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Abstract 
Molecular chaperones help many proteins in the cell reach their native conformation. The 
mechanism with which they do this has been studied extensively, but has not been entirely 
elucidated. This work is a continuation of the study done by Laila Villebeck et al. (5) on the 
conformational rearrangements in the eukaryotic protein actin in interaction with the 
eukaryotic chaperone TRiC. In this study the intentions was to analyze the protein MreB, a 
prokaryotic homologue to actin, when interacting with the prokaryotic chaperone GroEL. The 
purpose was to investigate if the mechanisms of GroEL and TRiC are similar. The analysis of 
the conformation of MreB was to be made through calculations of fluorescence resonance 
energy transfer (FRET) between two positions in MreB labeled with fluorescein. A MreB 
mutant was made through site-specific mutagenesis to enable labeling at a specific position. 
Another single mutant and a corresponding double mutant needed for these measurements 
were avaliable from earlier studies. The results from fluorescence measurements on these 
mutants indicated that the degree of labeling was insufficient for accurate determination of 
FRET. Suggestions are made on possible improvements of the experimental approach for 
future studies. 
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1. Introduction 
An important field of study is that of molecular chaperones that help many proteins in the cell 
reach their native conformation. Flaws in the functionality of the chaperones is connected to 
several diseases in humans, e. g. Alzheimer’s disease (1).  

1.1 Background 
GroEL is a molecular chaperone that has been studied extensively, but the exact mechanism 
with which it works has not been entirely elucidated. Persson et al. (2) and Hammarström et 
al. (3,4) found that the chaperonin GroEL works by an unfolding mechanism to actively 
unfold misfolded structures in bound target protein. 

The background for the studies presented in this master thesis is the research conducted by 
Villebeck et al. (5) who studied TRiC (tail-less complex polypeptide 1 (TCP-1) ring 
complex), an eukaryotic homologue to GroEL. The purpose was to investigate if the 
chaperonin mechanism of TRiC shows similarities to that of GroEL which could give insight 
into whether or not the mechanisms of the proteins have been conserved through the course of 
evolution. The target protein chosen was mammalian actin. 

The studies of Villebeck et al. showed that the actin was stretched and then compacted as a 
result of the conformational changes the chaperonin undergoes during the chaperonin cycle. 
Similar experiments with GroEL and actin showed that GroEL can bind the target protein and 
induce some stretching, followed by compacting when the co-chaperonin GroES binds, but 
can not guide the protein to a native conformation (6). Because of these results, Villebeck et 
al. then commenced a project where the prokaryotic homologue to actin, MreB, was chosen to 
be the target protein to evaluate its interactions with GroEL and TRiC. This would give an 
indication of how similar the mechanisms of the two chaperonins are, and further illuminate 
the evolutionary process leading up to those mechanisms. 
 

1.2 The purpose of this study 
The purpose of this study was to investigate how the conformation of MreB behaves when 
binding to GroEL. This was done by creating one MreB single mutant, V245C. The single 
mutant N69C and a double mutant N69C/V245C were constructed in earlier studies. Then the 
MreB single mutants were purified and labeled with the fluorophore 6-iodoacetamido-
fluorescein  (called fluorescein from here on). Fluorescence measurements of steady state 
anisotropy and FRET were made separately on the three mutants under folding conditions in 
the presence of GroEL, to evaluate the conformation change of MreB when binding to GroEL 
and GroES. Additional experiments of MreB under conditions favorable for folding and under 
denaturing conditions in the absence of GroEL were made for comparison.  
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2. The proteins 
The objects of interest in these studies were the protein MreB and the chaperonin GroEL, 
which are here presented briefly. 

2.1 The need for chaperones 
Many proteins need help to obtain their native conformation in the environment of the cell 
(7,8). Unaided they may expose hydrophobic side chains to the polar environment, which can 
lead to aggregation when they interact with hydrophobic side chains on other proteins. Not 
only will most proteins not function properly but aggregation of those proteins can have 
serious consequences to the cell inhabiting them, and can lead to diseases in the organism. To 
avoid these problems there are helper proteins in the cells, called molecular chaperones, 
which in different ways help these target proteins to fold properly. 

2.2 Chaperonins – a subdivision of chaperones 
One subdivision of chaperones is the chaperonins. Chaperonins are divided into two different 
classes. The two classes are Group I, present in eubacteria and eukaryotic organelles of 
prokaryotic origin, and Group II which can be found in the cytosol of eukaryotes and archae. 
All chaperonins have important features in common, but there are also some differences 
between the groups. (5) 

 

             

A B 

Apical 
domain 

Intermediate 
domain 

Equatorial 
domain 

C 
 
Fig 1. (A-B) The general structure of a chaperonin, here illustrated by GroEL, PDB code 1SS8 (9). Individual 
subunits are indicated in dark grey. (A) Top view. (B) Side view. (C) The different domains of a subunit.  

Chaperonins consist of two multi subunit rings which form a central cavity where unfolded 
proteins can fit (Fig 1 A-B). The subunits of the chaperonins consist of three domains; the 
equatorial, the apical and the intermediate domain (Fig 1 C). These domains take on different 
conformations during the folding cycle of a target protein. The domains of Group I and Group 
II chaperonins seems to have largely similar functions.  The apical domain bind the target 
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protein. The equatorial domain is involved in binding the nucleotide ATP and also handles 
most of the contacts within and between the two rings of the chaperonin. Connecting the other 
two domains is the intermediate domain, which mediates conformational change between the 
apical and equatorial domains.(10,11) 

The actual mechanism behind the chaperonins helping the protein to fold is not entirely 
known. Therefore it is interesting to see what happens with the conformation of a protein in 
the process of folding in the chaperonin, which is the reason for this study. 

