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1 Introduction

1.1 Restriction enzymes

Restriction enzymes are specific endonucleases and components of restriction modifica-
tion (RM) systemdtat can be found among bactdif archae§2] and in certain viruses

[3]. Their main functia in vivois the protection of thehostagainstforeign DNA, e.g.

phage DNA However, estriction enzymes agso importantn vitro tools for recombi-

nant DNA work and widehusedin molecular biolgical and biochemical laboratosie

Restriction modiftation (RM) systems consist of a restriction endonuclease and a corre-
spondingDNA-methyltransferaspt-6] (Figurel). Both componentsecognize the same

DNA sequence, usually-48 bp in length. The restriction endonucleasiices a double

strand brealat the recognition sequence whereas the methyltransferasea alethyl

groupto adeningN6) or cytosing([N4 or C5)in each strand of ghrecognition sequence.

In order to defend the organism, the restriction endonuclease has to recognize and cleave
the incoming foreign DNA. The host genome is modified by the me#mgterase and

therebyprotected from cleavage by the restricteamonuatase.

Tase

/‘

\ Host genome /

Figure 1: Schematic representation of bacterial phage infection and defense mechafiserestriction endonucle-

R N

ase (REase, purple) cleaves the incoming foreign DNA (yellow) at the specific recognition site (purflbediot)st
genome is modifiedt the specific recognition site (purple edth green stgrby themethyltransferase (MTase, green)

and thereby mtected from cleavadey the restriction endonuclease.
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Bacteria and archaea exhibit numerous restriction metidit (RM) systems. As a re-
sult, several different restriction enzymes were discovered over the @earsrally, four
types of restriction endonucleases can be distinguigh@ld based on thesubunit com-

position, cofactor requirement antavage mechanism

Type | restriction endonucleases consist of three different subunits, which are responsible
for modification (HsdM), restriction (H$) and recognition (HsgSrespectivelyType

| restriction endonucleases require ATP,2MandS-adenosyl methionineAdoMet) for

their activity and interact with two asymmetricalgartite recognition sites. The DNA is

cleaved distal to the recognition site, approxehahaltway between two sitd4.0,11].

Type Il restriction endonucleases are the most frequently found enzymearahd fur-
ther divided intdifferent subtypegl2]. Enzymes belonging to this type are used as pow-
erful tools for genetic engineering procesgdbrestriction enzymes used in this work

(EcoRV, Pvull and BsoBI) belong this type ad are further described in chapfet.l

Type Il restriction endonucleases consist of two different subunits, whectegponsi-
ble for recognition modification (Mod) and cleavage (Res). Typeréstriction @donu-
cleases require ATBRndMg?* for their activityandare stimulated byAdoMet Theyin-
teract with two asymmetrichleadto-head recognition sites and cleave EH¢A close to
one recognition Sitgl3,14].

Type IV restriction endonucleases consist of two different subunits, whichsgrens-
ble for recognition and cleavaggype IV enzymes cleavaethylatedNA, hencethey
are not part of a RM systerfiheyrequire GTP and Mg for their activity and interact
with at least two recognition sequenegs variable distanc€leavage of the DNA oc-

curs close to one recogioih site[15].

1.1.1 Type ll restriction enzymes

Typell restriction enzymes até@ebiochemically and structurally best characterized spe-
cific nuclease§12,16-18]. In comparison to other typeBype Il restriction endonucleases
have a more simplified subunit organization, being usually homodimeric or homotetram-
eric. Cleavage of the DNA ocmuwithin or close to their recognition sitEype Il re-
striction endonucleases do not require ATP or GIR,still require Mg* as cofactor.
Because ofheir greatdiversity, they ardurtherdivided intol11 different subtypes, based

on theirproperties.
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Type lIA enzymes(e.g. BpulOl)are dimers of noidentical subunits and recognize
asymmetricsequences. Each subunit cleaves one swuhtite DNA. TypellB enzymes

(e.g. Bpll)cleave the DNA abothsides of the recognition sequence. Tk enzymes

(eg. Bcgl)possess bottieavageand modification domains within one polypeptide. Type
IIE enzymegqe.g. EcoRll, Nael)nteract with two copies of their recognition sequence,
one being the target, the other being an allosteric effector.|Try@nzymege.g Cfrl0l,

Sfil) are homotetrameric, interact with two copies of their recognition sequence and
cleave both of them. TygéG enzymege.g. Eco57have bothcleavageand modifica-

tion domains within one polypeptide and are a subgroup of Type IIC enzymssoMo
them are also Type IIS enzymes. Typ¢ enzymege.g. Ahdl)behave like Type Il en-
zymes but are genetically organized like Type | enzymes. Mypenzymege.g. Dpnl)
recognize a specific methylated sequenceceave the DNA at a fixed site. Ty
enzymes are homodimers, recognuaindromicsequences of 4 8 bp in length and
cleave both strands within thhecognitionsequacep r o d u ehiyndgr o3x’y-phosand 5
phate enddViost enzymes used for genetic engineering processebype |IP enzymes
Some ofthe beststudied restriction endonucleasasEcoRI and EcoRV, belong to this
subtypeTypellS enzymege.g. Fokl, Bfil)recognize asymmetric sequences eledve

at least one strand of the DNA outside of the recognition site (cleavagessitigeidfrom

the recognition site). TypBT enzymege.g. Bsll)are heterodints with two different

subunits.

1.1.1.1 Three dimensional structure of Type Il restriction enzymes

OrthodoxType Il restricton enzymesare homodimers of identical subuniEach suburi
consists of one domain (exceptions are Type IIE and IIS ersgymhéch harbor two do-
mains) which is again composed of three subdomains, each responsible for recognition,
cleavage and dimerizatioAlthough type Il restriction enzymes exhibit low sequence
similarity, they share common structural propertis.type Il restriction enzymesos-
sess a&ommon coremotif (CCM), which is highly conservefdl7] (Figure2). The core
consistsofafives t r a n d e dheehiwkiah & suffounded two o-heliceq19]. The
catalytic residues of th P (ID/E)xK motif (x represents a hydrophobic residae®
located on the second and third str§®@d. The fourth and the fifth strand che either
parallel(EcoRI)or antiparalle(EcoRV) to each otheBased on this, Type Il restriction
enzymes can be further divided into two differenaictinralfamilies namely the EcoRI
and the EcoRVamily [1,21].
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Enzymes belonging to the EcoRI famippro@h the DNA from the major gove and

recognize the DNA viarao-helix andan o-loop. The resulting fr agme
ends’ -owdarhbings. Welknown representatives of this family are Fokl, BamHI and

