1-pair in the G domains, is indeed 

tion contributes by about 60% to the distance distribution and partly corre-

tes with the I105R1 mutant (29Å).  

Assignment of the larger distance peak at 49Å is not that easy as the RLA reveals an 

xtremely broad distance distribution with distances greater than 70Å. Thereby, com-

arison of the experimental data with the theoretical distance distribution reveals no 

clear information, apart from the fact that the DEER data are contained in the RLA 

results.  

 

 

less pronounced in the double mutants when considering its movement with regard to 

the N-terminal domain, but is clearly recognizable. Thus, switch II apparently is moved 

away from the symmetry axis of the dimer, whereby it enlarges not only its distance to 

the opposite G domain, but also to the N-terminal domains. 

For position I105-D366 in FIGURE 5.5.9 the experiment likewise reveals two defined 

distances (32Å, 49Å), with a predominant population centered at shorter distances. 

This popula

la

e

p

FIGURE 5.5.9: DEER characterization of MTS spin labeled MnmE I105R1-D366R1. As stated
several times before, the left panel shows the background corrected dipolar evolution data, the center
panel the dipolar spectra, and the right panel the distance distributions obtained by Tikhonov
regulaization. The light blue colored curve corresponds to the theoretical distance distribution
calculated with the RLA and all plots are normalized by amplitude. Broken lines in the left and center
panel represent the fits to the data.  
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This is different when looking at the spin diluted results (FIGURE 5.5.10 B): a nice cor-

relation between the experiment and the model is observable. Minor differences are 

only observed in the width of the theoretical distance distribution, implying that the 

RLA generates more spin label orientations as can be occupied by the MTSSL in solu-

tion.  

Therefore, restriction of the MTS-side chains in their motional freedom is obvious at 

this position, as seen for the D366R1-pair in the G domains (c.f. Chapter 5.2.1.1). 

However, all in all the spin diluted measurements reproduce very well the expected 

distance distribution from the RLA. Thus, it is suggested that helix 5 exhibits a certain 

conformational freedom, as seen by (Meyer et al., 2009a) for the different MnmE pro-

tein structur

o  

n

 

es, where this helix is twisted by an angle of up to 47°. Such a twist, among 

thers, results in restriction of the MTSSL in solution as discussed above, and thus in

arrowing of the distance distribution. 

 
FIGURE 5.5.10: Spin diluted measurements with double mutant I105R1-D366R1 for the GDP state. A
DEER date. Left column: dipolar evolution time traces; Right column: respective distance distribution
of the four-fold labeld MnmE mutant (black line), the spin diluted double mutant (blue line), the
respective single mutant in the G domains (green line), and position I105R1 in the N-terminal domain
is shown in the right column. All plots are normalized by the area under the distance distribution
curve. The box indicated at the end of the distance distribution panel comprises the region in which a
comparison of the distances is no longer advisable due to the limited length of the dipolar evolution
trace of either the double or spin dilutat mutant. B Comparison of experimental DEER data (black
curve) and calculated distance distribution (RLA, gray curve) for MnmE protein exhibiting four MTS-
spin label and spin diluted MnmE. 
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Recapitulating the previous results, the assumption made at the beginning of Section 

5.5 can now be confirmed, namely that the distances within the MnmE monomers are 

resembled by the crystal structure and the differences seen for the inter-molecular dis-

tances of the I105R1-pair (cf. FIGURE 5.5.1) are due to deviations in the alignment of 

e N-terminal domains in solution, and thus of the dimer interface. Therefore, the th

fourfold labeled mutants reproduce very well the open conformation of the G domains 

in solution. In comparison to the H260R1-pair, where β-strand 2 in the G domain dis-

plays a certain flexibility, this flexibility is intensified when considering the motion of 

the G domain with regard to the fixed point. The C-terminal end of Gβ2 and the sub-

sequent connecting region are restructured in such a way that Gβ2 is brought closer to 

the symmetry axis of the dimer, and thus converge at position I105. This, in turn, is 

caused by the flexibility of switch region I, since an upward movement of the loop 

r  

c  

f  

G E crystal structure model. The differences in the 

distribution maximum have to be addressed to inter-molecular contributions, as nei-

er helix 2 alone shows extensive structural reorientations in the GDP state (see 

the G domains, is less pronounced when considering its movement with regard 

 of two interactions was ob-

tained: the interaction between positions I105 and the one between I105-D366 in mo-

nomeric MnmE. Nevertheless, comparison of the experimental data of this mutant 

containing four spin label with the theoretical distance distribution did not allow for a 

egion would pull down Gβ2 and therefore bring the MTS-spin label at position H260

loser to the N-terminal domain. The huge flexibility of switch I and the deviation

rom the crystal structure were already demonstrated in Chapter 5.2. In contrast, helix

α2 is well displayed by the TmMnm

th

Chapter 5.2.1.1), nor does position I105 change its location in the dimerization domain 

(N-terminal domain) of the protein in solution, so that an assignment of those differ-

ences to structural changes can not be made.  

For the switch II region (I105-S278) the high flexibility, demonstrated for the S278R1-

pair in 

to the N-terminal domain. However, it is recognizable also for the I105R1- S278R1-

pair within one MnmE monomer, and thus switch II apparently moves away from the 

symmetry axis of the dimer, whereby it enlarges not only its distance to the opposite G 

domain, but also to the N-terminal domains. 

For the last positions, I105-D366, a defined reflection
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clear statement concerning the assignment of the distance distribution to the possible 

rotamer populations. This problem was again solved by analyzing the spin diluted 

sample. Here, as minor differences where present in the width of the theoretical dis-

tance distribution, implying that the RLA generates more spin label orientations as can 

be occupied by the MTSSL in solution, it could be suggested that helix 5 exhibits a 

certain conformational freedom, as seen by (Meyer et al., 2009a) for the different 

MnmE protein structures. There, this helix is twisted by an angle of up to 47°. Such a 

twist would result in restriction of the MTSSL in solution and thus in a narrower dis-

tance distribution. 

 

T  
d

ABLE 5.5.1: Maxima in distance distributions for the pair of spin labels from experimentally
etermined DEER distance distributions. 

Mutanta Cation Nucleotide
Pulse EPR 

Distances /Åb 
Cβ – Cβ X-ray 
structure/ Åb 

I105R1-H260R1 
I105R1-H260R1 Sde 

I105R1 

K+ GDP 
 
 

29, 53 
32, 46  

29 

35 (A-A)d, 24 (A-B)d

 

H260R1  49 

 

 
 

I105R1-S278R1 
I105R1-S278R1 Sd 

S278R1 

K+ GDP 
 

 

29, 47 
29, 48 
44, 48 

42 (A-A)c, 52 (A-B)c 
 

 

I105R1-E287R1 
I105R1-E287R1 Sd 

E287R1 

K+ GDP 
 

 

40-54 
26, 35, 49 

54 

47 (A-A)c, 51 (A-B)c 
 

 

I105R1-D366R1 
I105R1-D366R1 Sd 

D366R1 

K+ GDP 
 

32, 49 
30, 50 

66 

49 (A-A)d, 33 (A-B)d

a Numbering according to E. coli MnmE sequence.
b Major maxima are highlighted in bold. 
c TmMnmE dimer, Apo-state (generated with pdb 1XZP). 
d CtMnmE·GDP dimer (generated with pdb 3GEE). 
e Sd= Spin diluted 
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5.5.2.3 The GDP·AlFx- bound state 

In presence of the transition state analogue positions I105-H260 and I105-E287 dis-

play a continuum of distances, with increasing probability for shorter distances, while 

two defined populations are visible for mutants I105R1-S278R1 and I105R1-D366R1, 

which are located at comparable distances (FIGURE 5.5.11), however, differences ap-

pear in the relation of the various populations to each other.  

 

 
FIGURE 5.5.11: DEER characterization of MTSSL labeled double mutants MnmE I105R1-H260R1, 
I105R1-S278R1, I105R1-E287R1, I105R1-D366R1. Left panel: background corrected dipolar 
evolution data for the GDP·AlFx state of the respective MnmE mutants as indicated. Centre panel:
dipolar spectra (Fourier transformation of the dipolar evolution data in the left panel). Right column:
distance distributions obtained by Tikhonov regularization (red) together with results from the RLA 
(light red).  
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In case of I105R1-H260R1 the whole distance distribution is shifted towards shorter 

distances by about 10Å compared to the GDP state with the major peak being located 

at 20Å. Moreover, the width of the distribution obviously narrows, although the 

amount of distances <20Å contributing to the distance distribution is unknown. To 

clarify whether the DEER data display a continuum of distances or three distinct dis-

satisfactory reproduction of the experimental 

data by a distance distribution with one Gaussian population at 25Å is obtained, which 

 well defined as judged by the χ2 surfaces in FIGURE 5.5.12. Here, the major peak is 

shifted by 5Å compared to the results obtained by Tikhonov regularization, but the 

distribution width remains the same (~20Å). However, correlation between experi-

mental data and the RLA approach, and therefore assignment of distances to the re-

spective spin pairs is not simple due to the broad distribution of the RLA.  

