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Structural and functional characterization of active site mutants
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Populärvetenskaplig sammanfattning
I alla levande celler finns ett stort antal olika proteiner. Proteiner tar emot yttre och inre signaler
samt svarar på dessa stimuli på lämpligt satt. De är involverade i alla viktiga funktioner i cellen
och styr produktionen av andra proteiner. Genom att titta på hur proteiner ser ut och studera
deras tredimensionella struktur kan man få en ökad förståelse för hur dessa molekyler
samverkar och fungerar i cellen.
Röntgenkristallografi är ett verktyg för att få fram den tredimensionella strukturen hos molekyler.
Genom att uttrycka, rena och kristallisera en molekyl har man skapat förutsättningar för att
utföra diffraktionsexperiment på den resulterande kristallen. Dessa experiment går ut på att man
beskjuter kristallen med röntgenstrålar från olika riktningar. Eftersom röntgenstrålarna bryts när
de träffar kristallen uppstår ett diffraktionsmönster som går att analysera. Ur detta kan man
skapa en tredimensionell bild av hur proteinet ser ut.
I detta arbete har strukturen av proteinerna Mre11 och Rad50 studerats. Dessa proteiner är
viktiga beståndsdelar i det maskineri som reparerar dubbelsträngsbrott i DNA. Genom att
strukturbestämma punkt-muterade proteiner och jämföra deras strukturer med de omuterade
hoppas man kunna dra slutsatser om de muterade aminosyrornas funktion. Ett försök att isolera
och kristallisera proteinet MCM har också gjorts.

Examensarbete 20 p i Molekylär bioteknikprogrammet
Uppsala universitet, maj 2002
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Abbreviations

ABC
ADP
AMP
ATP
DSB
dsDNA
FPLC
HR
MCM
MR
NHEJ
NMR
pI
ssDNA

ATP binding cassette
adenosindiphosphate
adenosinmonophosphate
adenosintriphosphate
double-strand break
double stranded DNA
fast performance liquid chromatography
homologous recombination
minichromosome maintenance protein
Mre11/Rad50
nonhomologous end-joining
nuclear magnetic resonance
isoelectric point
single stranded DNA
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Introduction

General introduction
During recent years, biotechnology has attracted much attention. With genetically engineered
foods and designed drugs, the possibilities seem endless. The sequence of the human genome is
now known and and the research on it has just begun. The roles of the different proteins in the
human body are being explored and new models for various mechanisms are presented.
Knowing the three-dimensional structures of biological molecules allows scientists to better
understand how they work and can lead to better drugs and treatment for disease.
One way to characterize proteins is to mutate certain aminoacids that are thought to have pivotal
roles. By studying the structural and conformational changes imposed on the protein as a result
of the mutation, clues as to how the protein work and the specific role of the mutated aminoacid
may be deduced.
Sometimes it is better to look at simpler organisms. Many proteins have homologues in all
kingdoms of life and by studying the less complex system in lower organisms, a model for the
systems in humans can be created. Three proteins of importance in humans have been studied in
other organisms in this thesis project.

Background
Cells are continuously subject to DNA double-strand breaks (DSBs). DSBs occur during DNA
replication or are caused by ionizing radiation and genotoxic chemicals. During the cellular
processes of meiosis, V(D)J recombination in the immune system, and mating type switching,
DSBs are created naturally as intermediates in the pathways. It is vital for the cell to promptly
repair these breaks since they are highly cytotoxic and a cause of mutations.
In high organisms, cells possess two different DSB repair pathways: homologous recombination
(HR) and nonhomologous end-joining (NHEJ). These pathways are mechanistically different
and are conducted by different sets of proteins. Homologous recombination must have a
template for resynthesis and rejoining to prevent loss of genetic information and therefore uses
either a sister chromatid or a homologous chromosome as a template. Nonhomologous endjoining, on the other hand, rejoins the the DSBs directly without using a template. This gives rise
to joinings that differ in their sequence composition.
Studies indicate that key players in the cellular respons to DSBs are evolutionary conserved
complex of the Mre11 nuclease and the Rad50 ATPase, denoted the Mre11/Rad50 (MR)
complex. This MR complex is vital to DSB repair, indicated by the fact that homologs of both
proteins are found in all kingdoms of life with some parts highly conserved. It is required for
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meiotic DSB processing and has multiple functions suggesting both structural and and DNA
processing roles. Eukaryotic MR can contain a third factor, Nbs1, that links the MR complex to
cell cycle checkpoints and is involved in DNA-damage detection.

Mre11
In vertebrate cells, the preferred mechanism for DSB repair is NHEJ and the protein Mre11 is
essential in these cells (Yamaguchi-Iwai et al, 1991). It has been shown that Mre11 has
multiple nuclease activities in a single endo/exo nuclease mechanism. Mre11 affects the
formation of single stranded tails at the DSB sites (Usui et al, 1998) and thus has a profound
effect also on HR where creation of these tails is important. It has also been found to play a role
in DNA damage detection (Grenon et al, 2001) and the reason for studying this molecule is that
it evidently is important for the repair-process of DSB. It would be interesting to see what its
function really is in that process.
The structure of Mre11 from Pyrococcus furiosus has been solved (Hopfner et al, 2001). The
protein binds two Mn2+ ions and coordinates them using seven conserved residues (Asp8,
His10, Asp49, Asn84, His173, His206, His208) and a water molecule. The manganese ions
are required for the nucleolytic activities of the protein. Mre11 consists of two domains, I and II
(Figure 1). Together, the domains contain 424 aminoacids. But the Mre11 structure solved
contains only 342 aminoacids since it lack 82 C-terminal residues. The removal of these
residues does not affect the endonucleolytic activity but facilitated crystallization of the protein.
Domain I contains five conserved phosphodiesterase motifs that form the nuclease active site.
This active site exhibits a phosphatase-like dimanganese binding and the phosphodiesterase
motifs place the active site in the middle of a shallow L-shaped electropositive groove on
domain I. Domain II partially caps the active site in domain I, suggesting that domain II plays a
role in DNA substrate specificity by controlling access to the active site. There is some
rotational flexibility between domain I and II (experimentally observed) and this may facilitate
Mre11's binding to different DNA substrates including hairpins, ssDNA, and dsDNA ends.
The conformation of the active site at the Mn ions with the capping domain II sterically hinders
access to it by dsDNA since the backbone of the dsDNA is too rigid. Even if the structure of
Mre11 suggests that the geometry of the active site makes it impossible to endonucleolytically
cleave double stranded DNA, it permits endonucleolytic cleavage of single stranded DNA and
partially unwound double stranded DNA ends or hairpins due to their more flexible structure.
The active site possess the only significant positive surface potential for DNA binding on the
molecule so binding is not likely to take place anywhere else.
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Figure 1. Structure of P. furiosus Mre11. View that shows the active site, bound dAMP, and the
two domain fold. Domain I (yellow strands, green helices) contains the active site with the
phosphodiesterase motifs (green/orange). Domain II (orange strands, red helices) completes the
active site by providing a likely DNA binding face adjacent to the phosphodiesterase motifs of
domain I. The two Mn2+ ions (magenta spheres) are coordinated by seven residues in the motifs
(orange) as well as bound via the phosphate moiety of dAMP (color-coded tubes).

The N-terminal portion in domain I of Mre11 contains four highly conserved motifs, where one
is unique to exonucleases and the remaining three are conserved in a large variety of proteins
that cleave phosphoester bonds (Bressan et al, 1998). These motifs contain some highly
conserved residues and some absolutely conserved residues. Most of the conserved aminoacids
are engaged in the protein's metal binding by forming a binding pocket with mostly histidine
residues.
Besides these metalbinding residues, there are residues that are not directly involved in the
metalbinding but still are conserved. One of these is the histidine 85. A mutation of this histidine
85 residue has previously been characterized in Saccharomyces cerevisiae (Bressan et al,
1998). They substituted the histidine with a leucin and found that this mutant still interacts with
Rad50. Regarding phosphoesterase activity, this mutation did not lead to a complete loss of
function, but it did impair correct recombination of DNA with a factor of two and thus has some
effect on the protein. Proposed functions for His85 include providing a proton for the leaving
DNA 3'-OH or to stabilize the negative charge of the transitionstate. The protonated His85 in

6

turn is probably stabilized by the adjacent and conserved His52.
Rad50
The gene of Rad50 codes for a bipartite ATPase domain disrupted by a 600-900 aminoacid
long coiled-coil domain with a total weight of 150 kDa. The structure of the ATPase domain of
Rad50 (Rad50cd) from Pyrococcus furiosus was recently published (Hopfner et al, 2000). The
Rad50cd domain (segment N residues 1-149 and segment C residues 735-882) was bound to
2 Mg2+ ions and AMP-PNP, a nonhydrolyzable ATP analogue (Figure 2).