BsoBI. Enzymes from the EcoRV family attack DRA from the minor groove, recog-

nize the -DNAawvd-taamd an@ produce f rstagment s
ger ed ' s Repesentativena this family die@ examplePvull, Bgll and Nael

2

=10

1, =
c—(C O/ X—+F

Figure 2: Topology d the Type Il restriction endonuclease EcoR¥-h el i ces ar e i ndisuvamdsed i n |

are indicatedn light blue. The central fiva t r a nsdheede tp i s shaded grey. The 1l ocatio
the second and third strand is indicateddd. Note, that the fourth and fifth strand are antiparallel. @err@inal end
of the polypeptide chain, N =-Mrminal end of the polypeptide chain.

Several tystaland cocrystalstructureof Type Il restriction endonucleasa®available

in the potein data bank22], most of them representirige free enzymer the specific
enzymeDNA complex[18]. By comparing thee two kind of structuresne can realize
that restriction enzymes hate undergo large conformational changes in order to bind
to DNA. And indeed, many studies revealdtiat birding to the specific recognition se-
quence is coupleth extensivechanges in the conformation of the enz\ji2§ (as well
as changes irhé conformation of the DNA)Two differenttypesof conformational
changes can be distinguishedh the one handocal conformatioal changeslike the
structuringof regions, which are utrsictured before (e.gt n f o | d-heticgs tofédrm o
“ ar p24],folding of disordered region25], ordering of disordered loop25]) and on
the other handuaternaryconformatimal changeslike therepositioning othe rotation

of subunits and subdomairEhis repositioningcan be achieveth a tongie-like move-
ment[26], which meanspeningof the DNA-binding cleft by a motion of thievo subu-
nits perpendicular to the DNAxis(e.g.BamHlandPvull) or inascissotlike movement,

which mean®peningof the DNA-binding cleft by a motion of the subunpsvrallel to
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the DNA-axis (e.g. EcoRV [27], BsoBI[27] andBglll [28]). Both types of conforma-
tional changes are interrelated, since local changes of flexible regions can trigger large

quaternarychange®f rigid regions

As mentioné above, most structures are available for the free enzyme or the specific
enzymeDNA complex. However, the nospecific enzyméNA complex is an im-
portant intermediate step andapresents the structure of an enzyme diffusing along the
DNA [29]. For this reasonthe structure of thenon-specific complex can providen-
portantinformationon how theenzymeswitches from nosspecific tospecificbinding

and itcan giveinsight intowhat the structural basis fonear diffusionis. So far,struc-

tural information onthe nm-specific enzyméNA complexis availablefor two re-
striction enzymesnly (EcoRV [30], BamHI[29]). Because of the similaritifeund in

both systemssomegeneralstatementabout the norspecific complex in comparison to

the specific complexould be madeNonspecific complexes are more hydrasgdhe
proteinDNA interface,thus have a smaller protelPNA contact surfacend are less
compac29,30]. The DNA-binding cleft ismore operandthe catalytic centers are posi-
tioned far away fm the phosphodiester backboeclosing around the nespecific

DNA would lead to sterical clashes, because of theaoonmplematarity. Additionally,

a more open complex allows for more flexibility of some segments in order to scan the
DNA for specific elementd’he DNA isaccommodatdonly loosdy, no interactions with

the bases can be obsen&d]. Instead allcontactsare formedto the phospbdiester
backbone and amainly electrostatic interactiorend hydrogen bond# balance of at-
tractive and repulsive forces holtse protein andhe DNA together In summary, the
arrangement of enzyme and DNA in the sspecific @mplex shows up to be appropriate

for preventing catalysis while allowing for sliding.

In addition to the similarities found in both systetiereis alsoone majordifference

The crystal structuref the nonspecific BamHIDNA complex showed that thewfor-
mation was extensively rearranged compared to the specific cof@8leXror EcoRV

the nonspecific complex instead reveaéhatthe overall conformation is very similar to
that of the specific compld82]. This demonstrates, that large conformational adaptions
are not necessarily required and that also small changes in the conforanatsufficient

for the recognition proces$he three dimensional structurethe restriction enzymes
used in this studfEcoRV, Pvull and BsoBlare described in more detailthne following

section
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EcoRV restriction enzyme

EcoRV is one of the besharacterized Type IIP restriction endonucleases. The name
“Eco’ i s der i-negative Hacteviurkschériehia §al(B. woli), the organ-

ism from which the enzyme was firstly isolated. ECORV forms a homodimer of two iden-

tical subunits. Each subumidntains 244mino acidgind has a molecular weight of 29.5

k Da. The enzyme recogni z&GATATGE’ pand ndl e av
within the central TA step, |l eaving ‘bl unt
family. For its activity, ECORV requires Mgions. ECoRV is one of a few restriction

enzymes, for which all relevant crystal structures are availdable free enzyme (1RVE),

the nonspecific complex (2RVE) and the specific complex (4RVE). Each subunit of the
enzyme is organized into three different subdomains, the dimerization, the catalytic and

the recognition subdomaiseeFigure3). The dimerization subdomagonsists of a short

o-helix andatwo-s t r anded @&rteiegar dloll dlehealfe dhichigal-a | oncg
ready part of theatalytic subdomainThe catalytic subdomain consiststibé common

five-s t r a msheeftivo ghortand h r e e-stiara}) tgy 0 fhelices anc glutamine

rich-loop (Q-loop). The catalytic residues D74, D90 and K92 are locatdde Qloop

andont h e tstiangrespegivelyandmakecontactdo thebases in theninor groove

of the DNA The recognition domain ceists of twoo-h e | i ces angstrandswo s hc
which are connected by a loae¢ognitionloop, R-loop). Residues located in thelBop

areresponsible foall basespecific contacts in the major grocaed contacts to the phos-

phodiester backbone.