 

 

tances, the data were additionally fitted with the Monte Carlo/SIMPLEX approach 

assuming a sum of Gaussian-distributed conformers contributing to the dipolar evolu-

tion data (FIGURE 5.5.12). Thereby, a 

is

FIGURE 5.5.12: Data for I105R1-H260R1 in the GDP·AlFx state analyzed assuming a sum of Gaussian
distributed conformers. Left panel: background corrected dipolar evolution data. Centre pane
goodness-of-fit (χ2

l:
) surfaces, created by random sampling of distance and width for each Gaussian

population in the distance distributions shown in the right panel. Plots in the left and right column are
normalized by amplitude. Broken lines in the left panel are fits to the data. The solide line in the right
panel represents the results obtained by the Monte Carlo/Simplex approache and the dotted line again
shows the results obtained by Tikhonov regularization, as already displayed in Figure 5.5.11. The gray
line represents the results from the RLA approach. 
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For the spin diluted measurements the broad distance distribution of the undiluted 

I105R1-H260R1 mutant narrows a bit, so that the major peak is located at 30Å, whe-

reas a small shoulder is still visible at 44Å. Analysis of the “diluted” RLA distance dis-

tribution reveals that this shoulder does not correlated with intra-molecular distances, 

as it is not reproduced by the rotamer library analysis of monomeric MnmE. A closer 

 to only 2Å compared to the GDP state. The large conformational changes for 

the H260R1-pair in the G domains, which are induced by the recruitment of switch II 

 the G domain, are thus not that evident in the experiment of the I105R1-H260R1 

mutant comprising four spin label. Therefore, it has to be assumed that the orientation 

of Gβ2 with regard to position I105 does not significantly change upon dimerization 

of the G domains, as seen also in the crystal structures. Here, when calculating the 

expected distances between I105 and H260 for the open (pdb 1XZP) and closed state 

(overlay pdb 1XZP and 2GJ8) of the protein, changes of about 5Å in the distances can 

be obtained, which would support the experimental results. Thus, recruitment of 

switch II apparently involves a movement of β-strand 2 towards the symmetry axis of 

t r 

the distance between the fixed point and the position in the G domain compared to 

the GDP-state. Considering the RLA data for the diluted mutant it is obvious that the 

major population in the experiment is satisfactorily reproduced by the theoretical dis-

 

examination of the experimental data (FIGURE 5.5.13 A), however, shows that this 

large distance can be assigned to the H260R1-pair in the G domains, although a slight 

shift of the maximum distance is visible, due to limitations in the dipolar evolution 

time of the H260R1-pair.  

Interestingly, while for the H260R1-pair in the GDP·AlFx state it was shown that the 

larger distance peak is shifted by over 25Å towards shorter distances and therefore β-

strand 2 has to experiences stronger displacements as obvious from the EcMnmE crys-

tal structure, the shift of the maximum distance peak in the spin diluted experiment 

amounts

to

he dimer accompanied by a little upward movement, which does not significantly alte

tance distribution. Differences are recognizable only in the distribution width, indicat-

ing that in the experiment the MTS-spin label is able to populate additional rotamer

orientations compared to the crystal structure. Thus, Gβ2 obviously possesses certain 

flexibilities with regard to position I105, which result in less restriction of the spin la-
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bel, as well as “larger” distances between the two mutated positions. Certainly, it can 

be suggested that the orientation/ location of Gβ2 in the GDP·AlFx-bound state with 

 

A continuum of distances is also displayed by mutant I105R1-E287R1 with one major 

peak at 35Å and two additional shoulders at larger distances (44Å/ 52Å, FIGURE 

5.5.11). The additional fit with the Monte Carlo/ Simplex approach (FIGURE 5.5.14) 

with two Gaussian populations reproduces this broad distribution, although in this 

case the shorter distance peak clearly dominates the distance distribution panel. This 

major peak is located at 37Å (FWHM, 17Å), whereas the extreme broad shoulder 

around 60Å (FWHM, 38Å) is nearly invisible. The defined distance at 37Å, as well as 

regard to the N-terminal domain is properly displayed by the EcMnmE crystal struc-

ture model.  

 

FIGURE 5.5.13: Spin diluted measurements with double mutant I105R1-H260R1 for the GDP·AlFx
state. A DEER date. Left column: dipolar evolution time traces; Right column: distance distributions
of undiluted MnmE (black line), spin diluted double mutant (blue line), the respective single mutant
in the G domains (green line), and position I105R1 in the N-terminal domain. All plots are
normalized by the area under the distance distribution curve. The box indicated at the end of the
distance distribution panel comprises the region in which a comparison of the distances is no longer
advisable due to the limited length of the dipolar evolution trace of either the double or spin dilutat
mutant. B Comparison of experimental DEER data (black curve) and calculated distance distribution
(RLA, gray curve) for MnmE protein exhibiting four MTS-spin label, as well as for spin diluted
MnmE 
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the distribution width correlate nicely with the RLA data and are in line with the ex-

 

P·AlFx, 21Å) in the triphosphate bound 

pected intra-molecular distance in the TmMnmE model overlayed with 

EcMnmE·GDP·AlFx (I105-E287, 37Å).  

 

Analysis of spin diluted mutant I105R1-E287R1 reveals one distance peak ranging 

from 30Å-51Å. Although this broad range is partly covered by the RLA data, distances 

>45Å have to be allocated mainly to inter-molecular contributions of I105-E287. 

However, the part of the experimental data between 29Å and 45Å displays a compara-

ble shape to the theoretical data (FIGURE 5.5.15 B) in which the maximum distance is 

located at 38Å. As mentioned before, position E287 is located in Gα2, the region 

which is elongated and tilted by ~33° upon dimerization of the G domains. Those 

changes were visible in the results of the E287R1 mutant but seem to be less pro-

nounced for the undiluted/ spin diluted I105R1-E287R1 mutant. However, what is 

obvious from the experimental results of the spin diluted sample is a strong increase of 

the distribution width by 14Å (GDP, 7Å; GD

FIGURE 5.5.14: Additional fit of the data for I105R1-E287R1 in the GDP·AlFx state assuming a
sum of Gaussian distributed conformers. Illustration of the data is made according to Figure
5.5.12. The solide line in the right panel represents the results obtained by the Monte
Carlo/Simplex approache, the dotted line shows the results obtained by Tikhonov regularization as
shown in Figure 5.5.11, and the gray line represents the results from the RLA approach. 

state. This broadening is not fully reproduced by the RLA approach, as mentioned 

previously, so that it can be assumed that tilting/ elongation of Gα2 results in an orien-

tation of this helix where the spin label side chain experiences less restriction through 
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interactions with neighboring atoms or protein structures, and thus populates addition-

al orientations.  

 

 

Com viously ussed ns, muta R1-Spared to the pre  disc positio nts I105 278R1 and I105R1-

FIGURE 5.5.15: Spin diluted measurements with double mutant I105R1-E287R1. A DEER date with 
ce distribution of the four-fold labeld MnmE mutant (black line), the spin 

diluted double mutant (blue line), the respective single mutant in the G domains (green line), and
position I105R1 in the N-terminal domain in the right column. All plots are normalized by the area 
under the distance distribution curve. The box indicated at the end of the distance distribution pane

the respective distan

l
comprises the region in which a comparison of the distances is no longer advisable due to the limited 
length of the dipolar evolution trace of either the double or spin dilutat mutant. B Comparison of 
experimental DEER data (black curve) and calculated distance distribution (RLA, gray curve) for
undiluted MnmE protein, as well as for spin diluted MnmE 

D t two main populations in the experimental distance distribution, 366R1 exhibi clearly 

which  to larger distances compared to the RLA data (FIGURE 5.5.11). In are shifted

case of I105R1-S278R1 the displaceme ounts to 13Å for the short distance peak nt am

and 4Å for the long distance peak (FIGURE 5.5.16). However, the ratio between the 

two experim al data satisfacto roduc fractions in the ent  set is rily rep ed by the RLA ap-

proach. As the small peak in the DEER data at 29Å is addressed to inter-molecular 

contributions of the I105R1/ S278-pair (cf. FIGURE 5.5.16 A), the large distance peak 

at 55Å is in the main focus of further considerations.   
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The spin diluted data for mutant I105-S278 highlight this large distance peak of the 

undiluted results, which now dominates the distribution panel although it is slightly 

shifted by 5Å towards 50Å, due to a shortened dipolar evolution time when compared 

to the undiluted mutant. Moreover, the large experimental distance of the spin diluted 

sample coincides with the results from the RLA approach nearly exactly (FIGURE 

5.5.16 B), confirming the crystal data to be valid for the solution structure, at least con-

cerning the intra-molecular distance for I105R1-S278R1. Compared to the GDP state 

the experimental data mainly exhibit a broadening of the distance distribution by ap-

proximately 3Å, as well as a shift of the major distance by 2Å. The recruitment of the 

switch region to the G domains and thus orientation of the switch II region is not as 

obvious for the I105R1-S278R1 mutant containing four spin labels as seen for mutant 