2.3 GroEL/ES 
GroEL is an extensively studied chaperonin from Group I found in E. coli among others, 
which works with the help of the co-chaperonin GroES. Recognition and binding of the target 
proteins occur through hydrophobic residues in GroEL. The folding cycle of Group I 
chaperonin starts by binding of the target protein to one of the chaperonin rings in its open 
conformation. The ring where the protein is bound is called the cis ring and the other ring the 
trans ring. ATP then binds to the cis ring and causes conformational changes that leads to an 
expansion of the GroEL cavity, but which also seems to be important for GroES to be able to 
bind to the chaperonin-target protein complex. GroES binds to the top of the cis ring like a 
lid, stopping the target protein from exiting the chaperonin cavity. At this stage the subunits 
of GroEL rearrange in a way that hides the hydrophobic protein binding sites, causing the 
protein to be released into the now hydrophilic cavity. The ATP bound to the cis ring is 
hydrolyzed, leading to structural changes in the trans ring that enables it to bind ATP. This in 
turn opens up the trans ring, letting the protein exit from the chaperonin cavity. (10) 

2.4 TRiC 
The group II chaperonin tail-less complex polypeptide 1 (TCP-1) ring complex, TRiC, is 
found in the cytoplasm of eukaryotes. It consists of two rings built up by eight non-identical 
subunits, unlike GroEL where all subunits are identical. Like other group II chaperonins it 
does not need a cofactor to function. The contact between the two rings of TRiC, needed for 
allosteric communication, also differs from GroEL. Furthermore, TRiC is larger than GroEL 
with a broader opening of the chaperonin chamber. (5) 

Despite these differences, TRiC and GroEL are in many ways similar. As mentioned in the 
introduction to this report, studies on actin by Villebeck et al. (5) have shown that TRiC 
induces stretching and compaction of the protein. Although actin and GroEL do not coexist in 
nature, actin was bound by GroEL. Furthermore, similar conformational changes was 
observed in actin bound to GroEL as in the actin-TRiC interaction, though smaller. GroEL 
could however not help actin reach its native structure. This shows that the mechanisms of the 
two chaperonins have some properties in common, and that the differences between them 
could give insight into how they were separated by evolution. 

2.5 The target proteins - MreB and actin 
MreB, a prokaryotic protein, has been proposed to be an ancestor to the eukaryotic protein 
actin (12). Actin is a protein found in all eukaryotic cells and is involved in many 
physiological processes, such as cell division, cell locomotion, control of cell shape, muscle 
contraction, separation of chromosomes, endocytosis, exocytosis and organelle transport (13). 
MreB has been shown to have functions in the cell similar to actin; MreB assembles into 
filaments with a subunit repeat similar to that of F-actin (14), it forms large fibrous spirals 
under the cell membrane of rod-shaped cells and MreB filaments participate in chromosome 
segregation (15). The amino acid sequence homology between actin and MreB is only 15%, 
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but an investigation of the crystal structure of MreB from Thermotoga maritima has shown 
that its three-dimensional structure is very similar to that of actin (14). The functionality and 
the crystal structure together makes it reasonable to consider MreB and actin to share a 
common origin. 

MreB, like actin, consists of four subunits. MreB has three naturally occurring cysteins at the 
bottom of the proteins three-dimensional structure (Fig 2A). In actin, the largest difference in 
distance upon binding to TRiC observed in the studies of Villebeck et al., was between 
subdomains 2 and 4. Therefore that was the area of interest for investigation of 
conformational changes in this study. 

  
BA

Fig 2. The spatial structure of MreB from T. maritima, PDB code 1JCE (14). (A) Cysteines present in the wild 
type indicated as black spheres. (B) The positions for introduced cysteines in this study. 

To perform the fluorescence experiments intended in this study, there was a need to attach 
fluorophores to two specific positions in the MreB structure. A way to do this is to introduce 
cysteines, which are good nucleophiles at physiological pH, in the protein through site-
specific mutagenesis. The fluorophores can then be attached to the cysteines. None of the 
naturally occuring cysteines in MreB were suitable for these studies since they are situated in 
positions far away from the part of interest, and thus they were replaced by asparagine, serine 
and alanine, respectively. Cysteines intended for labeling with fluorophore were introduced at 
two positions; position 69 replacing an asparagine and position 245 replacing a valine (Fig 3). 
These two positions are situated on the arms of the MreB molecule (Fig 2B). 
 
MLKKFRGMFSNDLSIDLGTANTLIYVKGQGIVLNEPSVVAIRQDRAGSPKSVAAVGHDAKQMLGRTPGNIAAIRP
MKDGVIADFFVTEKMLQHFIKQVHSNSFMRPSPRVLVCVPVGATQVERRAIRESAQGAGAREVFLIEEPMAAAIG
AGLPVSEATGSMVVDIGGGTTEVAVISLNGVVYSSSVRIGGDRFDEAIINYVRRNYGSLIGEATAERIKHEIGSA
YPGDEVREIEVRGRNLAEGVPRGFTLNSNEILEALQEPLTGIVSAVMVALEQCPPELASDISERGMVLTGGGALL
RNLDRLLMEETGIPVVVAEDPLTCVARGGGKALEMIDMHGGDLFSEE- 

Fig 3. The amino acid sequence of wild type MreB from E. coli. Wild-type cysteines and the positions chosen 
for introduction of new cysteines marked. 

The MreB gene used in this study was isolated from E. coli (Fig 3), the E. coli genome being 
readily accessible and also because MreB and GroEL are natural constituents in the cytosol of 
E. coli cells. The amino acid sequence homology between MreB from T. maritima and MreB 
from E. coli is about 55%, which suggests that their structures are similar (Appendix I).  
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3. Theoretical background 

3.1 Fluorescence, anisotropy and FRET 
The physical phenomena we have taken advantage of to perform these studies are 
fluorescence anisotropy and fluorescence resonance energy transfer (abbreviated FRET from 
here on). The related phenomenon phosphoresence will not be discussed here. 