Figure 3: Crystal structures othe EcoRVrestriction endonuclease(a) Crystal structuref the free enzyme (1RVE),
(b) Co-crystal structure of the nespecific ECORV-DNA complex (2RVE), (c)Co-crystal structure of the specific
EcoRV-DNA complex (RVE). The different subdomains are marked in one subunit: blue = dimerization subdomain,
purple = catalytic subdomain, cyan = recognition subdomain. Thdéomps (Qloop andR-loop) are located in the

catalytic and recognition subdomain, respectively. DN& is shown in red.
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The free EcoR enzyme forms a t$haped dimewhosecleft seems to b&o narrow to
accommodate DNA. The-Rind the Qoops are disordered and occupy the space in the
cleft. Thus,the enzyme has to open the DNding cleft to allow DNA entry. It was
hypothesized, that the free restriction enzyme oscillates between an open and a closed
state and that the openimgtriggeredby the association of thauter sides of the @&rmi-

nal arms of EcoRV with the DNAnolecule[33]. The conformation of the nespecific
complex seems to be more open in comparison to the fegenenThe Qloops, which

are located at théottom of the DNAbinding cleftbecomeordered[30], the Rloops
instead which are located at the topthe DNA-binding cleftstay partly disordered hey
wrap overthe DNA molecule which allows them tonake vandewWa al ' s cont act ¢
each othef30] but no contacts with thBNA baseslt was assumed, thaie flexibleR-
loops can probe the local DNA gaence during tiear diffusion30]. The orientation of
the sulunitschanges only gihtly in the norspecific complexThe DNA is embedded in
DNA-binding cleft withthe minor groove facing the floor and the major groove facing
the topof the cleft It is close to Blorm and no central bend of the DNA can be observed.
The specific compbe seems to be more closedmpared to the nespecific complex.
TheR-loopsbecomeorderedand makeontactdo theouter bases the major groovef

the DNA The orientation of the subunits changesa mainly scisselike movement
whichbrings the twasubunitscloser together and allows EcoRV to embrace the ONA.
the specific complex also the conformation of the DNA charigbsecomes sharply bent
by an angle of 55°, whiclocally unwinds the DNA, unstacks the central two base pairs
of the recognitiorsequence and bringjse scissile phosphate close to the active Bhie.

major groovebecomesarrower and deeper and the minor groove wider and shallower.

Pvull restriction enzyme

Pvull is a Type IIP restriction endonuclease and belongs to the EcoRV.faimd en-

zyme was firdy isolated from the gramegative bacteriurroteus vulgarisand is one

of the smallest known restriction enzymes. It consists of two identical subunits with a
molecular weight of 18.5 kDa and 1&mino acids Pvull recognizes thegtindromic
SequeA@ECTG3’ and produces *‘Z%Hdependenthydralys® af t
sis. For Pull, only the crystal structuref the free enzyme (1PVU) and the specifom-

plex (1PVI) are availabléEach subunit of the enzyme is organized inteehdifferent

subdomains, the dimerization, the catalytic and the recognition subdomdhigises!).
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The di meri zati on s u bhbklixera aloop ¢ABrosp), bltowedo f a |
by a -dixpwhich isalready paof thecatdytic sullomain Residues located in

the L-AB loop makecontactdn the minor groovef the DNA. The catalytic subdomain

consists of the common fivet r anstieetl t o s hort astradds)arhr ee |
addi t i omnsalr asnhdebelitestgindoa loap fL2). The catalytic residues D58,

E68 and K70 are located inthelL,2 | o o p a n dstramd) respdcivehtahdinale
contactsto the base# the minor groove of the DNA. The recognition subdomain is

f or me d -belicestamadro antiparallé -sfBandsk a c -helixe3-strand pair is con-

nected by a loop, which contains on the one hand a histidjpbet (L-4C loop) and on

the other hand an asparaguhgplet (L-7D loop), bothbeingresponsible for the sgific
interactions withhie bases in the major groove and contacts tgttesphodiestdvack-

bone. Pvull shows an extensive structural homology to EcoRV regarding the catalytic
andtherecognition subdomain. The-12 loop for example is equivalent to thel@@p,

the histidinetriplet and the asparagirtgiplet (located in the-4C and L7D loops) can

also be found in thed®op of EcoORV. The dimerization subdomains of both enzymes are

instead unrelatefB4].

Dimerization

Figure 4: Crystal structures othe Pvull restriction endonuclease(a) Crystal structure of the free enzyme (1PVU),

(b) Co-crystal structure of the specifitvull-DNA complex (1PVI). The different subdomains are marked in one sub-
unit: blue = dimerizattn subdomain, purple = catalySabdomain, cyan = recognition subdomain. The three Igops

AB, L-12 and -4C) are located in the dimerization, catalytic and recognition subdomain, respectively. The DNA is

shown in red.

The free Pvull engme forms a Wshaped dimer, wdsecleft is considerably more open
than it could be found in other crystal structures of restriction enzf@dgsThis open
conformation does not allow amplete binding to the DNA with both subunits. Only a
smallregion at the bottom of the DNBinding cleft (L-AB loop) could contacthe DNA

with both subunits simultaneously.
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Since the EAB loop is positioned at the interface betwedke dimerization andatalytic
subdomain, it was assumed that interactions oEtA® loop with the DNA induce mo-
tionsof the subdomains, thereby bringing #reymen a more closed conformati¢g4].

Indeed in the specific complex the two subunits approach etwr, thereby closing the
DNA-binding cleftin a tongudike movemen{35]. The protein wraps around the central

G-C base pairs and an additional hydrogen bond is formed between the side chains of
His85, which is located in the-4C loop in the ecognition subdomain of each subunit.

The distance between these two histidine residues decreases by more than 20 A during
the transition from the free enzyme to the specific comp@@&k So far, it is unclear
whether this hydrogen bond is also formed in the-syecific complex in order to keep

the potein on the DNA while scanning for the specific recognition sequence. The DNA

is located in the cleft between the two subunits with the minor groove facing the bottom

and the major groove facing the top of the cleft. It retains itsactexistic Bform.

BsoBI restriction enzyme

BsoBl is a thermostable Type IIP restriction endonuclease, which belongs in contrast to
EcoRV and Pvull to the EcoRI family. It was isolated from the thermophilic -grasit

tive bacteriumBacillus stearothermophiluand has therefe a temperature optimum of

65°C. Each subunit of the homodimer has a molecular weight of 36.7 kDa and contains
323 amino acids. The enzyme f@&YCBREGR3I(¥es t he
representapyrimidine, and R represeragurine)and cleaes between the first and second
base, | eavi ng -owrhangskLike BeaRY and Pvwii, it réquirgs g

ions for DNA cleavage. For BsoBI only the crystal structure of the specific complex
(1DC1) is available, which revealed that the enzymm$oa tunnel around the DNA6)].