S278R1 in the G domains. In turn, the RLA data are clearly shifted from 35Å in the 

GDP state towards 50Å in the GDP·AlFx- bound state. Thus, the 

 
FIGURE 5.5.16: Spin diluted measurements with double mutant I105R1-S278R1. A DEER date (left 
column) with the respective distance distribution of the undiluted MnmE mutant (black line), the spin
diluted double mutant (blue line), single mutant S278R1 (green line), and position I105R1 in the N-
terminal domain in the right column. All plots are normalized by the area under the distance
distribution curve. The box indicated at the end of the distance distribution panel comprises the
region in which a comparison of the distances is no longe visable due to the limited length of the
dipolar evolution trace of either the double or spin dilutat mutant. B Comparison of experimental 
DEER data (black curve) and calculated distance distribution (RLA, gray
protein, as well as for spin diluted MnmE. 

r ad

 curve) for undiluted MnmE 
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EcMnmE·GDP·AlFx crystal structure model obviously reproduces the location of 

switch II in the MnmE protein very well, whereas the flexibilities of this region in the 

GDP state could not be captured by the TmMnmE crystal (FIGURE 5.5.17). 

 

For comparison, the experimental data of positions I105-D366 in FIGURE 5.5.11 dis-

FIGURE 5.5.17: Structural superimposition
of the nucleotide free (red) monomeric
MnmE protein (pdb 1XZP) and the
GDP·AlFx bound (red) E.coli G domain
(pdb 2GJ8). The presence of GDP·AlFx
and potassium induces conformational
changes whereby switch II is restructured,
compared to the apo-form. Spin label
position S278R1 is indicated as sphere for
the apo- and GDP·AlFx- bound state.
Position I105 can be found as yellow sphere
in the N-terminal domain. 

play similar results, although the ratio between the two peaks is reversed. The small 

population at 55Å reflects the distance between the D366-pair and the short distance 

peak (33Å) differs in the experiment by ~4Å from the distance observed for the 

I105R1-pair, however, the spin diluted results show that this distance is actually attri-

buted to this spin pair (FIGURE 5.5.18 A).  

In the spin diluted measurements for I105R1-D366R1 in the G domain closed state a 

distinct population maximum at 47Å (FIGURE 5.5.18 A) is visible, which correlates 

exactly with the theoretical data (FIGURE 5.5.18 B). While for the undiluted I105R1-

D366R1 mutant the dominating fraction in the distance distribution indicates a dis-

tance of approximately 32Å for the interesting spin pair, the spin diluted measurements 

indicate that the desired information is present in the smaller, but larger distance peak 

at 55Å (undiluted double mutant)/ 47Å (spin diluted mutant), which is reproduced also 

by the RLA data (FIGURE 5.5.18 B). Certainly, at this point it has to be indicated that 

the signal to noise (S/N) ratio of the undiluted mutant I105R1-D366R1 (FIGURE 

5.5.18 A, black curve in F(t)) is to low, so that artifacts occur in the distance distribu-
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tion. Quite likely this low S/N ratio causes the deviations in the ratio of the experimen-

for the spin diluted experiment differences between GDP and GDP·AlFx 

state (cf. FIGURE 5.5.10) are visible mainly in the distribution width, while the distance 

between positions I105 and D366 remain the same. Thus, movement of the “hinge” 

region upon dimerization of the G domains, which attaches the C-terminal end of the 

G domain after helix 5 to the helical domain, does not significantly influence the struc-

ture and position of helix 5 with regard to the N-terminal domain.  

Interestingly, the short distances of mutants I105R1-S278R1 and I105R1-D366R1 in 

the spin diluted experiments overlap with the results of single mutant I105R1 (29Å). 

Consequently, in both experiments a small population comprising all four possible spin 

tal distance distribution between diluted and undiluted sample. 

 

 

Also here, 

FIGURE 5.5.18: Spin diluted measurements with double mutant I105R1-D366R1. DEER date (leftA
column) with the respective distance distribution of the undiluted MnmE mutant (black line), the spin
diluted double mutant (blue line), single mutant D366R1 (green line), and position I105R1 in the N-
terminal domain in the right column. All plots are normalized by the area under the distance
distribution curve. The box indicated at the end of the distance distribution panel comprises the
region in which a comparison of the distances is no longer advisable due to the limited length of the
dipolar evolution trace of either the double or spin dilutat mutant. B Comparison of experimental
DEER data (black curve) and calculated distance distribution (RLA, gray curve) for undiluted MnmE
protein, as well as for spin diluted MnmE. 
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labels has to be present in the sample, to contribute to the distance distribution of the 

changes within the G domains. However, reorientation of several regions in the G 

do

to 

gio

mo

is very flexible in the GDP state in solution, from the crystal structure it is obvious that 

recruitment of switch II involves a forward movement of this strand accompanied by a 

perly reproduced by the EcMnmE crystal structure, than by 

spin diluted mutants. 

In summary, it can be concluded that such large conformational changes demonstrated 

for the single mutants in the G domains in Chapter 5.2.1/ 5.2.2 are not visible in the 

results of the mutants containing four spin label. Therefore, the transition from the 

open to a closed conformation of the G domains does not lead to large conformational 

little upward movement. Therefore, the distance to the fixed point does not signifi-

cantly differ compared to the GDP state. Thus, the orientation/ location of Gβ2 in the 

double mutant is more pro

main seems to be visible. For example, the relative orientation of Gβ2 with respect 

position I105 does not significantly change, which implies that changes in this re-

n due to dimerization of the G domains are “compensated” by additional rotational 

vements of this strand with regard to the N-terminal domain. Although this region 

the TmMnmE crystal model in the open state.  

Furthermore, for I105R1-S278R1 the theoretical distance between the two positions 

increases, however, the experimental one stays nearly the same. The switch II is a high-

ly flexible region in the GDP state, which could not be captured in the X-ray data, and 

the distance distribution is not altered by dimerization of the G domains. Consequent-

ly, in solution the distance between I105R1 and S278R1 is not significantly influenced, 

possibly by compensation of G domain movements through additional protein back-

bone shifts along the symmetry axis of the dimer. The same ambiguity is seen for 

double mutant D366 in Gα5 and E287 in Gα2. For Gα5 the movement of the “hinge” 

region, which attaches the C-terminal end of the G domain after helix 5 to the helical 

domain, not significantly influences structure and position of helix 5 with respect to 

the N-terminal domain. Position E287 also reveals less pronounced changes for the 

undiluted/ spin diluted mutant when compared to the single mutant. However, what is 

obvious from the experimental results of the spin diluted sample is a strong increase of 
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the distribution width in the triphosphate bound state, which is not fully reproduced 

by the RLA approach. Consequently it can be assumed that tilting/ elongation of Gα2 

results in an orientation, where the spin label side chain is less restricted through inte-

ractions with neighboring atoms and thus is able to populate additional rotamer con-

formations.  

 

 

TABLE 5.5.2: Maxima in distance distributions for the pair of spin labels from experimentally 
determined DEER distance distributions. 