Figure 2. Structure of the ATP -bound Rad50cd dimer. View of the dimer secondary structure
and fold with one Rad50cd domain in brown (segment N) and green (segment C) and the other in
dark gray (segment N) and light gray (C segment). The two ATP molecules are buried in the
dimer interface and sandwiched between the P-loops (magenta) and the signature motifs (yellow)
of opposing domains. The coiled-coils protrude out of the paper.

In Rad50, the protein performs a hinge motion at the middle so that the N- and C-terminals are
located adjacent to each other at one end as the protein's middle part forms one coiled-coil,
protruding in the other direction. The antiparallel coiled-coil consists of heptad repeats and is
600-900 aminoacids long. The hinge is formed by two cysteine residues, the only ones found in
the sequence. At the other end of the coiled-coil, the N- and C-terminal domains assemble into
a single ATP binding/catalytic domain. This ATP binding domain of Rad50 resembles the
conformation of the ATPase domain of ABC (ATP binding cassette) membrane transporter
proteins but lacks the transmembrane part of the ABC transporter. In Rad50, this ABC type
ATPase domain forms a compact DNA-processing structure.

7

The ABC type binding domain is characterized by a signature motif and the Walker A and
Walker B motifs (Walker et al, 1982). The signature motif promotes Rad50 dimerization
(described later) by binding the ATP of the opposite molecule. The Walker A and Walker B
motifs are involved in ATP binding and in spite of the fact that the Walker A motif is in the Nterminal part of the protein while the Walker B motif is at the C-terminal, they are only ~5 Å
apart in the structure due to the folding.
When bound to ATP, two Rad50 molecules associate to form a dimer where the coiled-coils
are parallel and the two ATPase domains form a potential DNA-binding groove at their
interface. The structure of this dimer's catalytic domain resembles a shallow ellipsoid bowl of the
dimensions 95*60*40 Å. The dimer interface forms a 12 Å deep, 22 Å wide and 65 Å long
groove across the hollow side of the dimer. This groove is positively charged and thus suitable
for ATP-enhanced DNA binding. The ATP molecules are buried in the dimer interface, located
between the P loop (Walker A motif) of one Rad50 and the conserved signature motif from the
opposing Rad50.
Rad50 is associated with Mre11, which contributes additional DNA binding sites. The coiledcoil roots are positioned on each side of the DNA-binding groove ~25 Å apart in the ATPbound Rad50. Mre11 and Rad50cd do not form a complex. Instead, the Mre11 binds to
Rad50 at the base of the coiled-coil, suggesting that Mre11 and Rad50 both interact to trap the
DNA between them. Rad50 dimer dissociation disrupts the groove and suggests a mechanism
whereby DNA release from the MR complex is coupled to ATP hydrolysis. Rad50 may this
way regulate DNA binding and release after proper DNA end processing in conjunction with
Mre11. Disruption of the ATP binding Walker motifs leads to a Rad50 null phenotype. This
combined with findings in vitro that the ATP-bound ABC domain dimer binds DNA more
tightly, suggests that ATP controls the binding of DNA by conformational switching and an
activation/inactivation cycle of the Rad50 ABC domain dimer.
In ABC proteins, the residue corresponding to histidine 855 of Rad50 is conserved and
suggested to be involved in linking the transmembrane transport of solutes with ATP hydrolysis.
In Rad50, the proposed function is that the residue somehow links exonuclease activity with
ATP hydrolysis. By studying the structure and conformational changes of a His855-mutated
Rad50, the role of this specific residue might be established. The mutation introduced consists of
that instead of having the basic ringstructure of histidine, a lysine is introduced. Lysine is more
basic than histidine and is structurally very different from histidine. Where the histidine has a
ringstructure at the end, lysine has not. Lysine can accept more configurations and is more
flexible than the histidine, whose ringstructure does not permit just any placing in space.
The conformational changes between the molecule in complex with ATP versus the molecule in
complex with ADP are very large. Some mechanism is linking hydrolysis to functionally critical
conformational changes. When a water attacks the terminal phosphate in the ATP molecule, the
PO4 molecule first becomes pentacoordinated and then finally inverts as it leaves the ADP upon
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breaking the bond to the next PO4. As an intermediate in this reaction, the PO4 forms a planar
interface towards the attacking water. This transitionstate can be mimicked by using a planar
orthovanadate ion (VO 42-) along with an ADP to play the role of the terminal PO42- in ATP.
In ABC proteins, this hydrolysis is important in the transmembrane transportation. In Rad50 it is
believed to play a role in opening the DNA so that Mre11 can cleave it. It seems like there is a
rotation of part of the protein that could e.g. bring the bound DNA closer to the proposed site
for Mre11 when ATP → ADP + Pi. In order to better understand these changes and to see
when these structural changes occur, refinement of a crystal structure of Rad50 in complex with
a transition state analogue of ATP hydrolysis was performed. This give an opportunity to study
the transition state by looking at a structure that contains an ADT plus a VO 42-.

MR complex
Rad50 and Mre11 are found in all kingdoms of life (Aravind et al, 1999), suggesting that the
MR complex is the core complex in DSB repair. It has been found be involved in yeast NHEJ,
telomere maintenance, DNA damage detection, checkpoint signaling and regulation, and is
required for meiotic DSB processing. In P. furiosus, the genes coding for Mre11 and Rad50
are located adjacent to each other in the genome. The structure of the P. furiosus Rad50ATPase, containing the ABC domain and the 40 residue long Mre11 binding coiled-coil
segment, has been determined to 3.0 Å resolution (Hopfner et al, 2001).

Figure 3. Model of the M2R2 complex based on EM, ultracentrifugation, and crystal structure
analysis. A single DNA processing head is formed by the Rad50-ATPase lobe I/II (brown/green)
and the Mre11 dimer (light/dark blue) at the end of a double coiled-coil linker (brown/green) ATP
rotates Rad50-ATPase lobe I with respect to lobe II (red arrow) and promotes a Rad50-ATPase
engagement/disengagement (black arrow).

The Mre11/Rad50 complex was reported to consist of 2 Mre11 and 2 Rad50 subunits (Figure
3). The two Rad50 molecules form a mutual ATPase complex at one end with the coiled-coil
structures somewhat parallel sticking out. The coiled-coil segment closest to the Rad50 core
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complex is mostly hydrophilic, but it has a conserved hydrophobic surface patch that directly
corresponds to the proposed binding region on Mre11. This patch is also conveniently located
next to the proposed DNA binding surface of Rad50. These two flanking Mre11 and DNA
binding sites on Rad50 suggest that Rad50 and Mre11 assemble to form a coupled DNA
binding surface.
At the end of each coiled-coil, two preserved cysteine residues form a hinge structure that folds
the Rad50 coiled-coil back towards its own core complex. These two cysteines also form a
kind of molecular hook. This hook can then interact with another MR complex to form a ~1000
Å (in humans) long structure with DNA-processing domains at both ends and a connecting
interaction in the middle. Interestingly, the distance between the two DNA processing heads
exactly corresponds to the distance between two sister chromatids during HR. Experiments has
shown that in vivo, the MR complex might actually be responsible for the bridging of DNA ends
or sister chromatids (Bressan et al). Recent studies (de Jager et al) have shown surprising
flexibility of the coiled-coil domains. These flexible protruding coiled-coil tails might act as
“fishing rods” to search for other DNA ends or for the sister chromatid that is used as the
template in HR.
A model for DNA processing by the MR complex has been proposed (Hopfner et al, 2001).
ATP binding to Rad50 prepares DNA substrates for subsequent cleavage by Mre11 by
positioning them correctly and, in the case of dsDNA, unwinding and separating the strands.
After nucleolytic cleavage of the prepared ends by Mre11, ATP hydrolysis hasten product
release in order to perform the next cleavage reaction. A likely mechanism for enhancing release
of product would be to disrupt the interaction of the MR complex with DNA by conformational
changes.