Each subunit of the enzyme is organized into two different subdomains, the helical and

the catalytic subdomain (s&ggure5). The helical subdomain consists of a total of five

ochel i ces, beginning ankklicesnpmiichrergss eachtotheranvo v e
form the side walls of the tunnel. Residues located in this dameimly form hydrogen

bonds tdbases irthe mina grooveof the DNA The catalytic subdomain consists of the
common fives t r a mrsheetdwhi@harborghe catalytic residud3212, E240 and K242

andis enlarged by three additionastrands. Residues located in this domain make con-

tacts to thebases inthe major groove. Both subdomains are associated and partially
wrapped around each other, resulting in the largest susuinifnt interface among the

dimeric enzymes.
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Figure 5: Crystal structureof the BsoBlI restriction endonuease.Co-crystal structure of the specifi@soBIF-DNA
complex (1DC1). The different subdomains are marked in one subunit: blue = helical subdomain, purple = catalytic

subdomain. The DNA is shown in red.

The tunnel around the DNA has a length of ~ 20 Aiared f o r me dhelidesfroro n | y «
both subdomains. It has a close steric complementarity to the BsoBI recognition site, al-
lowing a perfect alignment efnzymeand DNA. Also the electrostatic field inside the
tunnel, which is positive, enhances the bindmthe phosphodiester backbone. Since the
gap between thievo subunits is too small to allow DNA entry, it was hypothesized, that
BsoBI has to undergo large conformational changes to bind to the[B6JABecause

the interface of the catalytic domain is weaker than that of the helical domain, it is likely,
that the catalytisuldomain moves apart, while the helisalldomain stays fixedThe
residues Argl31 and Asnl132, whiare located in the helicalldomain, are supposed

to be involved in the closing of the catalysiskdomain around the DNA36]. The for-
mation of a tunnel around the BN\could be a strategy to promdteear diffusion, be-

cause it prevents the protein from falling off the DNBtherwise such a close position

of enzymeandDNA and the numerous-Honds would nofavora rapid movement along

the DNA. It was theref@rpostubted that the enzyme forms a more open complex with
non-specific DNA[36]. The DNA itself is located irthe tunnel with the major groove
facing the bottom and the minorogve facing the top. Bhows only slight deviations

from the canonical Bform. No bending is observed but the DNA is somehow extended

and undertwisted, which makes the majayove widerandthe minor groove shallower.
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1.1.1.2 Target site location of Type Il restriction enzymes

To fulfil their biological function, restriction endonucleases must locate their target site
on the foreign DNA before it becomes methylated by the corresponding methyltransfer-
aseand before it is transcribed or replicatéthis is a chi#enging task, since the enzyme
has to find the specific site within ardgge excess of nespecific sitesA normalthree
dimensional D) diffusionin solution that involves association and dissociation events
on the DNA, would be too slow to be effe@{\87]. To this endrestriction enzymesave
developedh strategy calledfacilitated diffusion, to accelerat¢éhe location of the target

site [38]. This mechanisn{seeFigure 6) involves an initial norspecific binding any-
where on the DNAfollowed by a scanning process, whigh a thermally driven one
dimensional (1DYiffusion of the restriction enzyme along the DNA molecblest de-
scribed as a random Weanddistinct from the ATRdriven directional translocation along
the DNA (of for example Type I restriction endonucleasBsie to the reduction in di-
mensionality, it requires much less time than a tdiee=nsional3D) searchto locate

the target seqnce[103].

DNA Recognition Restriction

| :sile enzyme
4. Coupling

v
1. Nonspecific binding

v

o 5. Catalysis

v

2. Facilitated diffusion
“——> v

6. Product release

3. Specific binding ¥

" — —

Figure 6: Schematic representation of theeaction pathway of restrictionrelonucleasesThe restriction enzyme

first binds nonspecifically to the DNAL), which isfollowed by a pocess of facilitated diffusioslong the DNA(2)
until therecognition site is locateathd specific binding occu(8). Sulsequentlyconformational changes in the protein

as well as in the DNA occy4). After the phosphodiester bond cleavage in both sti@)dise product is releas€@).

Three differentypes of facilitated diffusiomvere postulateddependendn the dgree of
preserving the contact between protein and DNA during the moveesiiding, (ii)

hoppingor jumpingand (iii) intersegment transf€87-39] (seeFigure?):
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Sliding, is aonedimensional (1Ddiffusion (it is 2-3 orders of magnitude slower than
threedimensional3D) diffusion) and isalsocalledlinear diffusion. During sliding, the
enzyme remains bouni the DNA whichimplies that the norspecific binding mode
persists during linear diffusion atigatthe water layer around DNA and protein remains
intact. Sliding has the advantage thiaprevents theenzymefrom potentially missing a
target sitan case of following the helical pitch of the [BNA disadvantage of sliding is
that small ligands bound to the major or minor groove of the DNA reprelstaicles for

linear diffusion[40Q].

Hopping or jumping is a threedimensional (3Ddiffusion, during which the @zyme
first dissocatesfrom the DNAmoleculeandsubsequently rassociatesThe difference
betweenhopping and jumpings based on the location of the-association site, which
can be either close to the dissdicia site (hopping) @ far from it (jumping).In contrast
to sliding, the norspecific binding mode isansientlygiven up which means that each
component can associate with water molecules and counteiHopping or jumping is
well-suited to apidly reach DNA sites which are far away from the initial binditeyes

to bypass obstacles bound to the DMAdisadvantage ithat specific sites can be over-

looked, since the enzyme does not stayoimtiouous contact with the DNA.

Intersegment transfer takes place when an enzyrfadten a tetramey)which is bound
to a DNA molecule by on®NA-binding site, bindsimultaneouslyto the same DNA
molecule at a distant location véaotherDNA-binding site.This doublebinding will
produce loops in the DNAConsequethy, intersegment transfer is only possible for en-
zymes vhich possestwo DNA-binding sites.Intersegment transfer is wedlited to
cover large distances on the DNA asdnlikely to be inhibited by obstacles.