To explain fluorescence, some background about electrons and quantum mechanics is needed.  
An electron can exist in different discrete energy states, a ground state of low energy and 
several excited states of higher energy. Within these energy states there are different 
vibrational energy levels. When a molecule known as a fluorophore is subjected to light, it 
may absorb energy from a photon in the light that have an energy, i.e. a wavelength, that 
corresponds to the difference in energy between the valence electrons current energy state and 
a higher energy state. The photon is more readily absorbed if the electric vector of the photon 
is aligned with the dipole moment of the fluorophore molecule, i.e. the resulting vector 
constituted of the polarity of the chemical bonds in the molecule. If the molecule absorbs a 
photon it leads to a valence electron assuming an excited energy state. The absorbed energy 
can be shed by the electron returning to the ground energy state. This is done in two steps; 
first a rapid decay of energy to the lowest vibrational level of the excited energy state through 
the vibrations and rotations of the electron, a phenomenon called internal conversion, and 
interactions with molecules in the surroundings. Secondly, it returns to one of the vibrational 
levels of the ground energy state by emitting the remaining extra energy in the form of a 
photon. This whole process is illustrated in Fig 4 A. The emitted photon will have a lower 
energy, and thus a longer wavelength, than the absorbed photon due to the internal conversion 
and interactions stated above, but also due to the fact that the excited valence electron often 
originates from a low vibrational level of the ground energy state, but returns to a higher 
vibrational level of the ground energy state when emitting a photon. This difference in 
wavelength between the absorbed and the emitted photons is called Stoke’s shift (Fig 4B). 
(16,17) 

 
Fig 4. (A) A simple Jablonski diagram illustrating the principles of fluorescence. (B) An illustration of Stoke’s 
shift. 

By detecting the intensity of the emitted light at different wavelengths, i.e. energies, 
information can be gained about the state of the fluorophore. The directional change in dipole 
moment in the molecules between absorption and emission can also be investigated, a 
phenomenon called anisotropy. 
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Anisotropy measurements are used to measure the flexibility and tumbling motion of a 
molecule. As mentioned before, mostly molecules with dipole moments aligned with the 
incoming light will absorb energy from it. During the short time is takes for the molecule to 
emit a photon to return to a ground energy state, the molecule may rotate and tumble, 
therefore emitting the photon in a different direction than it would if it was stationary. The 
change in dipole moment can be investigated by subjecting the molecule to polarized light, 
which means that the dipole moment of the molecules absorbing photons is known. By 
measuring the intensity of emitted polarized light the amount of tumbling or rotation of the 
molecule, and the flexibility of the fluorophore itself, can be analyzed. The lower the 
anisotropy, the more flexible the fluorophore and faster tumbling the molecule to which the 
fluorophore is attached. This can be used for example to investigate binding of proteins. (17) 

Fluorescence resonance energy transfer, FRET, is a phenomenon that occurs between two 
fluorophores, a donor (D) and an acceptor (A). The excited-state energy of D is transferred to 
A if the emission spectrum of D overlaps with the absorption spectrum of A. The energy is 
transferred without emission of a photon from D, instead the energy transfer is the result of 
long-range dipole-dipole interactions between the two fluorophores. The rate of energy 
transfer depends on the distance between D and A, the relative orientation of the transition 
dipoles of D and A and the extent of the spectral overlap of the emission spectrum of D with 
the absorption spectrum of A. Transfer of energy between two fluorophores leads to an 
apparent lower anisotropy (18). (17,19) 

In this study, the amount of FRET was determined by comparing the observed anisotropies 
for the protein molecule with two fluorophores – a donor and an acceptor - to protein 
molecules with a single fluorophore situtated at the corresponding positions as in the 
molecule labeled with two fluorophores. With this method distances typically between 20 and 
60 Å  separating the fluorophores can be studied, depending on the choice of fluorophores 
(17,19). 

3.2 Site-directed mutagenesis, production and purification of 
protein 

Site-directed mutagenesis is a method to alter the amino acid sequence of a protein in a 
specific position through alterations in the nucleotide sequence coding for the protein. (20) 

The starting materials needed for the site-directed mutagenesis method used here are a 
double-stranded plasmid containing the gene of interest, two primers complementary to the 
gene except for the desired mutation, DNA polymerase and a thermal cycler, also known as a 
PCR machine. 

A plasmid is a piece of short circular DNA with a gene of interest. It can be introduced into a 
cell, in this case E. coli, for production of a protein corresponding to that gene. The plasmid 
can contain a number of useful nucleotide sequences, such as restriction sites, promoters and 
antibiotics resistance genes. The gene for the protein can be inserted into the plasmid in a 
number of ways, one being a slightly modified version of the site-directed mutagenesis which 
will here be explained for introduction of a single mutation in a plasmid. The primers 
containing the mutation are short oligonucleotides, complementary to either strand of the 
plasmid. 

During a PCR-cycle, the strands of the double stranded parent plasmid are separated, and the 
primers then attach to the complementary sequences in the plasmid. The enzyme DNA 
polymerase is added and elongates the sequence starting from the primer, resulting in a new 
double stranded primer with one new strand containing the mutatation and one strand from 
the parent plasmid. The cycle then starts over, and after a number of cycles the dominating 
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plasmid species will be those containing the mutation in both strands. The strands from the 
parent plasmids are then digested by an added enzyme. The mutated plasmids are then 
introduced into E. coli, which are grown in growth medium containing the antibiotic to ensure 
that only cells containing a plasmid survive. The plasmids from the cells destined for 
production of protein are sequenced to make sure that the wanted mutations are present and 
that unwanted mutations are not. These plasmids are introduced into a new E. coli strain for 
production of the protein. 