MCM
Minichromosome maintenance (MCM) proteins are replication initiation factors originally
identified as proteins required for minichromosome maintenance in Saccharomyces cerevisiae.
The MCM proteins are essential for initiation of DNA replication in eukaryotes (Shechter et al,
2000). All eukaryotes have six MCM homologues with highly conserved aminoacid sequences.
They assemble into heterohexamers or double heterohexamers with ringstructure. This MCM
protein assembly is a key component in the pre-replication complex that is formed at replication
origins.
Humans have 6 MCMs (2-7) which all share similarities within a central core (Shechter et al,
2000). Each MCM protein has a putative ATPase domain with Walker A and Walker B
motifs, implicating that is has a helicase activity. Helicases uses the energy of hydrolysis to
transiently unwind DNA so DNA polymerase can synthesize the complementary leading and
lagging strands. Hexameric helicases have a characteristic ringshaped structure that is conserved
from bacteriophage to animal viruses and from prokaryotic to eukaryotic organisms. All
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hexameric helicases are homohexamers, except the eukaryotic MCMs who use different MCM
proteins to make up their rings. The dimensions of the ring are almost the same in all organisms
(Patel and Picha, 2000).
The archaea Methanobacterium thermoautotrophicum has a single MCM protein encoding
gene in an open reading frame, ORF Mt1770. The occurrence of MCMs in archaea suggests
that the functions of MCMs may have evolved before the emergence of eukaryotes. The MCM
from M. thermoautotrophicum is similar to the MCM4 of eukaryotes and the protein forms
both monomers and multimers in the cell, usually consisting of two, six or twelve subunits where
the dodecamer is the active form (Chong et al, 2000). Archaea has a eukaryotic-like DNA
replication mechanism, based on the genome sequences of several members in this division of
life. The M. thermoauto-trophicum MCM bind to ssDNA, hydrolyze ATP in the presence of
DNA, and possess 3'-5' ATP-dependent DNA helicase activities (Kvelman et al, 1999). The
characterization of the single M. thermoautotrophicum MCM protein and its multiple forms
may contribute to the understanding of the role of the MCM helicase activity in eukaryotic DNA
replication.
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This study
All organisms have ways to repair double-strand breaks (DSB) in their DNA. DSBs threaten
the stability of the genome and the ability to repair these breaks is essential for the survival of the
cell. One of the most important complexes involved in DSB repair is the Mre11/Rad50
complex. This complex is conserved in all kingdoms of life and certain aminoacids in the
sequence of the protein complex have remained through evolution and are thus conserved. This
is noticable since there are very few repair proteins that are conserved. Through studies of this
complex, it is possible to achieve a better understanding of the underlying mechanisms for
certain diseases that results from malfunction of these genes in humans and eventually provide
methods to help those affected by malfunction of these proteins.

Mre11 His85Leu
The first part of this thesis project is an attempt to characterise the Mre11/Rad50 complex. This
is accomplished by determining the structure of one Mre11 mutant, one Rad50 mutant and one
transition state like structure of Rad50 originating from Pyrococcus furiosus. By using X-ray
crystallography and computer software it is possible to create a three-dimensional image of the
modified proteins for comparison to the wildtype. Crystals of the mutants and the transitionstate
like protein have already been obtained.
In order to be able to study the effects of mutations of absolutely conserved residues in Mre11,
the active site aminoacid histidine 85 was mutated and a leucin was put in its place. Mutations of
this specific histidine residue seem to lead to a loss of function even if it isn't directly involved in
metal binding. The speculation is that it provides a leaving group or stabilizes the negative charge
of the transition state.

Figure 4. Proposed structure-based nuclease mechanism. Mn2+ ion (1) binds the attacking
hydroxide ion (red). Collinear nucleophilic attack of this hydroxide leads to coordination of both
Mn2+ ions by the phosphate in the product state. His85/His52 are positioned to form a charge
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relay to protonate the leaving 3´O of the penultimate sugar.

To better be able to determine the function and role played by this specific residue, it was
mutated and the resulting structure was determined. The mutation, His85Leu, is interesting in the
sense that His85 functions as a protonating group during phosphoester cleavage (Figures 4-6).
By substituting the basic sidechain histidine with a nonpolar leucin, the structural changes that
occurred could be studied and maybe provide some clues as to the reasons for the loss of
function.

Figure 5. P. furiosus Mre11 active site geometry. Fo-Fc density of the bound dAMP (blue and
color-coded tubes) and two Mn2+ ions (magenta spheres) are shown. The specific octahedral
coordination of Mn2+ by seven protein residues, a water molecule, and two phosphate oxygens can
be seen.
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Figure 6. Structure-guided sequence alignment of P. furiosus Mre11(1-342) (pf) with human (h)
and yeast (sc) Mre11. Conserved residues are yellow (two out of three sequences) or blue (three
out of three). The phosphodiesterase motifs are orange while residues involved in Mn2+
coordination and ester hydrolysis are labeled with orange and green stars. The location of human
and yeast mutations (magenta) and of a conserved hydrophobic surface cluster likely involved in
macromolecular interaction sites (green) are highlighted and annotated.

Rad50 His855Lys
To study the ATPase mechanism of Rad50, mutation of a residue with proposed function as a
linker between exonuclease activity and ATP hydrolysis was introduced (Figures 7 and 8). The
amino acid histidine 855 was replaced by a lysin and the structure of this mutated Rad50 was
then solved in order to better be able to understand the coupling between the two different
processes of exonuclease and hydrolysis. By studying its structure, the aim is to come to a
better understanding of how these two processes are connected to each other. The purpose
was to detect if any, and what kind of structural changes would occur. In these structure
determination experiments only the relevant part was crystallized, namely the ATP-binding ABC
like domain.

14

Figure 7. View of the Rad50cd active site with Fo-Fc density around the AMP-PNP. A likely
attacking water molecule (red sphere W1) is positioned by Gln140, Tyr827, and His855. Two
other water molecules (W2 and W3) contribute to the coordination of the active site Mg 2+ ion
(cyan sphere).
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Figure 8. Sequence conservation in the ABC-ATPase superfamily. Rad50 orthologs (pf = P.
furiosus, h = human, sc = S. cerevisae, ecSbcC = E. coli SbcC) were aligned with the human
SMC protein, human chromosome associated protein E (hCAP-E) and the nucleotide binding
domains of human CFTR (CFTR-NBD1 and CFTR-NBD2) with ClustalW
(http://www2.ebi.ac.uk/clustalw/) manually edited. Key loops are conserved and highlighted while
scRad50S mutation sites are red. Residues involved in specific binding are indicated with triangles;
red (adenine), yellow (phosphate), and green (magnesium). Alpha helices A through H are shown
as boxes and betastrands 1-14 are shown as arrows (brown, segment N; green, segment C).
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Rad50 transition state
To study conformational changes of Rad50 in the transitionstate of ATP hydrolysis, the structure
of the Rad50 ATPase domain in complex with ADP and orthovanadate (VO 4) was refined. The
wildtype Rad50 is in complex with ATP and here a transition like structure was created with the
ATP replaced with ADP and VO 42- in order to allow a look at the proposed transition state of
the release of one PO 42- from ATP.

MCM
The second part of the project concerns the MCM proteins. The MCM proteins are involved in
the initiation of DNA replication. By determining the structure of the single MCM protein in
Methanobacterium thermoautotrophicum, a good model for the study of MCMs of higher
organisms might be provided. In order to be able to crystallize the MCM protein for X-ray
diffraction experiments and subsequent structure determination, it was needed in concentrated
and pure form. The assignment was to overexpress, purify and try to crystallize this MCM
protein so that subsequent structure determination experiments could be performed.
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Theory

Protein expression and overexpression
Living cells express a large variety of different proteins at any given time. This expression is
directed by both inner and outer signals so that a proper balance is maintained at all times.
Some proteins are expressed constantly while others are expressed only during certain
circumstances. In order to make a cell overexpress a specific protein, it is possible to transform
competent cells with a vector that contains the wanted protein's gene in combination with an
inducible promoter. If the transformation is successful and the new DNA is incorporated, the
promoter segment in front of the incorporated DNA can be induced by outer signals. By
inducing the promoter, the desired protein is expressed. By using a strong promoter, expression
of the desired protein can occur at a much higher rate than that of other proteins in the cell.