1. Intersegment Transfer

2. Hopping, Jumping

/—\A

3. Sliding

Figure 7: Schematic illustration of different types of facilitated diffusin. (1) Intersegment transfewhich involves
simultaneous binding of the DNA molecule via two Di¥#Ading sites, (2hopping orjumping which involves dis-
sociation and rassociation events and (3) sliding, during which the enzyme remains bound to Ahd DNDNA

molecule is indicated in grethe two subunits of the homodimeric protein are indicated in light and dark blue.
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The concept of facilitated diffusion was originally proposed in 1968 by Adam and
Delbriick in order to descriltle interactions bet®en membraneeceptors and their lig-
ands [103]In 1974,Richter and Eigetransferredhe concepto specific DNAbinding
proteins, with have to locate their targgite on a DNAmMolecule[104]. The first exper-
imental evidencef facilitated diffusionwas presentedn the early 1980%or the lac re-
pressof41] and fa the restriction enzyme Ecol40,42,43]. It could be Bown that &-
cilitated diffusion speeds up tatgsgte location by a factor of 10compared to a three
dimensional (3D) diffusiofi40] and thatrestriction endonucleases scadC® bp in one
binding event, which results in an effective scanning distaneel®00bp [4(]. In the
following years, facilitated diffusion waextensively examinetly conventional kinetic
methodg[31,38,44-47], which are based on the measurement of teavelge ratexs a
function ofthe DNAlength.Theexperimens focused mainly ogliding (linear diffusion)
rather than on hoppifigmpingor intersegment transfelt could beshown that several
other type Il restriction enzymes make use of facilitated diffusion for targdbcation
[39]. The mosdetailedkinetic studies havéeen carried out with thestriction endonu-

cleass EcoRI andecoRV.The following observations could be made:

Dependency on theDNA length. Long DNA substrates arcleavednuch faster than
short DNA substratelgl5], whichcan be easily explained by the fact that long DNA sub-
strates can be explored not only by thdgmensional diffusion but additionally by one

dimensional diffusion.

Dependency on théMg?*- and the saltconcentration. Since linear diffusion takes place
on nonspecific DNA it should be dependent on the concentration of rembdivalent
metal ionsWhereasn the presence of highMg?*-concentrations (10 mM)inear dffu-
sion was decreasddr EcoRI[40], linear diffusion was increased for EcoR45]. The
contrary behavior could be explained by the thet EcoRI needs Mgns only for ca-
talysisbut EcoRV forcatalysis andecognition thusthe specific sites coulde better
recognized at higivig?*-concentrations Regardingthe salt concentratiorijnear diffu-
sionshowed anaximum at 50 il NaCl for EcoRV[45]. Higheras well adower con-
centratiors of NaCldecreased linear diffusiprvhich perfectly correlated with thten-
dency of thenon-specifc bindingaffinity. At high salt concentrations nespecific DNA
binding is too weak, at low salt concentrations -specific DNA binding is too tight,

both prevents linear diffusion.
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Overlooking of specific sites Specific sites are natverlookedby EcoR [44] and
EcoRV[45], which means that there is a high probability that a specific site is recognized
and cleaved after binding to This suggestedhat restriction enzymes stay in close con-
tact to theDNA andscan continuously the major groovkerebyfollowing the helical
pitch[44] andthat sliding is the major process of facilitated diffusion rather than hopping
or jumping.Overlookingwasfound to be dependent on merand divaént metal ions

With higher concentrations of both, NaCl and®ipns, the specific site was more effi-

ciently recognized than with Ia@vconcentration$45|.

Pausing at star sitesEcoRI pausesat star siteswhich meandhat linear diffusion is
slowed down when the enzyme encoungéesise on the DNA which resemlsithe recog-
nition site[44]. The higher thdindingaffinity to thestarsite, the longer the pausing time
and the bigger the inhibitory effeon linear diffusiorf44]. This can be explained by the
fact thaf in contrast to nospecific sitesyith star sitesome baespecific contactsan
beformed as itcould be demonstrated for BstMI8]. Thesestrongeiprobing interactions
must be loosened again beftireear diffusion can continue. Thehibitory effect of one
star site ould be amplified by a second star dit&]. The dita suggested thedstriction
enzymescan aopt two different binding modegi) a specificbinding modewhich is
tight anddominated bymany specific contacts betwetre enzymend thebases of the
DNA. The friction coefficient for linear diffusion is high, therefore the enzynimiiso-
bile, (ii) a nonspecific binding mode, which is loose and dominated by eleatio$n-
teractions between the enzyme and the phosphodiester backbone of thEHeNiction

coefficient for linear diffusion is low and allows fsliding [44].

Influence of dostacleson the DNA. Obstacles on the DNA slow down or bkolnear
diffusion. This could be demonstrated for obstacles in the major groovérif@eghelix
forming oligonucleotide§44]) andin the minor groove (e.gntercalating drug$ike dis-
tamycin or netropsif40]) as well as fonon-specific[40] and specific binding proteins
[44]. The questiorarosewhetherfacilitated diffusiontakes placelsoin vivo, since the
DNA in a cellis usuallyassociatd with a variety of different proteinff.was shown that

the efficiency of linear diffusiois strongly correlated with the ability to protecetbell
against phage infectigr81]. Thus it was assumed that linear diffusion indeed is of im-
portancealsoin vivo. Additionally, me has to keep in mintiat the Iological target of
restriction endonucleases is phage DNA i ch 1 s n’ t ocupipdoynsaeyd t

proteins.

(0]

k
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Reflection at the ends ofinear DNA. It could be shown th&coRYV isreflectedat the
ends of dinearDNA rather tharfalling off from it[45]. The electrostatic potential at the
ends of a linear DNA is different from that in the middle. Since linear diffusion strongly
depends on the electrostatitaraction between the protein and the D8], it might

be difficult for the protein to approach the end by linear diffusion.

Mechanism of poduct dissociation. For EcoRlI it could be showthat it leaves the
cleavage site by linear diffusion bedoit dissociates from the cleavage prodydd.

EcoRV instead directly dissociates from the cleavage products without using linear dif-
fusion[45]. The different behavior was attributexithe different cleavagaodes. ECORV
produces blunt ends, whereas EcoRI produces sticky ends. Blunt ends produce two addi-
tional negat i weospbates, thgrebg pushing the ltleavagduyrts di-

rectly out of the DNAbinding tunnel of the enzyme due to electrostapuision. Sticky

ends remaitemporarydoublestranded, allowing the enzyme to diffuse to 1specific

DNA.