The presence of a sequence called a lac promoter in the plasmid permits easy induction of 
protein production by adding IPTG to the growing E. coli. The protein expressed by the E. 
coli can then be extracted and purified in a number of ways. Here, the gene for the protein had 
an adjacent nucleotide sequence resulting in the protein having a tail of a number of the amino 
acid histidine, called a histidine tag. This is often used for purification of the protein through 
use of the histidines affinity for metal ions. In this case, the mixture of proteins obtained by 
the lysed E. coli cells was allowed to react with a resin of small beads with nickel ions 
attached to them. The proteins with the histidine tags attach to the nickel ions in the resin, 
which makes it possible to remove the unwanted proteins by washing the resin and discarding 
the washing liquid. The protein with the his-tag can be detached from the resin by addition of 
a chemical that competes with the reaction between histidine and nickel, such as imidazole in 
this case. Some of the unwanted proteins may still be attached to the resin if they naturally 
have histidines, and therefore the resin is subjected to stronger concentrations of imidazol and 
the eluate is saved in fractions. To determine which fractions contain only the wanted protein 
they can for example be analyzed on an SDS-gel. 

3.3 Fluorophores and labeling 

 
Fig 5. The molecular structure of fluorescein. The arrow indicates where the fluorescein is attached to the 
cystein.  

Fluorescein is a fluorophore which is rather insensitive to polarity in the surroundings. It has a 
small Stoke’s shift, due to its fast relaxation time. This makes it suitable for FRET 
measurements of distances between 20 and 70 Å (21). It reacts readily in physiological pH 
with a reduced sulfur in a cystein through nucleophilic substitution (Fig 5). 

It is of great importance to get a good degree of labeling to be able to measure FRET on the 
double mutant. If all of the protein molecules are not labeled at both positions, some will be 
labeled at only a single cysteine. Measurements on a mixture of single and double labeled 
proteins would make the results hard to interpret, since the resulting anisotropy spectra would 
be hybrids of the anisotropies of the molecules with single and double labeling. The drop in 
anisotropy of the double mutant compared to the single mutants would thus be hard to 
determine. The degree of labeling in the single mutants is not as important for the same 
reasons. 
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To investigate how well the cysteines of MreB had been labeled with fluorescein, two 
different UV/VIS spectroscopic methods were used; the Ellman assay and determination of 
the concentration of fluorophore and protein through wavelength scan.  

Ellman’s reagent, or DNTB, is a reagent that is used to determine the amount of free cysteines 
in a sample. When it comes in contact with a thiol in its reduced form, such as in a cysteine, a 
part of the reagent is cleaved off into a yellow byproduct with an absorbance maximum at 412 
nm. The concentration of free cysteines is then calculated by dividing the A412 with the 
extinction coefficient for Ellman’s reagent, between 13500 and 14500 M-1cm-1 depending on 
the environment. By comparing the concentration of free cysteines with the concentration of 
protein, determined by absorbance at 280 nm, the amount of free cysteines per protein 
molecule can be determined. The number of free cysteines should be as low as possible for 
the proteins labeled with fluorescein, since the Ellman’s reagent can not react with the labeled 
cysteines.  

Another way of determining the degree of labeling is taking advantage of the absorbance of 
the fluorophore itself. In the case of fluorescein, the absorbance maximum lies at 495 nm with 
an extinction coefficient of 81000 M-1cm-1. By comparison of the fluorescein concentration 
and the protein concentration the number of fluorescein molecules per protein molecule can 
be determined, which in this case should be 1.0 for the single mutants and 2.0 for the double 
mutant. 
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4. Materials and methods 

4.1 Mutagenesis  
A pet28a vector conferring kanamycin resistence and containing the gene coding for MreB 
without any cysteines, called Cys-, inserted after a His-Tag/thrombin sequence, was created in 
earlier studies. Oligonucleotides with the desired mutation were also created in earlier studies. 
The Quikchange® II Site-directed Mutagenesis kit (Stratagene) was used to introduce a 
cystein at position 245. The mutagenesis reaction was conducted using the PCR-cycle 95°C 
30 s, 55°C 1 min, through 15 cycles. The plasmids were sent to GATC Biotech, Germany for 
sequencing. 

4.2 Production, purification and labeling of MreB  
The vector containing the desired sequence was transformed into electrocompetent 
BL21(DE3) E. coli. An isolated colony was grown in liquid culture and stored with 50% 
glycerol at -80 °C. Samples of that E. coli stock was grown on agar-plates containing 100 
μg/ml kanamycin, transmitted to 2 L sterile 2X Luria Bertani medium containing 100 μg/ml 
kanamycin, and was grown to OD660 0.6-0.8 at 37°C. At that stage 1 ml sterile 1 M IPTG was 
added to the cultures to induce protein production before incubation at room temperature over 
night. The cultures were then centrifugated at 4 °C, 3’000 rpm for 30 minutes after which the 
cell pellet was resuspended in 40 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0). To lyse the cells the resuspended pellet was subjected to ultrasonication 
for a total of 3 min, with a pulse period of 10 s and rest period of 59 s. 

For purification of the protein Ni-NTA Superflow (Qiagen) nickel-charged resin was used. 
The ultrasonicated lysate was centrifugated at 11’000 rpm for 30 minutes at 4°C. 2.5 ml Ni-
NTA Superflow nickel-charged resin equilibrated with 25 ml lysis buffer was then added to 
the supernatant, the mixture was stirred gently for approximately 1 hour at 4°C. The resin-
supernatant mixture was applied on a column and washed with 40 ml wash buffer (50 mM 
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The protein was then eluted with 
elution buffer containing 50, 100, 150, 200, 250 and 300 mM imidazole respectively. The 
eluate was collected in fractions of 1 ml. About one third of the fractions, distributed evenly 
over the fraction sequence, and flowthrough from the supernatant and the wash buffer 
underwent analysis by SDS-PAGE to evaluate which fractions contained pure MreB protein. 
The fractions chosen were then pooled and underwent 3 rounds of dialysis against dialysis 
buffer (1 mM NaH2PO4, 10 mM NaCl, 100 μM DTT or 5 mM beta-mercaptoethanol). The 
dialysed protein solution was then subjected to freeze drying. 