Mutanta Cation Nucleotide
Pulse EPR 

Distances /Åb 
Cβ – Cβ X-ray 
structure/ Åb, c 

I105R1-H260R1 
I105R1-H260R1 Sd 

I105R1 
H260R1 

K+ GDP·AlFx 20, 31, 46 
30, 44 

29 
36 

30 (A-A), 14 (A-B) 

I105R1-S278R1 
I105R1-S278R1 Sd 

S278R1 

K+ GDP·AlFx 29, 55 
30, 50 

29 

43 (A-A), 44 (A-B) 

I105R1-E287R1 
I105R1-E287R1 Sd 

E287R1 

K+ GDP·AlFx 35, 44, 52 
30-51 

36 

37 (A-A), 44 (A-B) 

I105R1-D366R1 
I105R1-D366R1 Sd 

D366R1 

K+ GDP·AlFx 32, 51 
30, 47 

48 

44 (A-A), 20 (A-B) 

a Numbering according to E. coli MnmE sequence.
b Major maxima are highlighted in bold. 
c E .coli G domain dimer, GDP·AlFx- bound state (generated by an overlay of pdb 1XZP and pdb 
2GJ8). 
d Sd= Spin diluted 
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5.6 Modulation of G domain dimerization in the tRNA modifying 

MnmE/ GidA complex 

Based on recent studies with the E. coli proteins it was suggested that GidA and 

MnmE form a functional complex in which they directly cooperate in the modification 

reaction instead of independently catalyzing sequential steps in the modification reac-

tion as previously stated (Meyer et al., 2008; Yim et al., 2006). Site directed mutagenesis 

data lead to the conclusion, that the mode of complex formation between MnmE and 

GidA most likely takes place by generating a two-fold symmetrical α2β2- heterotetramer 

in which the α-helical domain of MnmE and the last three C-terminal helices of GidA 

r

 

In a recent publication, Meyer et al. showed by fluorescence and biochemical tech-

niques, that GidA influences G domain dimerization and the GTPase reaction of 

MnmE, and partly abolishes the potassium dependency described for the GTPase ac-

tivity (Meyer et al., 2009b).  

epresent the main inter-protein contact site ((Meyer et al., 2008), FIGURE 5.6.1). 

F
M

IGURE 5.6.1: Structural model of the
nmE/GidA complex based on interaction

studies with truncated and mutated protein
constructs (Meyer et al., 2008). MnmE (red, pdb
1XZP) and GidA (gray, pdb 3CP8) are shown in
ribbon representation.  
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The current model for the MnmE/GidA complex suggests that GidA is not in contact 

 

5.

Previously, real-time fluorescence measurements indicated that GidA stabilizes the 

dimerized, closed state of the MnmE G domains, which can be trapped by binding of 

). Therefore, mantGppNHp (mGppNHp) binding experiments were 

performed by mixing 60µM MnmE or preformed MnmE/GidA complex in a stopped-

ow apparatus (SM-17; Applied Photophysics) in a 1:1 ratio with 10µM mGppNHp, a 

fluorescently labeled stable GTP-analog (Gille and Seifert, 2003; Scrima et al., 2005). 

The mant fluorophore was excited at 360nm and the fluorescence time course was 

monitored through a 408nm cutoff filter. Experiments were carried out at 20°C in 

50mM Tris pH 7.5, 5mM MgCl2, 2mM DTE and 100mM of either NaCl or KCl. 

with the G domains but bound to the opposite side of the MnmE dimer (see FIGURE 

5.6.1), indicating that GidA binding is communicated to the G domains by conforma-

tional changes in other parts of MnmE. In the present study, applying SDSL in combi-

nation with DEER spectroscopy to sites in the MnmE G domains and the α/β do-

mains, the influence of GidA on the switch cycle of MnmE will be further investigated.  

the transition state analog GDP·AlFx to the nucleotide binding pocket of MnmE 

(Meyer et al., 2009b). Incorporation of AlFx into the γ-phosphate binding site of 

MnmE and concomitant G domain dimerization strictly requires K+ or ions with simi-

lar ionic radii such as Rb+ or NH4
+ (Meyer et al., 2009a; Scrima and Wittinghofer, 

2006). However, in the presence of GidA the potassium dependence is relieved and 

AlFx-induced G domain dimerization is possible in the absence of K+ (Meyer et al., 

2009b). To further investigate whether GidA has a stabilizing effect on G domain di-

merization, stopped-flow kinetics of binding of the fluorescence-labeled stable GTP-

analog mGppNHp to MnmE or to the MnmE/GidA complex in the presence of Na+ 

or K+ (FIGURE 5.5.2) were done in collaboration with Prof. A. Wittinghofer’s group 

(MPI Dortmund

6.1  Stopped-flow analysis of mGppNHp-binding kinetics 

fl
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For the isolated MnmE protein, an increase in the fluorescence amplitude indicates 

fluorescence analysis of transition state analog binding by the MnmE-GidA complex 

(Meyer et al., 2009b).  

 

 

5.6.2  DEER-spectroscopic analysis of the conformational states of the G do-

mains in the MnmE/GidA-complex 

The influence of GidA on the GTPase reaction of MnmE was characterized by dis-

tance measurements between nitroxide spin labels in the G domains of full-length 

EcMnmE complexed with EcGidA in different steps of the GTPase cycle. Positions 

binding of mGppNHp (FIGURE 5.6.2, black and red curve). The kinetics and the equi-

librium fluorescence amplitude levels are almost equal in the presence of Na+ and K+. 

For the MnmE-GidA complex a higher equilibrium fluorescence amplitude is observed 

(FIGURE 5.6.2, cyan and green curve) in comparison to the MnmE protein alone, 

which is attributed to G domain dimerization stabilized by GidA. The even higher 

fluorescence amplitude in the presence of K+ indicates that the effect of GidA and K+ 

on the closed state of the G domains is additive and that both components are re-

quired for full stabilization. This is well in line with the previously reported real-time 

FIGURE 5.6.2: Stopped-flow analysis of mGppNHp-binding to MnmE or the MnmE-GidA complex.
60µM MnmE with or without 60µM GidA was mixed in a stopped-flow apparatus with 10µM
mGppNHp in the presence of either 100mM NaCl or KCl as indicated in the legend. Mant
fluorescence was excited at 360nm and monitored through a 408nm cutoff-filter. 
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used for this purpose were E287, close to the top of the G domain in Gα2, S278 in 

The protein concentrations in the EPR-experiments (200-500 µM) were chosen well 

above the KDs of the spin-labeled complexes thus ensure that ~ 90 % of complex is 

present in the GDP-bound state, as calculated from the bimolecular mass law equation 

(TABLE 5.6.1). Moreover, the fraction of complex is even higher in the nucleotide-free 

switch II, and D366, located in Gα5, as shown in FIGURE 5.6.3. Furthermore, we la-

beled positions Lys95 and Ile105 in the N-terminal domain, for which no distance 

changes are expected.  

Complex formation between spin labeled MnmE proteins and GidA was verified by 

determining the dissociation constants (KD) for the spin labeled, GDP-bound com-

plexes with a previously established fluorescence titration assay (Meyer et al., 2009b) 

(TABLE 5.6.1). 

 

FIGURE 5.6.3: Spin label 
positions indicated in the 
structural model of the 
MnmE/GidA complex. As in 
FIGURE 5.6.1 MnmE (pdb 
1XZP) and GidA (pdb 3CP8) 
are shown in ribbon 
representation. Positions 
mutated to cysteine and 
subsequently labeled with 
MTSSL are indicated by 
yellow spheres at the 
positions of the respective 
Cβ atoms. MnmE domains 
are color coded as in the 
previous sections and the 
GidA dimer is shown in gray. 



CHAPTER 5.6 MNME G DOMAIN MODULATION BY GIDA | 179 

or GDP·AlFx-/GppNHp-bound state, since the affinity is higher in these states (Meyer 

et al., 2009b).  

KD) of MTS-labeled MnmE and GidA wild type, 
in presence of 100mM NaCl by fluorescence equi-
ehme et al., 2010b)). 

 

TABLE 5.6.1: Dissociation constants (
determined for the GDP-bound state 
librium titration (Table taken from (Bo

Proteins KD in µM % MnmE-GidA-complex 
at 200µM MnmE, 100µM 

GidAa 
MnmE – wild type + GidA 3,0 ± 0.16b 88 

MnmE – K95R1 + GidA 1.3 ± 0.1 92 

MnmE – I105R1 + GidA 4.2 ± 1.7 87 

MnmE – S278R1 + GidA 1.8 ± 0.5 91 

MnmE – E287R1 + GidA 1.3 ± 0.3 92 

MnmE – D366R1 + GidA 1.3 ± 0.3 92 
a Taken from (Meyer et al., 2009b) 
b Fraction of complex to total MnmE-protein, calculated from a bimolecular mass law 
equation using the respective value of KD and the minimum concentrations of MnmE 
and GidA (200µM, respectively) applied in pulse EPR measurements. 
 

 

5.6.2.1 Conformational changes in MnmE upon association with GidA 

In order to reveal possible conformational changes in the N-terminal dimerization 

domains as well as in the G domains of MnmE upon binding of GidA, cw/pulse EPR 

spectra were recorded for the sites K95R1, I105R1, S278R1, E287R1 and D366R1 in 

the presence potassium or sodium. Hereby, FIGURE 5.6.4 illustrates the cw EPR room 

temperature measurements for the respective mutants. These spectra reveal a distinct 

increase of the second component upon addition of GidA in the Apo state, mainly due 

to release of the spin label from the protein. This release of the spin label seems to be 

related directly to the binding of GidA, as in absence of GidA this effect is not ob-

served. Thus, binding of GidA to MnmE induces structural changes in the dimer inter-

face, whereby a certain amount of MTS is released. Interestingly, the strongest influ-

ence of GidA binding is seen for spin label side chains introduced in the N-terminal 
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domain (K95R1 and I105R1), whereas this effect reduces by increasing the distance 

between label position and GidA (D366 →E287 →S278).  