Protein isolation
After expression, the protein of interest has to be purified from the host cell proteins. To achieve
this, the biochemist has to use all knowledge about the properties of the molecule. Any kind of
special features that the protein exhibits, for example resistance to heat, the size, its isoelectric
point, and special ligand/substrate binding properties, e.g. DNA binding, are considered. All of
these features can be used in order to try to distinguish and separate it from the other proteins in
the cell. It is also possible to attach a His-tag sequence to the gene that helps purification of the
protein by specific binding to a metal chelating resin. This His-tag sequence can later be cleaved
off by proteinases if necessary. The use of prepacked columns in combination with FPLC (fast
performance liquid chromatography) is widespread and by combining different means of
separation, satisfiable results are usually achieved. The grounds for separation explained here
include the protein's isoelectric point (pI), its size and surface properties.
A protein turns from electrochemically charged to uncharged at a certain pH called the pI of the
protein. At pH below the pI, the protein will carry a negative netto charge while the protein will
have positive netto charge at pH above the pI. By choosing the appropriate pH, it is possible to
immobilize proteins to charged groups (+ or -) in the resin. By letting a buffer with increasing or
decreasing salt concentration flow through the column, the proteins interacting with the
immobilized charged groups in the resin are eluted in the order of their pI. This is the principle
for ion exchangers. The decision to use either a cation exchanger or an anion exchanger should
be guided by the protein's stability above and below the pI.
Size exclusion on the other hand is the basis for separation in gel filtration. Retention takes place
for smaller molecules since they are delayed by diffusion into cavities in the gelmatrix and
interactions with the gelparticles, while the larger molecules are excluded and pass right through
the gelmatrix. By using only one buffer, size and fold is the only separating mechanism. When
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affinity columns are used, specific surface properties of the protein are used as a mean of
separation. On affinity columns, specific molecules have been immobilized. These molecules
have the ability to bind to or interact with certain parts/features of a protein, for example its Histag or a specific motif. The bound material can then be eluted by applying starting buffer with
increasing saltconcentration, or by eluting with a molecule that mimics the interacting groups of
the protein with the resin.

Crystallization
In order to grow good protein crystals, it is essential that the protein be very pure. After
purification, the concentrated protein (usually 10 mg/ml) is mixed with a precipitant and brought
to supersaturation. In supersaturation, the protein can either go on to an amorphous phase
(precipitation) or to a crystal phase where protein crystals are formed. It is in this latter phase
nucleation takes place and crystal nuclei form.
Finding the appropriate solvent for the protein to crystallize instead of to precipitate is facilitated
by the use of sparse matrix screens. By using kits of premixed buffers, it is possible to test
hundreds of different conditions in relatively short time. But even with this help, the crystallization
of the protein is usually the most time consuming step in order to determine its 3D structure. The
crystals may take some time to form, the conditions need to be altered to perfect crystal growth
and some cofactors might need to be added in the appropriate amounts. The solubility of a
protein is dependent upon many things such as pH, temperature, ions and ionic strength to
mention a few, so considerable amounts of time is usually required to get good crystals.
There are different techniques to achieve supersaturation of a solution. The most widely used is
vapor diffusion in hanging or sitting drops. In sitting drop experiments, which was the technique
used here, the protein solution is mixed with a precipitating buffer at a ratio of 1:1 and placed
above a reservoir filled with the precipitant buffer. The chamber is sealed and vapor diffusion
eventually causes the vapor pressure in drop and well to become equal. The protein is thus
brought to a state of supersaturation and crystal formation can be induced. Once good crystals
have been produced, they can be used for X-ray diffraction data collection.
One should be aware that the conformation the protein assumes in the crystal is one of several
possible conformations of the protein in solution. This means that the structure that is solved by
X-ray crystallography is only one aspect of the protein's structural states in the cell.

Data collection
To get structural information about proteins, there are two major techniques. One is based upon
the fact that it is possible to crystallize proteins and perform X-ray diffraction experiments on
them. The other technique for structure determination is NMR, nuclear magnetic resonance.
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This technique is used on molecules in solution but only for smaller molecules (< 35kDa) since it
takes an enormous effort to accurately process all the data obtained from a larger molecule. Xray crystallography is widely used for protein structures and is the technique used here.
A protein crystal is formed when the individual protein molecules are permanently ordered in a
specific way in unit cells. The crystal can then be illustrated as a regular array of protein
molecules with the same positioning in reference to each other. It can be described as a threedimensional lattice formed by translating one unit cell in all directions (x, y, z). The unit cell is
specified by the lengths of the three sides (a, b, c) of the cell and the angles (α, β , γ) between
the sides.
After crystals of sufficient size (>0.1*0.1*0.1 mm3) and stability are obtained, it is possible to
perform X-ray diffraction experiments on the crystals. When X-rays hit a molecule, the
electrons surrounding each atom scatter the rays. The scattering of X-rays by a crystal is caused
by interactions between the electrons in the molecules of the crystal and the electromagnetic
waves of the radiation. This interaction can be seen as scattering of the incoming rays when the
rays hit so called lattice planes. These lattice planes are constructed by connecting lattice points
(unit cell corners) in different positions, thus creating a large number of possible sets of repeating
planes. Each set of planes is associated with a certain set of so called Miller indices (hkl). These
numbers denote the inverse fractional coordinates of the intersection of the plane with the unit
cell edges.
By setting up a detector behind the crystal, it is possible to detect the interference pattern
produced by the scattered X-ray beams in the crystal. Crystals are being used because the
many individual, identically arrayed molecules in a crystal amplify the pattern by interference and
superpositioning of scattered X-rays in certain directions. With many unit cells in the same
crystal, the phases even out in many directions and become reinforced by the principle of
superpositioning in other directions. This is described by Bragg's law.
For diffraction to occur, Bragg's law must be fulfilled. This law states the condition for
constructive interference of waves reflected against consecutive planes: the path difference
between reflected waves from many molecules in a particular direction must be a integer number
of wavelengths. Bragg's law can be written as

2d sinθ = nλ
where d is the distance between the consecutive lattice planes, θ is the angle of the incident and
reflected ray with the planes and λ is the radiation wavelength. Diffraction only occurs if the
Laue conditions are fulfilled. These state that scattering from a crystal only occurs in discrete
directions with reflections with Miller indices. That corresponds to that n has to be an integer.
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When performing X-ray diffraction data collections, the detector that is set up behind the crystal
records a diffraction pattern of the crystal. This diffraction pattern consists of spots with different
intensities. In a crystallographic measurement experiment, the amplitudes of as many reflections
as possible are measured. The intensity of the reflections from all possible sets of lattice planes
(hkl) is related to the electron density ρ at a point (x, y, z) in the unit cell through the Fourier
transform

ρ (x, y, z ) =

1
∑∑∑ F ( hkl) * e − 2πi(hx + ky+ lz + iα (hkl))
V h k l

This equation consists of the structure factors' amplitudes and phase factors. The Fourier
coefficient F(hkl) is the structure factor and is simply a vector describing the amplitude and
phase of the reflection (hkl). The resulting data from an X-ray diffraction experiment will be the
amplitudes and indices for a set of the reflections.

Figure 9. A diffraction pattern from measurements of a pfMre11 crystal.

The electron density distribution in the unit cell is obtained from the Fourier transform of the
structure factors. From the X-ray diffraction experiments, the amplitude of the structure factors
can be derived in a straightforward manner but the phases can not be measured. This is called
the phase problem of crystallography. Even if the phases are not available from the diffraction
experimental data, there exist different ways to acquire the phases indirectly.
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The technique used here to solve the phase problem was molecular replacement. Molecular
replacement can be used when the protein structure to be solved is sufficiently similar to a
protein structure that already has been solved. By taking the phases of the solved structure and
using them as an initial guess for the yet unsolved protein, a good starting guess can be obtained.
This is the technique used in these experiments and one that continues to become increasingly
popular as more and more protein structures are solved.