The freeze-dried protein was dissolved in 4 M GuHCl, 60 mM Tris-HCl, pH 7.2. DTT was 
added in 10 times surplus to number of free Cys, and the sample was incubated on gentle 
rocking at room temperature for 1 hour. DTT was then removed by using a PD10 column. 
Fluorescein in 10-30 times surplus to number of Cys was then added to the sample after 
which it was incubated in room temperature on gentle rocking for 1-5 hours. To remove 
excess fluorescein a PD10 column was used as described above. 

The degree of labeling was evaluated through two spectroscopy methods, Ellman’s assay and 
determination of fluorescein concentration through wavelength scan. The measurements were 
done on a Cary 100 UV-Vis spectrophotometer (Varian) in a 10 mm quartz cuvette and on a 
Nanodrop ND-1000 (Thermo Fisher Scientific). The protein concentration was determined 
through measurements at A280. In the Ellman’s assay, 10 times excess to cysteines in the 
protein of Ellman’s reagent, also known as DTNB, was added to a samples with 5-20 μM of 
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Mreb, 4 M GuHCl and 0.1 M Tris-HCl. Measurements of the absorbance at 412 nm was made 
after approximately 4 min, and the concentration of free cysteines was calculated by division 
with 13’700 M-1cm-1, the extinction coefficent for DNTB in GuHCl. The concentration of 
fluorescein was determined through measurements of the absorbance at 495 nm of the pure 
protein sample, and division with the extinction coefficient of fluorescein, 81’000 M-1cm-1. 

4.3 Fluorescence measurements 
Fluorescence measurements were made on a Hitachi F-4500 fluorescence spectrophotometer 
with 524 nm emission wavelength (slit 10 nm) and 460-520 nm excitation wavelength (slit 5 
nm), essentially as described by Villebeck et al (5). The sample was contained in a 10 mm 
Hellma precision cells Quartz SUPRASIL® quartz cuvette during measurements. The 
fluorescence excitation and emission was polarized using a polarization filter. For each point 
of measurement the spectra of all four combinations of vertically and horizontally oriented 
emission and excitation was obtained, namely vv, vh, hh and hv (were v means vertical, h 
means horizontal, the first letter meaning the excitation and the second letter the emission). 
The sample contained 1.6 μM GroEL, 0.1 M Tris-HCl, 10 mM KCl, 10 mM MgCl2, pH 7.5. 
DTT was added to a concentration of 1 mM. MreB was added to a concentration of 0.4 μM 
(except for V245C which was 0.1 μM) by gently pipetting the protein solution to the sample a 
little at a time. Measurements were made directly after addition of protein and then after 
incubation at 30 °C for 45 minutes. The samples were then centrifugated at 17’700 g for 5 
min and then new measurements were made. AMP-PNP was added to a concentration of 160 
μM and the samples were incubated for 15 min at 30 °C before new measurements. After that 
GroES was added to a concentration of 2 μM, the samples were incubated for 15 min at 30 °C 
and the last measurements were made. 
 

4.4 Anisotropy and FRET calcuations 
The anisotropy rs was calculated based on the intensities I of the vertical and horizontal 
emissions detected when the sample was excited with vertically polarized light between 470-
490 nm where the contribution of FRET can be supposed to be approximately constant (22). 
The following formula was used (23) 
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G is an apparatus constant calculated from the emissions of the sample when excited with 
horizontally polarized light, calculated by 
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I
I
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The transfer of energy between two fluorescein molecules is given by (17,19,21) 
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where r01 is the anisotropy for the protein in the absence of FRET, i.e. for the single mutants, 
and <r> is the apparent anisotropy in the presence of homo-FRET between an acceptor-donor 
pair. 
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The distance between the fluorophores is then calculated using the formula 
 

 1)R - 
E
1(  R 6

0
6 =  

where R0 is the Förster radius, determined by Hamman et al. (21) to be 40 Å for the 
fluorescein-fluorescein pair. Note that no distances could be calculated from the results in this 
study due to the higher anistropy when FRET should be present, <r>, than in the absence of 
FRET, r01, resulting in an apparent negative transfer of energy, E. 
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5. Results 

5.1 Mutagenesis and protein production 
Sequencing of the plasmids that had undergone the site-directed mutagenesis showed that it 
had been successful for all three mutants, without any unwanted mutations. The production of 
the protein resulted in rather small quantities of pure protein, in the range of 4-22 mg per 2 l 
growth medium. The purification of the protein on column packed with Ni-resin showed that 
most non-MreB proteins were eluted before Mreb. However, some MreB was lost due to 
contaminating proteins eluting at the same elution buffer concentrations, which meant that 
those fractions had to be discarded (Fig 6).  

         
Fig 6. Typical SDS-gels from purification procedures. Bands from left to right, starting with molecular ladder, 
lysate after reaction with Ni-resin, wash buffer, and fractions with eluation buffers of increasing concentrations 
with additional molecular ladders. The band corresponding to MreB is indicated with an arrow.  

5.2 Labeling 
When measuring the absorbance of fluorescein in solution by itself, it showed that the 
fluorescein had an absorbance at 280 nm of about 40% of the absorbance at 495 nm. This 
affects the determination of protein concentration from the value of absorbance at 280 nm and 
the protein concentration was therefore adjusted accordingly. This was not discovered until 
after some of the measurements and therefore the concentrations of MreB in the fluorescence 
measurements of the single mutants presented in this report were lower than intended. 

The degree of labeling of MreB with fluorescein was determined by Ellman’s assay and 
determination of the concentration of fluorescein in the protein, as described above. Ellman’s 
assay was carried out on both labeled and unlabeled variants of the mutants. The result from 
the measurements of free cysteines on the unlabeled protein could indicate if the sample was 
contaminated with other proteins, or if the cysteines were very reactive and prone to form 
disulfide bridges. As MreB does not have any tryptophanes it has a very low absorbance at 
280 nm, which mean the even small contaminations of proteins containing tryptophanes 
would affect the apparent protein concentration drastically. However, the results from both 
labeled and unlabeled MreB N69C/V245C showed very small amounts of free cysteines (Tab 
1). Measurements were also made on the single mutants, but due to some experimental 
mistakes the exact protein concentrations were not determined, making the quality of the 
results uncertain. They are here shown for the sake of demonstration. Additional 
measurements of the labeled and unlabeled single mutants should be made to be able to draw 
conclusions about this matter.  
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Tab 1. Investigation of free cysteines through Ellman’s assay.  