For the G domains, such a release of MTSSL can be explained only by either incom-

plete removal of the spin label after labeling, or remaining DTE/ DTT in the protein 

sample, which would inhibit spin label binding through disulfide bridges and cut al-

ready existing ones. In case of the N-terminal domain this explanation also applies, but 

is enhanced by an additional effect, as can be seen from the stronger markedness of 

the mobile component in FIGURE 5.6.4.  

 

 

FIGURE 5.6.4: Cw EPR spectra of possible conformational changes in the MnmE protein at position
K95, I105, S278, E287 and D366 upon binding of GidA in the apo state. Data were recorded in with
(gray lines) and without GidA (black lines) in the presence of 100mM potassium or sodium. All
spectra are spin normalized. 
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In fact, it is known for the catalytic cysteine in the N-terminal domain that prior attack-

ing the C6 position of uracil this amino acid requires a deprotonation either actively or 

by changing its pKa. Restructuring and folding of the protein can cause changes in the 

environment, altering the pKa value of the amino acid side chain.  

For the MnmE protein binding of GidA could induce such structural changes in the 

N-terminal domain, thereby affecting not solely the native Cys residue, but also other 

cysteines in close proximity. This possibly influences the properties of the disulfide 

bridge between the MTSSL and the protein, leading to the release of the spin label. In 

addition, release of spin label could also be caused by 5-Formyl-THF, which displaces 

specific amino acid chains near the native cysteine C451C,  and possibly also the mu-

tated Cys residues (K95C, I105C), leading to a redistribution of charges, influencing 

the MTS – protein disulfide bridge stability. Although 5-F-THF should not be present 

in the protein preparation (see Material and Methods) previously performed glycine 

incorporation studies in which the dependency of nucleotide binding on the presence 

of NADH, FAD and 5-F-THF was determined, demonstrated that glycine incorpora-

tion takes place without additionally added 5-F-THF (Meyer et al., 2009b; Meyer, 

2009). This might indicate that a small amount of THF sufficient enough to trigger the 

tRNA modification reaction remains bound during purification.  

The dipolar time traces (left column) and the corresponding distance distributions 

(right column,) for positions K95 and I105 (FIGURE 5.6.5) in the absence and in pres-

ence of GidA, reveal just minor influences of GidA on the inter-spin distances. The 

major distance for K95R1 with Na+ is slightly shifted to smaller values (about 1Å).  

The distance distributions for position I105, both with Na+ and K+, become narrower 

and more defined, as shoulders indicating the presence of two distinct spin label rota-

mers become visible in the presence of sodium. Moreover, the fraction at about 40Å 

disappears upon binding of GidA, although it cannot be excluded that its presence in 

the absence of GidA might be caused by insufficient background subtraction due to 

the short dipolar evolution time in this experiment. Nevertheless, changes caused by 

the presence of GidA are clearly visible from the dipolar evolution data. These results, 
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together with the data from cw measurements (FIGURE 5.6.4) indicate that binding of 

GidA to MnmE affects the structure of the N-terminal dimerization domain.  

 

 

FIGURE 5.6.5: Conformational changes in mutant K95R1 and I105R1 upon association with GidA.
Measurements were performed in the Apo-state in presence of K+ (A) and Na+ (B). In both panels,
left column: background corrected dipolar evolution data; centre column: dipolar spectra; right
column: distance distributions obtained by Tikhonov regularization. All plots are normalized by
amplitude. Broken lines in the left columns are fits to the data obtained by Tikhonov regularization. 
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For the G domains, small effects upon binding of GidA are visible as well (see FIGURE 

with G ll broadening of the major distance peak for the 

spin label attached to position S278. Furthermore, a slight shift by 2Å towards larger 

 

5.6.6), whereas they are more pronounced in the presence of Na+. Here, complexation 

idA for example leads to a sma

distances (51Å) is observable, which indeed is negligible when taking into account the 

location of S278 in the switch II region. Thus, binding of GidA obviously does not 

significantly influence the switch II region. The distance distribution for position E287 

in Gα2 is not significantly affected by the presence of GidA with K+, but shifted to 

longer distances by about 5Å in the presence of Na+ (TABLE 5.6.2, end of Chapter 

5.6.2.4). As a result, similar to the observation for S278R1, the major distance becomes 

almost identical to that found for K+. GidA in the presence of Na+ thus induces 

and/or stabilizes a “more open” conformation of the G domains.  

 
FIGURE 5.6.6: Conformational changes at position S278, E287 and D366 upon association with GidA.
Measurements were performed in the Apo-state in presence of K+ (left panel) and Na+ (right panel). In
both panels, left column: backgroun
right column: distance distributio

d corrected dipolar evolution data; centre column: dipolar spectra;
ns obtained by Tikhonov regularization. All plots are normalized b

amplitude. Broken lines in the left columns are fits to the data obtained by Tikhonov regularization. 
y
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For position 366, located in Gα5, analysis of the DEER data obtained in the presence 

of GidA and K+ reveals a distance larger than 68Å, which cannot be reliably quantified 

due to the limited dipolar evolution time of this sample. Therefore, as can also be seen 

directly from the dipolar evolution traces, the distance between positions 366 in the 

MnmE dimer increases significantly in the presence of GidA, indicating structural 

changes also in the Gα5 region.  

 

5.6.2.2 GidA stabilization of the ON-OFF conformational switch in the pres-

wev-

er, the latter distance peak disappears by addition of GidA, showing that the equili-

brium between the two states is shifted toward the closed state. In the GDP·AlFx 

ence of potassium ions 

Considering the changes in the distance distributions in nucleotide-free MnmE upon 

binding of GidA, the question arises, whether and how GidA would influence specific 

intermediate steps of the GTPase cycle, i.e. the GDP-, GppNHp- and the GDP·AlFx - 

bound (transition) state. The results of the DEER measurements for positions S278R1 

and E287R1 in presence of 100mM KCl (left columns) are shown in FIGURE 5.6.7. 

Comparison of the data in the absence (dashed lines) and presence (solid lines) of Gi-

dA reveals a clear influence on the relative positions of the MnmE G domains in all 

steps of the GTPase cycle (see also TABLE 5.6.2). For mutant S278R1 the data show 

that binding of GidA in the GDP bound state induces a shift of the major distance 

peak from 46Å to 50Å and a strong reduction of the broad shoulder at smaller dis-

tances. The major effect of GidA is thus to stabilize the open conformation in the nuc-

leotide-free and GDP-bound state. 

The effect of GidA on the GppNHp state is even more pronounced but in the oppo-

site direction. Here, MnmE S278R1 shows two distinct peaks, whereas one of them 

represents the G domains to be in the closed state (27Å), while the other fraction exhi-

bits a distance of about 43Å representing the open conformation. Previously, in Chap-

ter 5.2, it was demonstrated for the G domains in absence of GidA that these two 

peaks showed a dynamic equilibrium in the presence of GppNHp between the open 

and the closed conformation of the G domains (dotted lines in FIGURE 5.6.7). Ho
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bound state the previous equilibrium between open and closed conformation is no 

longer observed. In both cases the distance distribution is characterized by a single but 

asymmetric peak at about 29Å, although the distribution width becomes broader and 

more symmetric in the presence of GidA.  

 

 

Somewhat different observations were made for mutant E287R1. In the presence of 
+ the distance distributions for the Apo - and the GDP-bound state remain largely 

unchanged on GidA addition, but slightly shift to shorter distance by approximately 

For the GppNHp conf

FIGURE 5.6.7: Characterization of the influence of GidA on the MnmE GTPase cycle of mutants
S278R1 and E287R1 in the presence of K+. Data analysis performed by Tikhonov regularization.
Left column, background corrected dipolar evolution data for the Apo-, GDP-, GppNHp- and
GDP·AlFx-bound state of the respective MnmE mutant; right column, distance distributions
obtained by Tikhonov regularization. All plots are normalized by amplitude. Broken lines in the left
columns are fits to the data obtained by Tikhonov regularization. Broken lines in the right columns
represent the distance distribution for MnmE without GidA (data taken from Chapter 5.2). For each
mutant, the dipolar evolution data and the respective distance distributions are colored according to

ucl  the n eotide bound state (Apo: black, GDP: blue, GppNHp: green, GDP·AlFx: red). 