Facilitated diffusion is a general phenomenon that could be obseoteahly for re-
striction enzymes but also for many other proteins that inteitttDNA. Examples are
the RNA polymeraspt9,50], DNA-methytransferasefb1,52], the lac repress$41,53]
and transcription facto{$4,55].

1.2 Single-molecule experiments

The targesearch mechaniswof specific DNAbinding proteinsvas studied intensively
by conventionakinetic methodgseel.1.1.9. However, thesdulk ensemble measure-
mentshave somengor disadvantages, sintieeyrepresent oly anaverage of all differ-
ent subppulations present in the ensemble. Consequently,dhegotprovide any dy-
namicinformation andthereforetend to mask rare but potentially important molecular
trajectaies in a given procesfegarding the targeteach mechanisnof type Il re-
striction enzymesbulk ensemble methodsould only show whether or not facilitated
diffusion contributed tahe searching process, but they caubdprovide detailed infor-
mation regarding the mechanigiself. It became obviouhat new experimentahethods
arerequired tocharacterizehe dynamics of structur@s generabndspecificallyto elu-

cidate the mechanisof facilitated diffusion.
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A few decadesagq singlemoleculemethodswereintroduced inbiochemical research
[56-58]. These methodare based onptical (microscopic)techniques, which allow the
directtime-resdvedvisualizationof proteins interating with DNA moleculesThe &rm
singlemolecule experiments covers numerous diffetectiniqueswhich are often com-
bined. There are for examglaorescence spectroscopidetectionmethods[59], which
can be further divided intBRET-based method$0,61] thatcanprobe the dynamiitra-
and intermoleculanteractions of proteins and nudeicidsandsingle molecule tracking
methodq 62] that can measure the molecular position (translocation) and molecular
entation (rotational motigrsee alsd.2.1). Another example ammechanical manipula-
tion methodsin which a defined force is applied in order to affect the dynamics of a
molecule or @ induce conformational changes. Exaespareoptical tweezer$63,64],
magnetic tweezell$5,66] andlaminar flow[67]. Single-molecule experimentsecessi-
tate extremely low concentrations of the interacting componenthdipM ranggin

order to observe only a single molecule at a given time.

To study the mechanism of facilitated diffusiofivarious DNAbinding proteinssingle-
molecule tracking is the method of choicdgecause itllows tracking the proteinver
many microns along the DNA moleculEo visualize the protein thas to be modified
with a fluorophoreZ.2.3.4. To optically resolve ta motion of tle labeledprotein along
the DNAmolecule the DNA has to be convertéom thenaturallyoccurring supeailed
into an elongated conformatioRor this purposa long DNA fragmentis needed whose
both ends are modified with biotiiwo different mechanical manipulation methods can
be used fof D NAt r et ¢ h i napproactcdntpeseghaattashinendbf the DNA
molecule to a streptavidicoated microscope slider coverslip)with the aid of a laminar
flow (seeFigure8) [67]. After theattachmenby both endsthe DNA shouldretain a
transversal movabilitgo that protein binding istill possible. Aso the surface of the
microscope slide should not allow repecific protein binding. The stretched DN#ol-
eculeis visualized by incubating it with a DNA groove binding dye (e.g. S®B8&d).
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Figure 8: Elongation of DNA molecules. (a) The incubation of a streptavidimated microscope slide with biotinyl-
ated DNA molecules leads to thkachmenbf the DNA molecule by one end. (b) The application of a fast buffer flow
elongates the DNA molecule and (c) leads toattt@chmenof the second end of the DNA molecule.

An alternative approactor* DN A s t risdhteusd afoptigal tweezer§64). In this

case botlbiotinylatedends of the DNAnoleculeare attached tstreptavidincoated pol-
ystyrol beads, which are held in position in solution by optical tweezers. This system has
some advantages over gevious mentioned methothe stretching ofite DNA mole-
culecan be eagjladjustedthe distance between surface and DNA is much tgrg8um
compared to < 100 nm) arnkde position of the DNA can be located without the use of

DNA groove binding dyes.

The interaction of the labeled protein with gteetched DNA moleculss visualizedby

total internal reflection fluorescence microscq@yRFM, seeFigure9). In this tech-
nique, the excitation light is reflected off titerfacebetween thenicroscope slide and

the ageous simple.Due to his special illumination geometrgnly a small part of the
excitation light is able to enter the sample. Consequently, only proteins which are close
to the surface are illuminated. This spatially limited excitation allows the detection of
single fluorophoresThe interaction of the protein with the DNA molecule can be seen as

a short fluorescent signal within the coordinates of the stretched DNA.

Evanescent field
Anchored DNA molecule Fluorescent protein

Laser beam Microscope slide

Figure 9: Total internal reflection fluorescence mroscopy (TIRFM).A laser beanused for excitation ahe labeled
proteinsis reflected off the interface between the microscope slide and the aqueous Sampédlectiongenerates
an evanescent field, which decays exponentially into the aqueous sampléali@idg protims with a distance of a

few hundred nanometer to the surface are illuminated.
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Thefluorescem signalis imagedusingachargecoupled device (CCD) cameaadmov-
ies of the interactioran be recordedOnemovie usually contairs several interaction
eventsbetween th@roteinand the DNAmMolecule To further analyze the interactiaadl
imagesthat belong to one interaction evemeidentified (Figure10A). For each image,
the longitudinal and transversabsition of theproteinon the DNA moleculehas to be
determined Figure10B). This can bedone with the aid of aomputer programwhich
fitsthe point spread function of the fluorope@mission with a two dimensional Gauss-
ian function The localizationaccuracy of the fluorescent spot is limited by the number
of photons accumulated during the exposure time of the CCD cahadrag all images
of one interaction event together, fh@teintrajectory on the DNAnoleculecan bere-
construoed. Typicalprotdn trajectories displapoth the londgudinal and transverspb-
sition of the proteinas a function of tim¢Figure 10C). From theproteintrajectorieshe

mean squakdisplacement (MB) can be derivedRigure10D).

A Fluorescent images B Position determination

—
Transversal Longitudinal
position (y) position (x)

D Mean Squared Displacement (MSD)

MSD (103 um?)