Mutant, labeled/unlabeled Protein concentration 
(μM)  

Free cysteine 
concentration (μM) 

Ratio of free cysteines to 
protein molecules 

N69C/V245C, labeled 25.6 0.00 0 % 

N69C/V245C, unlabeled 30.00 0.00 0 % 

N69C, labeled ~12 2.19 18.2% 

N69C, unlabeled ~12 27.01 225.1% 

V245C, labeled ~12 -0.07 -0.6% 

V245C, unlabeled ~12 3.29 33.0% 

 

Further investigations of the degree of labeling were mainly made through measurements of 
the concentration of fluorescein itself. This gave the results that the fluorescein concentration 
was very much lower than desired (Tab 2). This could be a result of contaminations of 
proteins containg aromatic residues, as explained above. Worth noting here is that the 
measurements on the single mutants were made using a spectrophotometer of a different kind 
than for the measurements on the double mutant (table-top spectrophotometer with a quartz 
cuvette and a NanoDrop ND-100 spectrophotometer respectively, see Chap 4.2). The degree 
of labeling measured on an earlier preparation of double mutant with the same instrument as 
for the single mutants, gave results at the same level per protein molecule as those for the 
single mutants. The variations could be due to the instruments or the differences between 
protein preparations. The concentration of the V245C was very low, resulting in a higher 
margin of error due to limitations of the spectrophotometer. Also worth noting is that the 
fluorescein concentration for the V245C mutant was after additional dialysis determined 
through identical measurements to be about half of that showed here, while the value for 
N69C stayed the same. That dialysis was made after the fluorescence measurements, which is 
why the former value is presented here. 
Tab 2. Investigation of fluorescein to protein ratio through UV/VIS spectroscopy. 

Mutant, labeled Protein concentration 
(μM)  

Fluorescein 
concentration (μM)  

Degree of labeling per 
protein molecule 

N69C/V245C 25.6 3.43 13.0 %  

N69C 16.7 3.95 23.6% 

V245C 5.78 1.41 24.5% 
 

Due to the suspected poor labeling different conditions during labeling were tried on the 
different preparations of proteins made during this study. The amount of fluorescein was 
increased from approximately 10 to 30 times the concentration of cysteines, the incubation 
time when fluorescein was left to react with MreB was varied between 2-5 hours and for some 
of the labeling attempts additional fluorescein was added halfway through the incubation. 
None of these factors showed any noticeable influence on the degree of labeling. 

5.3 Anisotropy measurements and FRET 
Measurements of the steady-state anisotropy were made on MreB diluted into a folding buffer 
containg GroEL. To minimize the risk of aggregation of MreB due to a temporary high local 
protein concentration, the protein was added a little at a time. Directly after addition of the 
protein into the GroEL solution, the first measurement (I) was made. The sample was then 
incubated for 45 minutes, letting the reactions in the sample reach completion before the next 
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measurement (II). At this stage the sample might contain MreB aggregates, as well as MreB-
GroEL complex. To make sure that the sample contained no aggregates it was centrifugated 
and only the supernatant was subjected to the next measurement (III). Following this, AMP-
PNP was added to the sample and left to incubate before measuring (IV). Finally, an addition 
of GroES to the sample followed by incubation was made before the last measurement was 
made (V). 

These measurements gave the results illustrated in Fig 7 and Tab 3. The anisotropy levels 
were overall higher for the single mutant N69C than for V245C. Curiously, the double mutant 
N69C/V245C showed a somewhat higher anisotropy that the single mutants, which indicates 
that there is no FRET taking place in the double mutant. The slight similarity between the 
anisotropies of N69C/V245C and N69C could indicate that the double mutant was in fact 
labeled mainly at cysteine 69, explaining the absence of FRET. 

Common for all three mutants is that the changes in anisotropy within each series of 
measurements were small, in the range of 0.5-10 % (Tab 3). To an even higher degree than 
described above it is possible that many of these changes are not significantly larger than the 
margin of error for the instrument variations in experimental procedure. Interpretations of 
these results should therefore be made with caution. 

In order to demonstrate the potential usefulness of this approach we may pretend that the 
changes in anisotropy are significant. The changes in anisotropy between each measurement 
could be then interpreted as follows. The anisotropies for the single mutants do not change 
much between measurements I, directly after addition of protein, and II, after 45 min of 
incubation. This could indicate that the amount of MreB that bind to GroEL does so before 
measurement I is made and that nothing of significance changes during the incubation before 
measurement II. Then for the single mutants the anisotropy decrease between before (II) and 
after centrifugation (III) indicating removal of aggregates, but is increased slightly for the 
double mutant. The differences in anisotropy between after centrifugation (III) and after 
addition of AMP-PNP (IV) could be due to changes in flexibility of the fluorophore, which 
could be affected by the binding of AMP-PNP to GroEL. The differences in anisotropy 
between measurements III and IV are a slight increase for N69C, suggesting that the 
fluorophore becomes slightly less flexible, and a slight decrease for V245C which suggests 
that the fluorophore becomes more flexible. The changes in anisotropy between the last two 
measurements after addition of AMP-PNP (IV) and after addition of GroES (V) is a slight 
increase for V245C, suggesting that the fluorophore becomes slightly more rigid, and a larger 
increase for N69C, which points to the fluorophore becoming even more rigid than for the 
other mutant. The complexity of the double mutant, with the possibility of a mixture of 
molecules labeled at one or two positions, makes interpretations of the results ambiguous and 
will not be done here. 
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Fig 7. Steady-state excitation/emission and anisotropy spectra of MreB variants labeled with fluorescein in the 
presence of GroEL. Corrections have been made for the anisotropy of a blank containing GroEL and for dilution 
of protein on addition of AMP-PNP and GroES where applicable. Measurements taken directly after addition of 
protein (I), after 45 min incubation (II), after centrifugation and discarding of pellet (III), after addition of AMP-
PNP followed by 15 min. incubation (IV)  and after addition of GroES followed by 15 min. incubation (V). (A, 
C, E) Calculated anisotropies. (B, D, F) Fluorescence intensities of the vv measurements. (A-B) MreB N69C, 
(C-D) MreB V245C (E-F) MreB N69C/V245C. 
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Fig 7 C-D. Description above.  
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Fig 7 E-F. Description above.  
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Tab 3. Averages of the anisotropy values between 470-490 nm from measurements made on MreB in the 
presence of GroEL under folding conditions. Change in anisotropy between measurements within a series in 
paranthesis, where a negative value represents a decrease in anisotropy, and vice versa. 