Considerations
When the crystal is exposed to X-rays, the high energy photons of the rays cause formation of
radicals that are harmful to the crystal. The radicals lead to chemical reactions in the crystal that
gradually destroy the ordered structure in the crystal. By freezing the crystal, this damaging
effect can be reduced greatly. The cooling of the crystal also has another advantage. By
reducing the temperature, the atoms in the crystal slow down their motions and the disorder
decreases. This sometimes gives rise to data with a higher resolution limit.
In X-ray diffraction data collection, the aim is to measure the location and amplitude of a
scattered wave as precisely as possible and to obtain good data from the highest diffraction
angle. The smallest d observed is defined as the resolution of the data set. Looking at Bragg's
law, this corresponds to the smallest distance between two sets of planes that can be measured
and separated. The resolution of the data is usually determined by the intensity/noise ratio at a
small d.
To obtain a good intensity/noise ratio, the size and the quality of the crystal are important. The
quality is one of the limiting factors affecting the maximum resolution that one can obtain.
Crystals of good quality that are very ordered with small thermal vibrations and static disorder
maintain good intensity of the X-ray reflections even at higher diffraction angles. Diffraction
patterns with maximal observed resolution of 5 Å can be considered poor, of 2.0-2.5 Å normal,
and of 1.0-1.5 very good (Drenth, 1994).

Refinement and model accuracy
An approximate model of the structure is obtained from the initial solution of the phase problem,
in this case from the molecular replacement solution. Using the coordinates of the already solved
protein, this solution in general needs to be refined to better agree with experimental data. This
is accomplished by using both automated refinements and manual rebuilding of the model into
electron density maps. After each round of refinement, new structure factors are calculated from
the model and used together with the experimental amplitudes for the next round of refinements.
As the model becomes more correct, the phases improve and the electron density map
becomes more distinct and clear.
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The electron density map is based on Fo and Fc. Fo is the observed structure factor amplitude
whereas Fc is the amplitude calculated from the current model. The Fo-Fc map is a difference
density map and atoms that are missing or in the wrong place can be seen as positive and
negative electron density. The 2Fo-Fc map is another density map that is the sum of the
observed density and the difference density. This map displays the electron density of the atoms
in varying intensity. These two maps are usually the basis for manual rebuilding.
Automated refinements use algorithms to decrease the discrepancy between the experimental
and calculated data. In order to be able to reduce these differences, an energy function
describing the total energy of the molecule is designed. This energy function is then implemented
in algorithms that aim to minimize the function

Etotal = Egeometry + w*Exray

where Egeometry = Ebond + Eang + Edihe + Eimpr + Evdw + Eelec

and w is a weight associated with the X-ray energy depending on how trustworthy one
considers the measured data to be. The geometrical energy is the energy resulting from van der
Waals (vdw) and electrostatic (elec) interactions within and between molecules as well as
restraints put on bond lengths (bond) and bond angles, dihedral angles and improper angles
(angl, dihe, impr). The expected values of the stereochemical parameters are based on analysis
of the structure and conformation of smaller, well-refined molecules (Engh and Huber, 1991).
The total energy, Etotal , is a complex function with many parameters. If the protein model
deviates to a large extent from the experimental data, a correction of this model can usually not
be achieved using the automated refinements. This is because the molecule is trapped in a local
minimum of potential energy and automated refinement usually cannot overcome the energy
barrier to reach the global energy minimum. This problem can be overcome by manual
rebuilding by using space positioning of the atoms to reach the global minimum of the potential
energy.
Using manual rebuilding, it is possible to move atoms, residues, parts of residues, or whole
segments of the aminoacid chain around to better match the electron density maps. When
refining a protein structure, there are four parameters per atom that needs to be refined. Three
of the parameters are the positions of the atom in space (x, y, z) and the fourth is the B-factor
(temperature factor) of the atom. To reduce model bias, automated B-factor refinement is
usually restrained since the B-factor of one atom normally is similar to the B-factor of its
adjacent atoms.
By space allocating the residues, or parts thereof, using manual rebuilding, they are allowed to
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assume different positions that may not be so likely as the most preferred (according to the
automated algorithms) but still is the actual configuration. In order to see if an imposed change
actually increases the accuracy of the model, some kind of quality check is necessary. To be
able to estimate the agreement between the model and the experimental data, the
crystallographic R factor is used (Brünger, 1992 and Brünger et al, 1987). This factor is an
indicator of the agreement between the refined model and the experimental data.

R=

∑ Fo − Fc
∑ Fo

An improvement of the agreement between the experimental and calculated data will lead to a
better R-factor. By looking at the density maps and interpreting them, wrongfully placed
residues or atoms can be moved to new positions where the discrepancy between the measured
and calculated data will be minimized.
The R-factor calculates the difference between measured structure factors, |Fo|, and calculated
structure factors, |Fc|. If the refinements imposed on the structure are correct, the measured
structure factors |Fc| approaches the observed |Fo| and the R-factor drops. But this value can
sometimes be misleading since the equation system is under-determined and subject to bias,
meaning that errors introduced into the model can be kept by favoring one outcome over
another. This is especially evident when a structure becomes overfitted or displays model bias
which can happen when the data obtained from the crystal is of bad quality and has a low
resolution, usually >3.0 Å. The data does not allow determination of the exact coordinates for
the atoms since the resolution is too low, meaning that two nearby atoms can not be clearly
distinguished from each other in the electron density.
Model bias caused the introduction of another quality measurement; the free R-factor (Brunger,
1993). This R-free is calculated by randomly choosing 5-10% of the measured reflections to be
excluded from refinement and thus from model bias. These reflections are then used only to
calculate the R-free. A drop in the R-factor is only considered significant if a drop in R-free also
occurs.
After manual and automated refinement of the model has proceeded and the structure is
reasonably fitted, the solvent (water) molecules are added into the electron density. Crystals
contain a large amount of solvent, usually 40-70% of the unit cell volume. This has to be taken
into account when trying to solve the structure. Cofactors and ions must also be put in their right
positions and the ordered water molecules in the structures must be accounted for. The water
molecules usually give rise to positive density and are easy to spot. By using a water adding
algorithm that finds density peaks of a certain height and that automatically adds waters there,
the whole structure can be gone through in short time.
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To distinguish density peaks arising from water from those arising from noise, specific constrains
are placed on the waters, such as the distance to atoms it can hydrogen bond to and the
minimum height of the peak in the difference density. After this adjustment, the Rfactor and
Rfree usually drop. Refinements are then resumed and carried on until a sufficiently low Rfactor
is obtained.
There is also another problem with solvent and that is the solvent intervention. Residues lying in
the outer parts of the structure may be less defined in the densitymaps since these parts may be
flexible. A greater flexibility is often seen in surface loops of the protein. They are usually less
rigid since the intramolecular forces on these parts of the protein are less than the forces
imposed upon residues inside the protein. This is because the residues inside the molecule are
more ordered due to hydrogenbonding, van der Waals and electrostatic interactions within the
molecule itself.
When the protein has been fitted into the electron density to a satisfiable degree, the
stereochemistry of the protein structure needs to be checked. The program Procheck
(Laskowski et al, 1993) was used in this study to assess the stereochemical quality of the
protein. This program looks at the protein structure and estimates how normal the geometry of
the residues in the protein are as compared to stereochemical parameters derived from other
well-refined structures. Procheck also uses a set of ideal bond lengths and bond angles and the
information from this program can be used to improve the structural properties of the protein
structure.
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Materials and Methods