K

1Å (Apo) or 2Å (GDP).  

ormation, the equilibrium between the two states with inter-

spin distances of 35Å and 51Å is clearly shifted towards the closed state, again demon-

strating the effect of GidA on the MnmE G domains already in the GppNHp bound 

state. Complete association and juxtaposition of the G domains occurs only in the 



186 | CHAPTER 5.6 MNME G DOMAIN MODULATION BY GIDA 

presence of GDP·AlFx, and GidA has no significant influence on the reaction. There is 

a major population maximum with a distance of 36Å, which is being shifted by about 

1Å to shorter distances by GidA. A minor fraction of proteins with a peak at 50Å indi-

cates a small population in the open state in both the presence and absence of GidA. 

.6.2.3 GidA abolishes potassium dependency of G domain association in 

MnmE 

In Chapter 5.2 it was demonstrated that full G domain closure can only be reached in 

the presence of GDP, AlFx, and K+. The extent of AlFx induced dimerization of the G 

domains correlates with the ionic radii of the cation present and its ability to stimulate 

GTP hydrolysis (Scrima and Wittinghofer, 2006). Full dime

K+ (r = 1.38Å), similar size cations (Rb+: 1.52Åand NH4+: 1.4

rization, and no dimerization is observed for significantly sma

(Cs+: 1.67Å) ions.  

Recent biochemical data indicate that this dependency of the

presence of a specific cation of appropriate radius is partly abo

GidA (Meyer et al., 2009b). To further characterize the catio

main dimerization in the MnmE/GidA complex, the mutan

were investigated in the Apo-, GDP-, GppNHp- and GDP·

presence of Na+ (FIGURE 5.6.8) and compared to the K+ data (FIGURE 5.6.7) described 

above.  

For S278R1 in the GDP bound state the small peaks located at 33Å/ 42Å observed 

switch II in the GDP bound state is affected by GidA but does not depend on the 

The differences observed with GppNHp and GDP·AlFx between the two mutants is 

possibly due to a weak inhibitory effect of the E287R1 mutation on G domain dimeri-

zation, although both mutants exhibit a GTPase activity close to the wild type (Meyer 

et al., 2009a).  

5

rization is observed with 

4Å) lead to partial dime-

ller (Na+: 0.99Å) or larger 

 GTPase reaction on the 

lished in the presence of 

n dependency of G do-

ts S278R1 and E287R1 

AlFx- bound state in the 

with Na+ disappear on addition of GidA and leave over one major distance peak lo-

cated at 50Å, which represents a marginally displacement of 1Å. The behavior of this 

position is thus almost identical to that observed with K+, apart from the small shift of 

the distance distribution in the opposite direction, indicating that the structure of 
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presence of a specific cation. The distance distributions for the GppNHp and 

GDP·AlFx conformations also reveal remarkable changes upon complexation with 

GidA. Without GidA in the presence of Na+ a broad distance distribution from 15Å to 

bout 55Å with a maximum at about 45Å is observed in both states. Binding of GidA 

ind r 

sta e distance range from 35Å to 

55Å indicate the presence of a small fraction of proteins in the open state.  

 

a

uces a shift of the major distance to about 25Å, indicating conversion to and/o

bilization of the closed conformation. Small peaks in th

 

The results for mutant E287R1 with Na+ are well in line with those obtained for 

S278R1, although the displacement of the distance distribution is larger. In the Apo 

state the major distance peak is shifted by 7Å to larger distances. Contrarily, in the 

presence of GDP the mean distance remains unchanged although a significant increase 

in the distribution width can be observed. Comparison with the K+ data in FIGURE 

5.6.7 reveals that E287R1 and therefore Gα2 are influenced by GidA only if K+ is re-

FIGURE 5.6.8: Characterization of the influence of GidA on the MnmE GTPase cycle of mutants 
S278R1 and E287R1 in the presence of Na+. Data analysis performed by Tikhonov regularization. 

ributions
obtained by Tikhonov regularization. All plots are normalized by amplitude. Broken lines in the lef

Left column, background corrected dipolar evolution data for the Apo-, GDP-, GppNHp- and 
GDP·AlFx-bound state of the respective MnmE mutant; right column, distance dist

t 
columns are fits to the data obtained by Tikhonov regularization. Broken lines in the right columns
represent the distance distribution for MnmE without GidA (data taken from Chapter 5.2). For each 
mutant, the dipolar evolution data and the respective distance distributions are colored according to
the nucleotide bound state (Apo: black, GDP: blue, GppNHp: green, GDP·AlFx: red).  
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placed by Na+. In the GppNHp state, the equilibrium between open and closed con-

formation is clearly shifted towards the closed state, similar to the observation in the 

n closed and open conformation can be ob-

served, with a major distance peak at 36Å and a smaller one at 52Å. Compared to the 

sults for S278R1 the fraction of MnmE dimers with G domains in the open state 

appears to be somewhat larger also here, being well in line with the observations in the 

presence of K+.  

Comparisons of the Apo-state with the active, GDP·AlFx bound state for the spin 

label positions in the α/β domain (K95R1, I105R1) in the presence of K+ and Na+ are 

shown in FIGURE 5.6.9.  

 

 

presence of K+. Interestingly, here the quite broad long distance peak observed with-

out GidA converts to a small narrow peak at 51Å, which distribution width is smaller 

by a factor of 3. This indicates that, besides the shift of the equilibrium, the open con-

formation becomes more structured, and that therefore GidA seems to stabilize Gα2 

similar to how K+ does in the absence of GidA. In the GDP·AlFx bound state after 

addition of GidA an equilibrium betwee

re

FIGURE 5.6.9: Influence of GidA on MnmE mutants K95 and I105 during GTP hydrolysis in the
presence of K+ and Na+. Left column, background corrected dipolar evolution data for the apo
(black) and GDP·AlFx-bound (gray) state of the respective MnmE mutant; right column, distance
distributions obtained by Tikhonov regularization. Broken lines in the left column are fits to the data
obtained by Tikhonov regularization. 
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In general, the differences between the two states are minor, judged by comparison of 

ains as compared to 

the central α/β domain.  

bound state are marginally broader. As observed in the presen +

d r 

distances, corresponding to the open conformation. This second fraction is much 

more pronounced in the presence of Na+, implying the necessity of K+ to be present 
+

th spin label

the distance distributions as well as the dipolar evolution data, though a closer exami-

nation of the data reveals small differences for each mutant in the width of the distri-

butions. Thus, binding of GidA to MnmE induces changes in the structure and dy-

namics in MnmE which are much more pronounced in the G dom

In summary, the results indicate that in the heterotetrameric protein complex formed 

by MnmE and GidA, the latter at least partially abolishes the requirement of K+ for 

dimerization of the G domains. In the presence of the non-hydrolysable GTP analog 

GppNHp, the distance distributions are characterized by a significant shift of the equi-

librium towards the closed conformation of the G domains also in the absence of K+.  

In the presence of the transition state mimic GDP·AlFx and Na+ the data for both mu-

tants indicate formation of the closed G domain conformation. Compared to the dis-

tances characterizing the closed conformation in the presence of GppNHp, the popu-

lation maxima are slightly shifted and the distance distributions for the GDP·AlFx 

for a full stabilization of the closed conformation. Binding of K  to the nucleotide 

binding pocket structures a highly conserved segment in switch I, involved in the 

coordination of K+, the so-called K-loop (Scrima and Wittinghofer, 2006), thereby 

enabling the K-loop to form a part of the G domain interface. Hence, the whole dimer 
+

ce of K , the distance 

istribution of E287R1 comprises a second minor fraction with significantly large

interface is stabilized upon K -coordination (Scrima and Wittinghofer, 2006). Never-

theless, within experimental error, the data for bo  positions indicate that 

with GDP·AlFx in the presence of Na+ the conformational equilibrium is shifted to-

wards the closed state, but not completely.  
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5.6.2.4 Association with GidA alters backbone dynamics in MnmE 

To investigate if the partly drastic changes in the distribution widths especially in the 

presence of Na+ have to be accounted to changes in protein dynamics or an altered 

motional freedom of the spin label side chain due to structural changes in the protein, 

RT cw spectra of the preparations subjected to DEER (FIGURE 5.6.10) were com-

pared.  

 

 

Although in some cases slight changes of the spin label mobility upon binding of GidA 

to MnmE are visible (e.g. for E287R1 in the Apo and the GDP bound state), there is 

FIGURE 5.6.10: Overlay of room temperature cw EPR spectra of MnmE-C451S/S278R1 (A) and 
C451S/E287R1 (B) both with (continuous line) and without (dotted line) GidA.  
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no clear correlation between the changes in the DEER distance distribution widths 

 domain dimeriza-

tion interface implies that the presence of GidA is communicated to the G domains 

rough the central α/β domains and/or the α-helical domains. As significant changes 

in the distance distributions for the two positions located in the α/β domain do not 

occur, communication most likely takes place via conformational changes of the α-

helical domains, either by means of a structural rearrangement or a wing-like rigid-body 

motion of the entire domain. The exact nature of these conformational changes is sub-

ject of current investigation.  