Figure 10: Analysisof the proteinrDNA interaction. (A) Exampleof three consecutive fluorescent images. The posi-
tion of the DNA is indicated by the red dashed line, the ends of the DNA are indicated by yellowdiaséedThe
white spot corresponds to the fluoresceignalof the labeled mtein. (B) For each fluorescent image, the transversal
(y) and the longitudinal (x) position of the protein (blue spot) on the DNA (grey line) has to be dete(@jEe@.mple

of a typicaltrajectoryof a diffusing proteinThe transversal (black) atttelongitudinal (red) position is plotted against
the time. (D) Examplef a typical MSD of a diffusing protein. The transversal (black) and the longitudinal (red) MSD
is plottedagainst the timeNote: Figures 10C and 10D are adopted frpé] .
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The transversal MSD function is approximately constant, since theyéesal motion of

the protein is restricted. Fluctuations of the signal are only attributed to the thermal fluc-
tuations of the DNA molecule. For diffusive motion, the longitudinal MSD function is
expected to yield a linear graph, displaying sliding moveroéthe protein. The slope

of the graph can be used to calculate thecbmensional diffusion coefficierfD1) which
resembles theelocity ofthe protein on the DNA molecule.
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By using singlemolecule tracking techniquetacilitated diffusion hadeen visualized
for variousDNA-binding proteins like T7 RNA polymerasg68], thelac repressof69],
Rad51[70], the human oxoguanine DNAylycosylase [71], Msh2Msh6 [72], tumor
suppressor p5p73] andthe type Il restriction endonuclease Ecofb4,67]. In case
EcoRVit hasbeenshownthatthe restriction enzymslides along the DNA with aone
dimensionaldiffusion coefficient ofD; = 0.01um?s! andthat the sliding motion was
interrupted by occasiongimps(translocations > 200 nnof the enzymg67]. This led

to the conclusiothat an optimal searching process consistslmalanced combination of
both,sliding and jumping67]. It hasfurtherbeen shown that sliding wast influenced
by a buffer flow vhereas the number of large jumpasreduced67]. Increasing salt
concentratios (up to 60 nM NaCl) strongly reducedhe interaction time of the protein
with the DNA moleculewhereasthe mearonedimensionaldiffusion ccefficient (Dy)
increasedvith increasing salt concentratip@7]. In another study it was possible to di-
rectly visualize the cleavag# a specificrecognition siteon the DNAby EcoRV[64].
The experimentaketup based on optical tweezemso allowed the adjustment of the
DNA length It was shown that undstretchingof the DNA (< 100 % compared to the
contour length of the DNAJid not influenceD1, whereas only 5 % overstretching of the
DNA led to a decrease imDy 30 %. This observation was ditrted to a changed energy
landscape of the DNAnolecule The onedimensionaldiffusion coefficientof EcCORV
was found to b®; = 0.0 pnrs?, whichwasone order of magnitude smaller than esti-
mated by Bonnet et dl67]. The difference was ascribed to the larger hydrodynamic ra-
dius due to labeling witquantum dot#nstead of organic fluorophor¢g4].
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1.2.1 Studying rotational motion by single-molecule experiments

Because of the helal nature of DNA, specific DNAinding proteins are supposed to
rotatearoundthe DNA double helix during linear diffusiomhis makesense, since many
proteins make nespecific contacts with the DNA backbone through electrostatic inter-
actions[29]. In order to maintain correct registeith the DNAand to sense directly the
base pair sequendeanslationabliffusion would requirea 360° rotationper helical turn
A first theoretial analysisof sucha‘rotationcoupled diffusiohwasmade already in the
1970sby Schurr[74]. Theonedimensionabiffusion coefficient (Q) of a sliding protein
is stronglydependenbn the friction between the protein and the DNA moleculeisind
relatedta he fr i ct i obyEicm®ttquatiani € nt ( &)

0 Q'Y
wherekg is the Boltzmann constant and T the temperatDependenbn the type of
motion,frict i on can bewand r @am si @) antbdemrda oh §é Fscosity
n of the medi yhamicaadidsr oftheprotepn8t ode’ s equati or

) (P“ — i ) l“' + —

From thee two equationg can be deduced that a pure translationaiffusion of the
protein along th&®NA molecule( t&ny, D1 decreases proportiomalwith increasing ra-
dius r of the proteirOn the other handnpiapurerotationaldiffusion of the protein around
the DNA molecule§ is much more affected by the radius of the proéeidD: decreases
to the power of threavith increasing radius r of the protein. a rotationcoupledtrans-
lationaldiffusion, the total friction can be easily described by the sum of the translational
and the rotational frictioQ ta = wafst rod,[74]. Sincethe rotational contribution to the
total friction is 2 orders of magnitude largbah the translational contributiprotation
coupledtranslationabiffusionis expected to bsubstatially slowerthan a pure transla-
tional diffusion. For this reason, the order of magnitude of the measneatimensional
diffusion coefficientin singlemolecule experimentsan provide information on whether

or notrotation is irvolved in the sliding mechanisfii4].
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The Schurr rotational model has later been generalizetbhgidering thathe distance
betweerthe protein center of massid the DNA axis can be larger than zgf§. This
so-caled off-axis rotationgenerateslightly smallerdiffusion coefficientshanthe on

axis rotation of th&churr model.

The dependenayf theonedimensionatiffusion coefficient ortheproteinradius(trans-
lational diffusion depends ontrrotational difusion depends or®) can serveas a tool
for identifying the basic mechanism of proteimotion alonga DNA molecule Several
studies have been performed which either investigated the imighet protein sizédif-
ferent proteins, same labg¢lj6] or the impact of the label sifsame protein, different
label)[77] on D1. The experimentalesults were compared to theoretical predictions for
pure translational and rotatiamoupledtranslationabiffusion. In bothstudies it could be
shown thatD: decreased witlincreasing size of the protein @bel in a way which is
consistent with a rotatieooupledtranslationatiffusion [76,77]. In addition to theveri-
fication of rotational motionby dderminingthe onedimensionaldiffusion coefficient
and comparing ito theoretical mode)Jswo methodologically different approaches have
been developetb determine the average orientation dneieby rotational motion of
individual biomoleculesThe first approach uses fluorescence polarizatioe,second
approachs based omorque measureemts