MCM isolation attempts
The plasmid pET21-MCM containing P. furiosus MCM was used to transform Epicurian Coli
BL21-CodonPlus (DE3)-RIL competent cells (Stratagene), thus enabling high expression of the
protein in Escherichia coli. The transformed cells were grown in pre-warmed Luria broth (LB)
with ampicillin (0.1mg/ml) and chloramphenicol (35 µg/ml) and incubated over night in a shaker.
The following day, 120 ml of the culture was transferred to 6 l LB with ampicillin (0.1 mg/ml).
When the cell density reached ~0.8 at 600 nm, typically after 3-4 hours, the protein expression
was induced by adding 0.4 mM isopropyl-D-thiogalactopyranoside (IPTG). The cells were
then allowed to grow over night at 18O C. The next day, the cells were harvested by spinning at
4O C for 30 min at 6000 rpm and shock frozen in liquid nitrogen.
The pellet (typically 20 gram) was thawed on ice and resuspended in 80 ml buffer (50 mM
NaH 2PO4 pH 7.5, 300 mM NaCl, 5% glycerol, 50 mM EDTA, 2 mM DTT with 2 Complete
EDTAfree protease inhibitor tablets (Roche)). The cells were then opened using sonication and
centrifuged for 15 min at 4O C, 6000 rpm. The supernatant was heat shocked at 70O C for 15
min and precipitated protein was removed by centrifugation 15 min, 4O C, 6000 rpm. To
precipitate DNA, 10% polyethyleneimine was added to the supernatant to a final concentration
of 8*10-4%. After gentle mixing, centrifugation was performed again 15 min, 4O C, 6000 rpm.
The supernatant from this step was then diluted in the double volume of water with 5% glycerol.
The protein solution was then loaded onto ~20 ml prewashed (20 mM Tris pH 8.0, 1 M NaCl,
5% glycerol, 2 mM DTT) and pre-equilibrated (20 mM Tris pH 8.0, 50 mM NaCl, 5%
glycerol, 2 mM DTT) Q Sepharose Fast Flow column (Pharmacia). The protein was eluted
with a linear gradient of 0.05-1 M NaCl in the equilibrating buffer. Fractions from the column
were assayed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Comassie blue staining. Fractions containing the MCM protein were pooled and subject to
further isolation attempts.
After treating the cells the way described above, many different subsequent separation methods
were tried. By letting the pooled fractions stir over night at 4O C with AmSO4 at a saturation of
50%, precipitating matter could be separated through spinning at 15 min, 4O C, 9000rpm.
Through the use of Hydroxyapatite DNA grade Bio-Gel HTP Gel (Bio-Rad), separation was
attempted using gradients of 0-0.5 M NaH 2PO4, 0-1 M NaH2PO 4, 0-2 M NaCl, 0-2 M KCl,
and 0-1 M CaCl. A HiTrap butyl column (Pharmacia) was also tried. A cellulose Phosphate
Whatman P11 fibrous cation exchanger column was made and run with a gradient of 0-1 M
NaH 2PO4. A DEAE weak ion exchanger with a gradient of 0.05-1 M KCl and 0.05-1 M
NaCl using pH 7.0 and pH 7.5 was tried. By using a Heparin column (Pharmacia) with a
saltgradient, separation was attempted through affinity binding and cation exchange. Superose 6,
XK16 (Pharmacia Biotech) with a eluting buffer with saltconcentration 200mM NaCl for size
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exclusion was also tried. After each attempt to separate the protein, the results were checked
using SDS-PAGE and Comassie blue staining.

MR complex isolation attempts
To achieve overexpression of MR complex wildtype, MR complex with Rad50 His 855 Phe
and MR complex with Rad50 His 855 Lys, the expression plasmids were used to transform
Epicurian Coli BL21-CodonPlus (DE3)-RIL competent cells (Stratagene). The cells were
grown in pre-warmed LB with kanamycin (50 µg/ml) and chloramphenicol (35 µg/ml)
incubating over night in a shaker at 37O C. The next day, the overnight cultures were diluted (50
ml cells to 2 l LB). The cultures were induced with IPTG to a final concentration of 0.4 mM
when the celldensity at 600nm was ~0.8. The cultures were grown at 18O C. The cells were
harvested through centrifugation at 6000 rpm, 30 minutes, 4O C. The cell pellets were frozen in
liquid nitrogen.
For protein purification, the cells were thawed on ice and dissolved in buffer A (20 mM
Na2HPO4 pH 8.0, 0.5 M NaCl, 5% glycerol, 0.5 mM EDTA) with Complete EDTAfree
protease inhibitor tablets from Roche (~1 per 40 ml buffer). The cells were sonicated and
centrifuged at 9000 rpm, 15 min, 4O C. The supernatant was heated in 70O C for 15 minutes
and centrifuged again. 10% polymininphosphate was added (0.4 ml to 40 ml) to precipitate
DNA and the mixture was centrifuged. The supernatant was loaded on a 10 ml preequilibrated
Ni-NTA Superflow column (Qiagen) and the column was washed with buffer A, buffer A at pH
6.8 and finally with buffer B (20 mM Na2HPO4 pH 8.0, 0.2 M NaCl, 5% glycerol, 0.5 mM
EDTA). The protein was eluted with a gradient of 0-300 mM imidazole in buffer B. Separation
was based on the fact that the mutants had a His-tag and therefore bound to the Ni-NTA
column and could be eluted using the imidazole.
The fractions containing the Mre11/Rad50 complex and uncomplexed Mre11 were pooled,
diluted ~1:2 with cold water with 5% glycerol and the pH was brought to 6.8. The solution was
then loaded on a HiTrap SP Sepharose HP column (Pharmacia Biotech) pre-equilibrated with
buffer C (20 mM Na2HPO 4 pH 6.8, 50 mM NaCl, 5% glycerol, 0.5 mM EDTA). Elution was
performed using a gradient of 0.05-1 M NaCl in buffer C using the cation exchange principle.
Fractions were pooled and concentrated to 1 ml by ultrafiltration using centripreps (Amicon).
The protein solution was then loaded onto a HiLoad 16/60 Superdex 200 gelfiltration column
(Pharmacia Biotech) pre-equilibrated with buffer D (20 mM Tris pH 7.7, 200 mM NaCl, 5%
glycerol, 0.5 mM EDTA). The peaks from this run containing Mre11/Rad50 in complex and
uncomplexed Mre11 were separately concentrated using Centricons (Amicon) to a final
concentration of 1 mg/ml and used for further experiments.
The Rad50 His 855 Lys mutant did not bind to the Ni-NTA column so the flowthrough was
loaded directly onto the HiTrap SP column. The fractions containing MR complex were pooled
and loaded onto a preequilibrated HiTrap Q Sepharose HP column (Pharmacia Biotech) where
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the proteins were eluted using the same buffers as for the HiTrap SP column. After this, the
pooled fractions were concentrated and loaded on the Superdex S200 for gelfiltration.
In order to see if the nuclease activity was influenced by the mutations, the exonuclease activity
was estimated using a Fluoro-Max3. A dilution series was first made and measured to establish
a standard curve. The proteins were then measured in 50 mM Tris, pH 7.6, 150 mM NaCl, 1%
PEG 6000, 1 mM MnCl2, 5 mM MgCl2, 1 mM ATP, 100 µM dsDNA 27mer in a
concentration of 1 µg protein to 100 µl solution.

Structure determination
The P. furiosus Mre11 protein was synthesized in E. coli BL21-RIL (DE3) and purified as
described (Hopfner et al, 2001). After purification, the protein was diluted at 12 mg/ml in 20
mM phosphate pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 5% glycerol. Crystals were grown and
X-ray diffraction measurements were taken at the Stanford Synchrotron Radiation Laboratory
beamline 9-2.
The mutated P. furiosus Rad50 protein and the wildtype were purified and crystallized as
described (Hopfner et al, 2000). After purification, the mutated Rad50 protein was diluted in
2.5 mM ANP-PNP in crystal buffer. The wildtype Rad50 was diluted in 2.5 mM ADP and
orthovanadate in crystal buffer. Crystals were grown and X-ray diffraction measurements were
taken at the Stanford Synchrotron Radiation Laboratory beamline 7-1. Crystals of the Mre11
mutant, the Rad50 mutant and the Rad50 transitionstate were kindly provided by K-P.
Hopfner.
The X-ray diffraction data obtained from the synchrotron were processed using the programs
DENZO (Otwinowski and Minor, 1997) and SCALEPACK (Otwinowski and Minor, 1997)
to obtain a set of unique reflection sets.
The Mre11 mutant was incorporated into the density map constructed for Mre11 wildtype at
2.6 Å (Hopfner et al, 2001) PDB code 1II7, with the manganese ions and water molecules
removed. Since the unit cell of the Mre11 wildtype was similar to the unit cell of the mutated
Mre11, the mutated structure was positioned in the electron density of the wildtype using a rigid
body refinement. This same technique was used for incorporating both the mutated Rad50
structure and the transition state like structure of Rad50 into the Rad50 wildtype electron
density at 2.6 Å (Hopfner et al, 2000) PDB code 1F2U, with the magnesium ions and water
molecules in the wildtype structure removed.
X-Fit (McRee, 1992, 1999) was used for model building and structural analysis, while the
program CNS, v 1.0 (Brünger et al, 1998) was used for automated refinements of the model
against the data using energy minimizations. After initial automated refinements, Fo-Fc and 2FoFc electron density maps were calculated and used for refinements. In all sets, 5% of the
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reflections were set aside for Rfree calculations. Ligands were modeled into the difference
peaks and cycles of stereochemically restrained positional refinement and refinement of
individual atomic temperature factors was combined with manual inspection and rebuilding.
After some rounds of refinements, water molecules were gradually added to the structure. The
water molecules were placed only in difference peaks >2.5σ and within 2.0-3.2 Å distance of
N or O and within 2.6-4.0 Å distance of other protein hydrogen bonding partners. After
inspection of the water molecules, some were deleted. During all refinements, the R-factor and
R-free were used to assess the quality of the refinements. At the end of the refinements, the
stereochemical quality of the structures was estimated and improved using Procheck.