Since the G domains of MnmE after dimerization and juxtaposition contain all neces-

sary elements for catalysis, GidA can be considered to be a GTPase co-stimulator 

(GCR) as recently defined by (Gasper et al., 2009). The stimulation mechanism is dif-

ferent from that of GAPs for Ras like small G proteins, which supply a catalytic resi-

d n 

b l 

r 5-

fold accelerated by GidA, but 24-fold by potassium, while in presence of both compo-

nents a 28-fold stimulation is observed (Meyer et al., 2009b). This implies that K+ is 

much more potent to stimulate GTP-hydrolysis than GidA. Hence, while GidA stabi-

and the mobility of the spin label in the cw spectra. This leads us to the conclusion that 

the observed changes in the distance distributions have to be accounted to changes in 

the mobility of the protein backbone, being on a timescale at or above the EPR rigid 

limit (> 50ns), rather than changes of the SL side chain mobility.  

All together, the results of Chapter 5.6 demonstrate that interaction with GidA on a 

site remote from the G domains (FIGURE 5.6.1), according to the present model (Mey-

er et al., 2008), stabilizes the activated GTPase competent dimer. Binding of GidA 

induces conformational changes in MnmE which in turn mediate dimerization of the 

G domains even in the absence of potassium ions, indicating that GidA binding signif-

icantly alters the relative localization of the G domains and thus acts as a co-stimulator 

of the GTPase reaction.  

The assumption that GidA binds to a site opposite to the MnmE G

th

ue into the active site. The fact that G domain dimerization and GTPase activity ca

e induced by GidA even in the absence of potassium indicates significant structura

earrangements in this region. In the case of the E. coli proteins GTP-hydrolysis is 



192 | CHAPTER 5.6 MNME G DOMAIN MODULATION BY GIDA 

lizes the closed state of the G-domains, potassium is still required to fully accelerate 

 of the GTPase reaction are still unknown. The GCR 

tivity of GidA might be of larger importance in the human homologues, since 

hGTPBP3 was recently shown to have a very low intrinsic GTP activity compared to 

(Villarr shown above reveal, that GidA performs its stimula-

tory function by stabilizing the closed, GTPase competent conformation and/or by 

ent 

 

GTP-hydrolysis.  

Although the tRNA modifying reaction has been reconstituted in vitro (Meyer et al., 

2009b; Villarroya et al., 2008), the reaction rates measured were still very slow and the 

role and nature of the tetrahydrofolate substrate are not completely understood. The 

physiological nature and relative importance of potassium and GidA to the overall 

modification reaction and the role

ac

MnmE and is not activated in the presence of K+, in contrast to the bacterial systems 

oya et al., 2008). The data 

shifting the equilibrium between open and closed very strongly towards the latter. 

Similar effects have been described recently for the signal recognition particle (SRP) 

(“active”) closed state accompanied by conformational changes, to finally revert back 

to an open, GDP-bound state (Shan et al., 2004). Zhang et al. (Zhang et al., 2009) 

showed that SRP’s cargo, the ribosome-nascent chain complex (RNC) stabilizes the 

early intermediate but disfavors the closed and active conformations, creating a “time 

window” in which the RNC can dissociate from the SRP-RC complex. Although RNC 

effects only the open conformation rather than both, the open and closed as found for 

the effect of GidA on MnmE, RNC and GidA nevertheless use the same basic prin-

ciple, stabilization/destabilization of G domain conformations, to modulate the “tim-

ing” of the GTPase cycle for optimal function. 

and its receptor (SR), another GAD-system. There, the G domain cycle of SRP-SR has 

been reported to initially oscillate between an “open” and a “closed” GTP bound state 

via an “early” intermediate. The closed state converts then to a hydrolysis compet
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TABLE 5.6.2: Maxima in distance distributions for the pair of spin labels from experimentally 
determined DEER distance distributions measured in the absence and presence of GidA. 

Residuea muta-
ted to Cys 

Nucleotide 
state 

Cation Maximum in 
DEER distance 

distribution 
(-GidA)/ Å 

Maximum in DEER 
distance distribu-
tion (+GidA)/ Å 

K95R1, N-term. 
domain 

Apo 
GDP·AlFx 

K+ 
 

 

 

Apo 
GDP·AlFx 

Na  
 

+

37, 48 

48 
46 

37, 48 

47 
47 

I105R1, N-term. 
domain 

Apo 
GDP·AlFx 

Apo 
GDP·AlFx 

K+ 
 

Na+ 

29 
 

29 

29 
28 
27 
29 

S278R1, switch 
II 

Apo 
GDP 

GppNHp 
GDP·AlFx 

Apo 
GDP 

GppNHp 
GDP·AlFx 

K+ 
 
 
 

Na+ 

49 
38, 48 
27, 43 

28 
40, 49 

33, 42, 50 
31, 45 

44 

49 
50 

22-27 
29 

40, 51 
50 
24 

26, 49 

E287R1, Gα2 Apo 
GDP 

GppNHp 
GDP·AlFx 

Apo 
GDP 

GppNHp 
GDP·AlFx 

 
 
 

K+ 

Na+ 

35, 54 
37, 54 
36, 52 

56 

34, 49 
55 
54 
56 

33, 52 
35, 51 
35, 50 

54 

55 
54 

35, 52 
35, 52 

D366R1, G
Apo 

 
Na+ 67 >68 

α5 Apo K+ 37, 67 64, >68 

aNumbering according to E. coli MnmE sequence.
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CHAPTER 6 

SUMMARY & OUTLOOK 

6.1  Summary 

MnmE is a G protein conserved between bacteria and eukarya, which belongs to the 

expanding class of G proteins activated by nucleotide-dependent dimerization (GADs). 

Together with its interaction partner GidA it forms an enzymatic complex, which is 

involved in the modification of U34 in the wobble position of tRNAs reading 2-fold 

degenerated codon boxes ending with A or G (Bregeon et al., 2001; Elseviers et al., 

1984; Meyer et al., 2009b). In bacteria, U34 is modified to cmnm5U34, whereas in hu-

man τm5U34 is build. Since the modification reaction is essential for proper decoding 

of mixed codon family boxes during translation, absence of this 5-taurinomethyl tRNA 

modification leads to neurological disorders such as MERRF, MELAS and nonsyn-

dromic deafness (Kirino et al., 2004; Li and Guan, 2002; Umeda et al., 2005a; Umeda 

et al., 2005b; Villarroya et al., 2008).  

Within the class of GADs MnmE is one of the structurally and biochemically best cha-

racterized protein. However, neither the structural model of the full-length MnmE 

dimer nor dimerization of the G domains in the full-length dimeric protein has been 
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proven directly so far. Moreover, even if structural informations are available on bac-

GppNHp state most often correlate nicely with the crystal structures of C. tepidium 

M  

o  

(M . 

te  

r -

ray structure, it becomes apparent that, first of all, the G domains change their orienta-

tions suggesting them to be highly mobile elements capable of moving independently 

-bound state a notable feature is the coexistence of an open and 

closed state, pointing out that a triphosphate analog is not sufficient to fully stabilize 

e X-ray experiment. Moreover, it was possible to 

terial orthologues of GidA, the exact role of both proteins MnmE and GidA in the 

complex and specifically their interplay in the modification reaction remains largely 

unknown (Cabedo et al., 1999; Osawa et al., 2009; Scrima et al., 2005; Shi et al., 2009).  

In this work EPR spectroscopy was applied to study the behavior of the G domains in 

full-length MnmE in different steps of the GTPase cycle. As a result, the distance dis-

tributions obtained from DEER measurements of MnmE in the Apo, GDP and 

with regard to the other domains. Such a high mobility is also present for individual 

regions in the G domains, as for example switch I and II, since it is indeed required to 

overcome the large distance gap between the G domains in the open state to form the 

GDP·AlFx complex. As this gap amounts to about 20-30 Å(judged from the X-ray 

structure (Scrima and Wittinghofer, 2006), and from the DEER data in Chapter 5.2), 

dimerization is accompanied by large domain movements from the open to the closed 

state, which is an apparently unique feature of MnmE with regard to other GADs 

(Gasper et al., 2009). The inter-spin distances obtained by DEER spectroscopy there-

fore directly prove for the first time that the G domains contact each other in the pres-

ence of the triphosphate or transition state analogue.  