Measurements N69C V245C N69C/V245C 

I 0.171 0.139 0.212 

II 0.169 (-0.9%) 0.138 (-1.1%) 0.192 (-9.6%) 

III 0.165 (-2.3%) 0.130 (-5.3%) 0.195 (+1.5 %) 

IV 0.168 (+1.7%) 0.120 (-7.9%) 0.186 (-4.8%) 

V 0.178 (+6.1%) 0.122 (+1.8%) 0.189 (1.7%) 

 

Measurements were also made of the MreB mutants under folding conditions in the absence 
of GroEL (Fig 8, Tab 4), and without addition of GroES. The measurements on the V245C 
and N69C/V245C mutants showed an initially high anisotropy during the two first 
measurements and a large decrease in anisotropy after centrifugation, indicating a substantial 
aggregation of the protein and removal of those aggregates after centrifugation. The decrease 
in fluorescence intensity between measurements II and III also supports this conclusion. 

The overall anisotropy level for the N69C mutant is somewhat lower than under denaturing 
conditions, which can be explained by the difference in viscosities of the GuHCl buffer and 
the folding buffer. The higher viscosity of the GuHCl buffer results in an increase in 
anisotropy levels compared to measurements made on protein in water, since the tumbling 
motion of the protein molecules is slowed down by the high viscosity. The anisotropy is 
higher at measurement I, then decreases during the incubation before measurement II. The 
fluorescence intensity do not change between these measurements. The conclusion is that the 
aggregates of the N69C dissolves over time, resulting in monomeric protein. 

Measurements of MreB under denaturing conditions were made to determine the anisotropy 
of monomeric MreB (Fig 9), useful for reference when interpreting anisotropies of the 
mutants in other conditions. 
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Fig 8 A-B. Description below. 
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Fig 8. C-F, A-B above. Steady-state excitation/emission and anisotropy spectra of MreB variants labeled with 
fluorescein, in folding buffer in the absence of GroEL. Corrections have been made for dilution of protein on 
addition of AMP-PNP where applicable. Measurements taken directly after addition of protein (I), after 45 min 
incubation (II), after centrifugation and discarding of pellet (III), after addition of AMP-PNP followed by 15 
min. incubation (IV). (A, C, E) Calculated anisotropies. (B, D, F) Fluorescence intensities of the vv 
measurements. (A-B) MreB N69C, (C-D) MreB V245C (E-F) MreB N69C/V245C.  
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Tab 4. Averages of the anisotropy values between 470- 490 nm from measurements made on MreB in the 
absence of GroEL under folding conditions. Change in anisotropy between measurements within a series in 
paranthesis, where a negative value represents a decrease in anisotropy, and vice versa. 

Measurements N69C V245C N69C/V245C 

I 0.093 0.144 0.161 

II 0.050 (-47%) 0.143 (-0.7%) 0.105 (-34.5%) 

III 0.045 (-10%) 0.094 (-34%) 0.093 (-12.0%) 

IV 0.044 (-2.5%) 0.072 (-23%) 0.069 (-25.1%) 
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Fig 9. Steady-state excitation/emission and anisotropy spectra of MreB variants labeled with fluorescein under 
denaturing conditions in the absence of GroEL. (A) Calculated anisotropies. (B) Fluorescence intensities of the 
vv measurements. 

37 



38 



6. Discussion 
The intentions of this study was to investigate if MreB in interaction with GroEL and GroES 
showed similar conformational changes as actin does interacting with TRiC. That was to be 
done by calculations of FRET between two fluorescein labeled positions in the protein, 
thereby being able to calculate the differences in distance between those positions that would 
be the result of changes in conformation. 

However, the calculations of FRET could not be done using the results acquired from the 
measurements. FRET leads to an apparent decrease in anisotropy in comparison with the 
anisotropy in the absence of FRET, which in reality means comparing the anisotropy of the 
labeled double mutant with the two corresponding labeled single mutants. The results from 
the measurements in this study was that the double mutant showed a higher anisotropy than 
the single mutants. Thus, there was no suggestion that FRET occurred in the double mutant. 

There could be many reasons for the absence of FRET. The anisotropy of the single mutants 
were slightly different, where the highest was that of the N69C mutant. The anisotropy for the 
double mutant was not much larger than the N69C mutant. This could implicate that the 
cysteine at position 69 in the double mutant was labeled to a higher degree than the cysteine 
at position 245, explaning why the double mutant behaved similar to the N69C mutant. 

Investigations of the degree of labeling through Ellman’s assay and fluoresceine absorbance 
gave mixed results. After several measurements with the Ellman’s assay gave very varying 
results the concentration of fluorescein was determined. The results were that the apparent 
degree of labeling was low, but that could be a result of protein contaminations in the sample 
resulting in a apparent higher concentration of MreB than what actually was present in the 
sample. As MreB does not have any tryptophanes it has a very low absorbance at 280 nm, 
which mean the even small contaminations of proteins containing tryptophanes would affect 
the apparent protein concentration drastically. There were some indications that the V245C 
was harder to label in a later measurement of fluorescein concentration. 