Activity measurements
By using fluorescence, the nuclease activity of the Rad50 wildtype, a Rad50 His855Phe and the
Rad50 His855Lys mutant were estimated using a FluoroMax 300 essentially as described
(Hopfner et al, 2001) by using 310 nm excitation and 375 nm emission settings. Protein was
added to buffer (50 mM Tris pH 7.6, 150 mM NaCl, 1% PEG 6000, 1mM MnCl2, 5 mM
MgCl2, 1 µM dsDNA 27mer) to a final proteinconcentration of 1µg per 100 µl solution.
Assays were performed at 70O C to minimize the risk of measuring the activity of an E. coli
contaminant. By adding different ATP substrates to a final concentration of 1mM, the cleavage
of the DNA substrates by the wildtype and mutant proteins were measured.
By first conducting measurements on a dilution series with 2-aminopurine in water, it was
established that the nuclease activity was indeed linearly dependent on the concentration of the
ATP derivative.
The DNA used had a adenine base analogue, 2-aminopurine, at the position second from the 3'
end and the aminopurine quenched the light sent into the solution. When the dsDNA 27mer is
cleaved by the protein and the adenine base analogue released, the light is no longer quenched
and fluorescence can thus be detected.
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Results

MCM isolation attempts
The heat stability of the MCM protein was used as a separating property during the initial
purification of the protein. This was successful as a means of separation at this initial stage. The
Q Sepharose fast flow column worked to eliminate some proteins but after this stage, isolation
was difficult to achieve. By using different mechanisms for separation and combining them,
isolation can usually be accomplished. The mechanisms used here included specific affinity
columns, size exclusion using gelfiltration and a variety of ion exchangers based on the isoelectric
point of the proteins (Table 1). Gelfiltration is often used as the last step in a series of columns
used in an isolation attempt.

DEAE weak ionexchanger, pH 7.5 and pH 7.0 with different elutionbuffers
S-300 sephacryl
Hydroxyapartite DNA grade BioGel HTP Gel with different elutionbuffers and ions
HiTrap butyl (Pharmacia Biotech)
P11 Cellulose Phosphate Whatman fibrous cation exchanger
HiTrap Heparin (Pharmacia Biotech)
Superose 6 - XK16 (Pharmacia)
Precipitation with ammonium sulfate

Table 1. The different separation methods tried.

None of these methods were efficient in separating the MCM protein from the other proteins in
the solution to a satisfiable extent. By trying different combinations of columns and separation
mechanisms, the degree of purity required for crystallization was never achieved. After many
attempts using different combinations of columns at different pH, it was concluded that the
MCM protein isolation attempts were not successful.

MR complex isolation attempts
The expression of the wildtype MR complex was similar to the expression of the MR Rad50
His 855 Lys mutant. MR Rad50 His 855 Phe expression was low and this was also shown in
measurements of the final protein concentration. When measuring the final concentration of all
the proteins, the His 855 Phe was found to have the lowest concentration and the His 855 Lys
had a tenfold higher concentration. The concentration of the wildtype protein was a tenfold
higher than the concentration of the His 855 Lys even if they had similar expression. This loss of
protein was probably due to some binding in the Ni- NTA column and the increased time it took
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to purify it. The MR complex is not very stable at 4O C. Separation with the Ni-NTA column
was successful except for the Rad50 His 855 Lys where the protein didn't bind to the column.
This was probably due to a different folding of the N-terminal in this protein that caused the Histag to not be exposed on the surface of the protein to interact with the resin. After the last
purification step using the Superdex 200, separation of dissociated Mre11 and Mre11/Rad50 in
complex was achieved.

Rad50/Mre11 structure determination
The data obtained from the synchrotron is shown in Table 2.

Data set
Unit cell parameters
a(A)
b(A)
c(A)
Wavelength(A)
Max resolution
No of observations
Redundancy
Unique reflections
Overall completeness(%)
Avg I/σ (I)
R symm(I)
Last shell resolution(A)
Last shell completeness(%)
Last shell avg I/σ (I)
Last shell R symm(I)

Mre11_h85l

Rad50_h855k

Rad50_transition

74.96
88.57
144.99
1.08
2.2
352858
8.1
43681
94.2

78.65
82.52
105.84
1.08
2.5
214124
7.7
27646

78.941
82.930
105.510
1.08
2.0
465701
9.8
47429

2.35-2.30
94.1

%core (disallowed) in
Ramachandran plot
85.7 (0.3)
Rcryst(Rfree)
0.2733(0.277)
Non-hydrogen atoms(solvent molecules)
Resolution range
500-2.3

2.45-2.50

2.03-2.00

81.3 (0.2)
0.232(0.290)

0.231(0.271)

20-2.5

10-2.0

Table 2. Completeness: no of unique reflections over the no of unique reflections possible.
Avg I/σ (I) is an estimate of accuracy of individual measurements. R symm(I) is an internal
measure of the accuracy of the data, it compares the differences between symmetry related
reflections that should have the same intensity giving a minimum variance.
Res range is the range during refinements.

When the crystals had been measured, all the data and images were processed using Denzo and
Scalepack. By using CNS, rigid body refinements were performed to fit the mutated protein
structures into the electron density of their wildtype versions with satisfiable results. Using Xfit,
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an initial 3D picture of the proteins was displayed and refinements could begin.
Mre11 His85Leu
The structure of unmutated Mre11 has been determined and the structure information from this
was used in the molecular replacements to solve the structure of the mutant. The mutation
(His85Leu) affects the active site in the molecule and a conformational change of some kind has
been indicated by experimental data. The resulting density in the active site was unclear.
Residues 83-94 were not defined in the initial electron density and by setting the occupancy of
them to zero initially, positive density could be seen in the Fo-Fc map, thus providing more
information than the 2(Fo-Fc) map. As the refinement process proceeded, more and more
structural information could be found and the occupancies of the residues were added back into
the pdb-file. Four manganese ions were found in the density maps and introduced into the
model. The mutated histidines were initially substituted with alanines and after some rounds of
refinement replaced by leucins. The results showed that the active loop in the mutated Mre11
had a slightly different configuration than the wildtype Mre11. When looking at the
Ramachandran plot, two residues were in the disallowed regions, namely His 206 in both
subunits.

Rad50 His855Lys
The structure of wildtype Rad50 was used for molecular replacement of the Rad50 mutant.
Only part of the whole structure was used, namely the Rad50cd. Even if it is located far from
the active site, the mutation His855Lys has previously been shown to have some effect on the
activity of the protein. Mutations in the ATP-binding site has been shown to have effects on the
activity, but this mutation appears to have similar effects even if the aminoacid in itself doesn't
seem to interact with the pocket. Clusters of positive density marked the positions of the
magnesium ions. The electron densities of parts of loops extending outside of the core complex
were unclear, probably due to flexibility of those regions. The histidines 855 were replaced by
alanines and rounds of refinements were executed. The alanines were later replaced with the
correct aminoacid lysine when the density became clearer.