In the GppNHp

nmE (pdb 3GEE, 3GEI) and Nostoc MnmE (pdb 3GEH) solved in this context by

ur collaborators at the MPI Dortmund (Dr. S. Meyer, Prof. Dr. A. Wittinghofer;

eyer et al., 2009a)). However, comparing the different full-length structures of C

pidum MnmE, Nostoc MnmE and T. maritima MnmE (pdb 1XZP), and also some

esults of the DEER measurements (e.g. S278R1) with the Cβ-Cβ distance from the X

the closed state. Unlike the results from X-ray crystallography, the EPR data do not 

show a continuum of conformations but rather particular conformations in the open 

and closed state not observable in th
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demonstrate that only the presence of GDP, AlFx and potassium is capable of stabiliz-

ing the closed state, and that this effect is specific, since the effect is absent with Na+ 

and Cs+ and is smaller with similar size cations such as Rb+ and NH4
+.  

Moreover, it could be demonstrated that during GTP-hydrolysis the G domains pass 

through a complex mechanism of opening and closing, which is accompanied by the 

recruitment of switch regions, elongation and tilting of helices, as well as large domain 

movements of up to 20Å. Thus, concrete information about movement of the two G 

domains relative to each other are available, however, the question appeared whether 

these domains are also changing their position relative to the helical/ N-terminal do-

m  

p

r ns of the naturally occurring cysteine C451 could be 

demonstrated. Certainly, as for the transition state the distance between the C451-pair 

mpared to the other states, it is not clear if this large distance is 

mains with respect to the N-terminal domain it 

ain, or whether their movement affects the remaining domains. For the C-terminal

art of MnmE differences in the conformation reflected by mobility changes and alte-

ations in the distance distributio

more likely increases co

in line with the catalytic role of C451. Closure of the active site, and thus approxima-

tion of C451 to the 5-F-THF binding site in the N-terminal domain would imply that 

both cysteines of MnmE converge. Moreover, as recent in vivo studies by (Osawa et 

al., 2009) contradict the assumption of the catalytic role of the cysteine, the actual role 

of C451 will be subject of further investigations.  

Concerning movements of the G do

can be stated that conformational changes are less pronounced. In the GDP state, for 

example, the C-terminal end of Gβ2 and the subsequent connecting region are restruc-

tured in such a way that Gβ2 is brought closer to the symmetry axis of the dimer, and 

thus converge at position I105. In contrast, helix Gα2 is well displayed by the 

TmMnmE crystal structure model and reveals only minor differences in the distribu-

tion maximum, which have to be addressed to inter-molecular contributions. For the 

switch II region (I105-S278) the high flexibility, demonstrated in case of the relative 

movement of the G domains, is less pronounced when considering its movement with 

respect to the N-terminal domain. However, it is still recognizable in this case, and 

thus switch II apparently moves away from the symmetry axis of the dimer, whereby it 
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enlarges not only its distance to the opposite G domain, but also to the N-terminal 

domains. Certainly, transition from this open to a closed conformation can not be mo-

nitored directly by the results, however, reorientations of several regions in the G do-

main seems to be visible.  

Furthermore, as it is known from previous studies (Bregeon et al., 2001; Elseviers et 

al., 1984) that MnmE does not participate alone in the first step of the modification 

mechanism, but forms a functional complex with its interaction partner GidA (Meyer 

et al., 2008; Yim et al., 2006), the influence of GidA was also investigated regarding the 

G domain dimerization of the MnmE protein during the GTPase reaction cycle. The 

results demonstrate that interaction with GidA on a site remote from the G domains, 

according to the present model (Meyer et al., 2008), stabilizes the activated GTPase 

ompetent dimer. Binding of GidA induces conformational changes in MnmE which 

in turn mediate dimerization of the G domains even in the absence of potassium ions, 

dicating that GidA binding significantly alters the relative localization of the G do-

mains and thus acts as a co-stimulator of the GTPase reaction.  

ain dimeriza-

omains, either by means of a structural rearrangement or a wing-like rigid-body 

motion of the entire domain. The exact nature of these conformational changes is sub-

ject of current investigation.  

Since the G domains of MnmE after dimerization and juxtaposition contain all neces-

sary elements for catalysis, GidA can be considered to be a GTPase co-stimulator 

(GCR) as recently defined by (Gasper et al., 2009). The stimulation mechanism is dif-

ferent from that of GAPs for Ras like small G proteins, which supply a catalytic resi-

due into the active site. The fact that G domain dimerization and GTPase activity can 

be induced by GidA even in the absence of potassium indicates significant structural 

rearrangements in this region. In the case of the E. coli proteins GTP-hydrolysis is 5-

c

in

The assumption that GidA binds to a site opposite to the MnmE G dom

tion interface implies that the presence of GidA is communicated to the G domains 

through the central α/β domains and/or the α-helical domains. As significant changes 

in the distance distributions for the two positions located in the α/β domain do not 

occur, communication most likely takes place via conformational changes of the α-

helical d
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fold accelerated by GidA, but 24-fold by potassium, while in presence of both compo-

nents a 28-fold stimulation is observed (Meyer et al., 2009b). This implies that K+ is 

much more potent to stimulate GTP-hydrolysis than GidA. Hence, while GidA stabi-

lizes the closed state of the G-domains, potassium is still required to fully accelerate 

GTP-hydrolysis.  

 

6.2  Outlook 

Since the biochemical characterization of the MnmE-GidA complex reveals a crucial 

influence of GidA on the G domain cycle of MnmE while stabilizing the closed con-

formation of the G domains, pulsed EPR spectroscopy can now be used to further 

examine the G domain cycle of the MnmE-GidA complex. Initial measurements have 

been carried out with MTS-spin labeled GidA introduced at three different sites, name-

ly position C47, C242, and C277.  

The results for position C47R1 in the Apo-state in presence of potassium displayed 

distinct peaks with narrow distance distributions. Moreover, addition of MnmE, i.e. 

MnmE C451S or MnmE I105R1, apparently causes a restructuring of the surrounding 

helices of position C47R1, whereby the spin label takes on a well defined orientation. 

Thus, it is assumed that complex formation between MnmE and GidA not only causes 

structural changes in MnmE, but also GidA takes on a more ordered conformation. 

Additional observations of GidA at position C47 do not show additional influences 

during the different steps of the GTPase cycle in the presence and absence of potas-

sium. Nevertheless, before a statement can be made regarding effects of MnmE on 

GidA in terms of changes in the distance distribution, further measurements have to 

be made, also to elucidate the precise assembly of MnmE and GidA in the complex. 

The current model proposes formation of a heterodimeric complex, whereby GidA 

binds to MnmE at the opposite direction of the G domains. Thus, GidA does not inte-

ract directly with the G domains of MnmE, however, qualitative and quantitative inte-

raction studies have shown that G domain dimerization-coupled conformational rear-
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rangements regulate the affinity for GidA and lead to a strengthening of the affinity in 

sible reason for that 

mE is interfered by the spin label introduced in the α-helical 

Additionally, movement of the α-helical domains of MnmE with respect to the G do-

m

(MnmE D366R1/ D195R1, E287R1/ D195R1; D366R1/K188, E287R1/ K188). This 

should answer the question whether the α-helical domains of MnmE move synchro-

the triphosphate state (Meyer et al., 2009b; Meyer, 2009). Therefore, spin labels have 

been introduced in the α-helical domains (K188R1, D195R1) of MnmE together with 

spin labeled GidA (C47R1, C277R1, R564R1, I617R1) to determine the topology of 

the complex, as well as possible structural changes during the GTPase cycle. Certainly, 

in the first four-pulse DEER measurements the distances seem to exceed the range 

accessible for pulse EPR and thus do not exhibit the expected distances calculated 

from the dimer of the MnmE and GidA crystal structure. A pos

can be a disturbance of the interaction between the two proteins due to the introduced 

spin labels. Therefore, additional measurements were performed with mutant MnmE 

E287R1 + GidA R564R1 in the presence of GppNHp and 100mM NaCl. The ob-

tained results display an intact interaction of the two proteins in absence of spin labels 

in the α-helical domains, as dimerization of the G domains takes place in presence of 

the non-hydrolysable transition state analogue and NaCl. This would imply that inte-

raction of GidA with Mn

domains. Admittedly, there is still no direct evidence that the binding model correlates 

with the situation in solution. 

nized with the G domains during dimerization, and how GidA and MnmE “talk to 

each other”. Moreover, suitably spin labeled tRNA can be used to localize the tRNA 

binding site, since so far, the mechanism of the tRNA modification reaction is not 

understood.  

ains can be investigated by introducing again four spin labels into the protein 

Ultimately, all these approaches would help to clarify the more exciting questions, such 

as how the tRNA modification reaction mechanistically takes place, and how tRNA-

modification reaction in the MnmE-GidA-complex is linked to hydrolysis of GTP. 
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