If there was in fact a difference in the labeling between the cysteines it could have several 
explanations. The cysteine at position 245 replaced the hydrophobic residue valine, which 
could mean that the cysteine may not be accessible even under strong denaturing conditions if 
some substructure remain, enclosing hydrophobic residues. Also, at either side of the C245 
there are at physiological pH charged residues in the form of an arginine and a glutamic acid. 
The positively charged arginine would benefit the reaction between fluoresceine and cysteine 
through stabilizing the transition state in the nucleophilic attack. The glutamic acid would for 
the same reasons have a negative impact on reaction between fluorescein and cysteine. 
Sterical hindrance could also affect the access to the cysteine. 

What could be concluded with some certainty from the results were that MreB bind to GroEL, 
since the decrease in anisotropy and fluorescence intensity from before and centrifugation was 
low. Forming of aggregates would result in loss of protein when the centrifugated sample is 
handled as if a pellet was present, with only the supernatant is saved for the following 
measurements. A loss of protein would result in a loss of fluorescence intensity, which was 
not seen here. 

For future studies some changes in experimental procedure and possibly the construction of 
MreB mutants could be made to hopefully gain more results. First, the concentration of 
fluorophore and the reaction time during labeled should be increased drastically. The pH 
during labeling with fluorophore could be raised from 7.2 to 7.6-7.8 to ensure that more of the 
cysteines in the protein are in their reduced, active form to facilitate labeling. However, with 
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increasing pH the reaction between hydroxide and fluorescein would compete with the 
reaction between cysteine and fluorescein, and thus the pH can not be raised too much before 
the competing reaction takes over. Determination of the degree of labeling through Ellman’s 
assay and determination of fluorescein concentration should be made with more care than was 
done here. Another measure could be to change the position of cysteine from 245 to one in the 
vicinity so that it would replace a hydrofilic residue, possibly the glutamine acid to negate the 
impairing effect it could have on a on the labeling reaction of fluorescein to cysteine. 
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8. Illustrations 
Fig 1 A-C:  The general structure of a chaperonin and a subunit, respectively. Published with 

the permission of Laila Villebeck 

Fig 2 A-B: The structure of MreB and the positions of the wt and introduced cysteines. 
Published with the permission of Laila Villebeck 

Fig 3:  The amino acid sequence of wild type MreB from E. coli. 

Fig 4 A-B:  Jablonski diagram and diagram of Stoke’s shift. 

Fig 5:  The structure of 6-IAF, PubChem, 
<http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=126346>, 
accessed 2008-11-19 

Fig 6: Typical SDS-gels from purification procedures. 

Fig 7 A-F: Steady-state excitation/emission and anisotropy spectra of MreB variants labeled 
with fluorescein in the presence of GroEL. 

Fig 8 A-F: Steady-state excitation/emission and anisotropy spectra of MreB variants labeled 
with fluorescein, in folding buffer in the absence of GroEL. 

Fig 9 A-B: Steady-state excitation/emission and anisotropy spectra of MreB variants labeled 
with fluorescein under denaturing conditions in the absence of GroEL. 
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Appendix I: amino acid sequence alignment between MreB from T. 
maritima and E. coli 
 
The alignment was performed using CLUSTAL W and the amino acid sequences were 
retrieved from NCBI (MreB from E. coli GI:76363877, MreB from T. maritima 
GI:15988308). Symbols indicate identical (*), conservative (:) and semi-conservative (.) 
residues. 
 
seqMreBTherm      -------MLRKDIGIDLGTANTLVFLRGKGIVVNEPSVIAIDSTTG----EILKVGLEAK 
seqMreBEColi      MLKKFRGMFSNDLSIDLGTANTLIYVKGQGIVLNEPSVVAIRQDRAGSPKSVAAVGHDAK 
                         *: :*:.*********::::*:***:*****:** .  .    .:  ** :** 
 
seqMreBTherm      NXIGKTPATIKAIRPXRDGVIADYTVALVXLRYFINKAKG-GXNLFKPRVVIGVPIGITD 
seqMreBEColi      QMLGRTPGNIAAIRPMKDGVIADFFVTEKMLQHFIKQVHSNSFMRPSPRVLVCVPVGATQ 
                  : :*:**..* **** :******: *:   *::**::.:. .    .***:: **:* *: 
 
seqMreBTherm      VERRAILDAGLEAGASKVFLIEEPXAAAIGSNLNVEEPSGNXVVDIGGGTTEVAVISLGS 
seqMreBEColi      VERRAIRESAQGAGAREVFLIEEPMAAAIGAGLPVSEATGSMVVDIGGGTTEVAVISLNG 
                  ****** ::.  *** :******* *****:.* *.*.:*. ****************.. 
 
seqMreBTherm      IVTWESIRIAGDEXDEAIVQYVRETYRVAIGERTAERVKIEIGNVFPSKENDELETTVSG 
seqMreBEColi      VVYSSSVRIGGDRFDEAIINYVRRNYGSLIGEATAERIKHEIGSAYPGDEVR--EIEVRG 
                  :*  .*:**.**. ****::***..*   *** ****:* ***..:*..*    *  * * 
 
seqMreBTherm      IDLSTGLPRKLTLKGGEVREALRSVVVAIVESVRTTLEKTPPELVSDIIERGIFLTGGGS 
seqMreBEColi      RNLAEGVPRGFTLNSNEILEALQEPLTGIVSAVMVALEQCPPELASDISERGMVLTGGGA 
                   :*: *:** :**:..*: ***:. :..**.:* .:**: ****.*** ***:.*****: 
 
seqMreBTherm      LLRGLDTLLQKETGISVIRSEEPLTAVAKGAGXVLDKVNILKKLQGAGGSHHHHHH 
seqMreBEColi      LLRNLDRLLMEETGIPVVVAEDPLTCVARGGG------KALEMIDMHGGDLFSEE- 
                  ***.** ** :****.*: :*:***.**:*.*      : *: ::  **. . .. 
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