Rad50 transition state
Wild type Rad50 was used for molecular replacement of the transitionstate like Rad50. This
structure mimics the cleavage and release of a phosphate from ATP by substituting the ATP
with ADP and an orthovanadate. Since actual cleavage of ATP in Rad50 leads to large
conformational changes, this transitionstate like Rad50 might be able to give some information
regarding when and how these structural changes occur. When analyzing the structure, the
magnesium ions were not as clearly indicated as they had been in the mutated Rad50. Most of
the other density was clear.
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When all the structures had been refined against the experimental data and water molecules had
been added, the stereochemical quality of the models was assessed using Procheck. Changes
were manually imposed on the structures based on the information from Procheck followed by
refinements and then the refinement work was considered finished.
The nuclease activity of the Rad50 wildtype, Rad50 His855Phe and His855Lys were measured
using fluorescence, emission at 310nm and measurement at 375nm (Table 3).

1. Using ATP at a final concentration of 1mM
Protein
Blank
Rad50 wt
Rad50_h855k
Rad50_h855f

Relative activity
0.137 (0.003)
1.000 (0.009)
1.847 (0.006)
3.454 (0.011)

Note

2. Using ATP- γ -S at a final concentration of 0.5mM
Protein
Rad50 wt
Rad50_h855k
Rad50_h855f

Relative activity
0.080 (0.007)
0.701 (0.028)
3.936 (0.021)

½ protein concentration

3. Using ADP at a final concentration of 1mM
Protein
Rad50_h855k
Rad50_h855f
Rad50_h855f

Relative activity
0.000 (0.008)
0.209 (0.004)
0.675 (0.008)

no added ADP

Table 3. The nuclease activity of the Rad50 wildtype, Rad50 His855Phe and Rad50 His855Lys.

The data from the activity measurement of the Rad50 mutants indicates that the Rad50 mutants
cleave the DNA at a higher degree than the wildtype Rad50. When looking at the relative
activity in the presence of ATP- γ -S, the activity of the mutants are much higher than for the
wildtype. This indicates that the conservation of the 855 histidine might be because otherwise
the protein would work too well. When comparing the lysine mutant and the phenylalanine
mutant, the increase in activity is more significant in the phenyl-alanine mutant. Since
phenylalanine is a nonpolar aminoacid that cannot provide a proton to the leaving group, these
results support the notion that the function of the 855 not is to work as a proton donor. The
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proposed function of the residue to link exonuclease activity with ATP hydrolysis is supported.
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Discussion

MCM
This protein expressed well but was hard to isolate. Even after using many different
combinations of columns and eluting buffers, purification was not achieved. The reasons for this
are not clear but some of the results from the purification attempts indicate that the protein have
some properties that makes it hard to isolate. After many proceeding steps, a size exclusion
column S6-XK 16 was run. The gel from this run showed some surprising results. Even if the
flowrate had been very low to facilitate good separation, the fractions where the MCM protein
could be found also showed other bands of smaller size in spite of the subsequent gelfiltration.
This indicates that the protein is constantly degrading and not stable at 4 C. When the P11
column was run, the resulting gel showed two different bands that were eluted at different times.
This may indicate that the protein is present in two forms; one bound to DNA and one that isn't.
These findings might explain some of the problems that were encountered when trying to isolate
the protein. One possibility for this protein might be to cleave it using different proteases and
subsequently try to isolate and crystallize parts of it instead. Another might be to separate the
two protein forms discovered using the P11 column and try to isolate them separately.

Structure comparisons

Mre11 His85Leu to wt Mre11
After structural refinements of the Mre11 mutant, it was compared to the wildtype structure
from Hopfner et al. By superimposing the two structures, it could be seen that the
configurations of the two structures were mostly the same. The loop in the active site, anchored
by Asp86 and the helix cap Ser93, was disrupted though. This loop is located close to the
region presumably involved in the Rad50/Mre11 interaction and binding. The metal binding did
not seem to be affected even if the structural changes imposed on the active loop also means
that the loop loses its contact with the metal-binding core.
Aminoacid Asp86 is highly conserved and a proposed function for it was found in the study of
this mutant. In the wildtype, Asp86 forms two hydrogen bonds to other residues but in this
mutated structure, these hydrogen bonds were disrupted and did not exist. The missing
hydrogenbonds and the disrupted active site loop indicates that this residue plays a key role in
structurally positioning the loop right so that interaction can occur. These bonds were disrupted
in the mutated structure, indicating that this residue is important for structural reasons.
The mutated residue 85 (histidine to leucine) did not change its position notably. It remains in the
same position and the surrounding environment seems to be the same. This indicates that it is not
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important for structural reasons. The distance between the residue and the phosphate substrate
is unchanged as well, but experiments suggest that the nuclease activity of the mutated Mre11 is
inactivated (Carney, unpublished data). A possible explanation for this is that leucin 85 is unable
to stabilize the transitionstate and thus no cleavage of the ATP can occur. Another is that the
disorderd loop in itself is responsible for the inactivation by adopting a different structural
arrangement that disables the cleaving mechanism.

Rad50 His855Lys to wt Rad50
By comparing the structures of wildtype Rad50 with the mutated Rad50 His855Lys, some
interesting information was obtained. The overall structure and conformation of the mutated
protein seem to be the same as for the wildtype. There are however some distinct differences
too. In the dimerization region between the two Rad50 subunits, the D-loops are not ordered
and the positions of the manganese ions has been altered.
The mutated protein did not bind to the Ni-NTA column, indicating that either that the histagged N-terminal isn't exposed to the surface as well as in the wildtype or that the tag
somehow is degraded. This indicates a different folding of the N-terminal in the mutated protein.
However, this could not be verified since the his-tag has been cleaved off in the protein before
crystallization, making it possible for the mutated protein to assume the original conformation of
the N-terminal portion of the protein. Why the his-tag would be degraded in the mutated protein
remains unclear.
The activity measurements indicate that His855 plays a key role in the nuclease activity. By
mutating it, the nuclease activity increases dramatically. This indicates that the conserveness of
this residue is due to keeping the protein working at a suitable speed. With the replacement of
the histidine with a lysine, the nuclease activity is increased. One theory is that the histidine
residue could work as a semi-inhibiting residue that keeps the protein working at a reasonable
speed instead of hydrolyzing the substrates too fast and to too large an extent. The mechanism
for this is not known but the structural and biochemical properties of the histidine compared to
those of lysine probably accounts for the observed differences. The fact that the Rad50_h855f
had an even higher rate of activity indicates that this substitution (phenylalanine instead of lysine)
is even more severe than the lysine-substitution.
When trying to overexpress the Rad50_h855f, the yield was very low. This might be a result of
some feedback mechanism that degrades this highly active protein.

Rad50 transition state to Rad50 in its ground state
The overall structure of Rad50 does not change when in the transition state analog. What can be
seen is a disordered D-loop and the attached alpha helix is also somewhat disrupted. This
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distinguish Rad50 from most other proteins where the transition state poses large conformational
changes on the structure. Here it seems like the large structural differences that can be seen
between the ground state and the hydrolyzed state does not occur until the leaving group
actually leaves. The transitionstate structure of Rad50 does not support the idea that structural
changes would occur at the transitionstate already but proposes that the structural changes
occurs first after this, presumably as late as when the phosphate is cleaved off and leaving.
The activating residues Glu140, Asp32 and backbone of Tyr 827 work together in binding of
the attacking water molecule. The histidine is still a bit too far away to be able to participate in
this stabilizing of the water, but its role might be more about positioning Glu 823 in Walker motif
B. This Glu residue plays an important role in polarizing the putative attacking water molecule to
make it more nucleophilic. Through a slight displacement of Glu 823’s sidechain, the residue
would be able to polarize the water molecule and the histidine might control this activation.
There also seemed to be a slight rotation of the Rad50 in the transitionstate like state compared
to the ground state. This is consistent with previous data and an important finding. The rotation
is induced by ATP binding but the exact course of events in this process are not known. The
fact that the rotation actually starts before the structural changes in the interior of the molecule
occur, might be an indication of that the structural changes are a result of the rotation and not the
other way around.
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