Fluorescence polarization Exciting a fluorophore with linear polarized lighill result

in the emission flinear polarized lightThe intensity of the emitted polarized light
stronglydependenbn the orientation of the fluorophore. If the ftaphore is coupled to
a macromolecule,manges in the orientation of theacromolecule (e.g. rotation) would
lead to changes in the orientation of fhwrophoreandcan bemonitoredvia a change
of the fluorescence intensity over tim€&luorescence polaation was first appliedo
study the axial rotation of myosin around the actin Hgl8}. In this study the actin fila-
ment was sparselgbeled withafluorophoreand excited with linear polarized light. My-
osin was bound to thgasssurfaceof a microscopslide When the actin filament started
to slide on myosirthe orentation oflabeled actimoleculesvasmonitored via a change
in fluorescence intensity, which has been separated@ntically and horizontally polar-
ized componentsThe intensities oftte vertically and horizontally polarizelihht alter-
nated periodically showing rotational movement of actingimyosin[78]. Combination
with single molecule tracking reveal#ltat the actin filament completedfull rotation

after~ 1 umtranslocation
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Sinceactin has a helical pitch 6f 72 nm it was concluded that myosin dmbt follow
the helical pitch but rather skippedany protomerg78]. In contrast, ér the formin
mDial, a protein which regulates the polymerization of actimilats, it has been shown
that it completedh full rotation after- 72 nm, which is consistent with a rotational move-

ment that follows the helical pitch of actin filamefis).

Torque measurementsBy attaching taa biomoleculea labeledtag that is huge com-
paredto the sizeof thebiomolecule rotationsof the biomoleculewould lead to rotations
of the hugelabeledtag which can be imaged in real time under an optical microscope
With this techniqueotational motion could be directly demonstrated for RN8681]
and F1-ATPase[82,83]. In the former studiefRNAP was attached to the surface of a
microscope slidandthe DNA molecule was attached to a huge streptaxddated bead
(diameter~ 900 nm), which was asymmetrically Elbd with a fluorophore. The DNA
molecule was dragged towards the proteith the aid of optica]80] or magnetid 81]
tweezers. The interaction of RNAP with the DNA molecule leadtdation of the DNA
moleculeandtherebyto arotationof thehugelabeledbead In the latter studiethe ®n-
tinuous rotation of the central gamma subuohihe rotary motor proteiR;-ATPasewas
revealed under an optical microscope by attachintbeproteineither an actin filament
[82] or a beaeluplex[83] asahuge labeled tadrotation of the protein led to @dton of
the hugegagand could berisualized directly.

1.3 Aim

Thelocation of thespecific recognition sequenbg restrictionendonucleases is a com-
plex process. Ihas beemstudiedintensively by bulk ensemble measuremé¢ht$.1.2 as
well as by singlemolecule experimentfl.2). Nevertheless, there astill some open
questionswhich so far have not been investigatddvo of these questions,hich are

related to the slidingnechanisnof restrictionenzymeswill be addressed in this work.
Is linear diffusion coupled torotation?

Type Il restriction enzymes slide along the DNA in the process ofsegréor their
recoquition site [64,67]. Because of the helical nature of DN#e question arises
whether slidingoroteins followthe pitch of theDNA double helixor not Severaktudies
existwhich suppat the hypothesisf sucha rotationcoupled slidingndirectly [74-77].
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However, otational motion coupled to lateral sliding has not baiezctly visualized br
adiffusingrestriction enzymeo far,because of the restricted spatial and temporal reso-
lution of singlemolecule detection systemio partially circumvent these limitationsn
elongated restriction enzymeéll be produced by extendirthe homodimec restriction
enzyme EcoRWvith the quasiinear protein scRM6Initially, the prepared proteipro-

tein fusions will becharacterized extensively by biochemical and biophysical techniques
Finally, the proteinprotein fusionswill be fluorescently labele@t ther distal endsn
order to study thénteraction with DNA using singlenolecule technique<On the one
hand, rotational movementill be shown indirectly by measuring tlome dimensional
diffusion coefficientof the fusion protein and comparingattheoreticaimodels.On the
other handrotational movement will behowndirectly by followingthe movement of

the widely separated fluorescent labels by TIRFt¥hwuperior spatial resolution.
Does the structureof an enzymeinfluence thedegree oflinear diffusion?

The structure of the DNAinding cleft andthe degree ofsurrounding the DNAvaries
among different restriction emymes By comparing the crystal structures of Pvull,
EcoRV and BsoB(seel.1.1.), it can be seethat theDNA-bindingcleft is open, hal
closed and fullyclosed, respectivelythe question arises whetherzymes with aliffer-
ent structure of the DNAinding cleft make use ofinear diffusion to different extents
for examplemore forenzymes with alosed DNAbinding cleft.In this context, the struc-
ture of the norspecific canplex is of particular interesince it reflects thstructure of
an enzymethat slides along the DNf29]. Because structural information on the fion
specific complex is only available for ECORS0] a direct comparisoof the three en-
zymeson the basis ofheir co-crystal structureshasnot beenpossible so farTo still
obtainan estimatiorwhich conformation thenzymeadoptan thenonspecific complex,

a FRET analysiwill be performedat first This allows measurinipe relative distance of
the two subunitandtherebyto estimate theafree oDNA-binding cleftopening Sub-
sequently, the theeenzymes are subjected to a comparison af $fiding ability. This
can easily be testaglith conventional kinetic methodsy measuring the dependence of
thecleavageate on the length ahe DNA substratg¢40,44,45]. It is to be found, whether
the abovementionechypothesis, namely the more closeddbeplex the more sliding
used, can be confirmed atiterebywhetherone can derive from the structure of an en-

zyme the degree of linear diffusion.
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2 Material and methods

2.1 Material

2.1.1 Chemicals

All chemicals listed inTable1 were ofhigh purity grade.

Tablel: Chemicals

Name Company
2-Mercaptoethanol Merck
Acetic acid Merck
Acrylamide:bisacrylamide solution 19:1 (40 %) AppliChem
Acrylamide:bisacrylamide solution 29:1 (40 %) AppliChem
Agar AppliChem
Agarose Ultra Pure TM Invitrogen
Aluminiumsulfate AppliChem
Ammoniumsulfate AppliChem
Ampicillin AppliChem
Boric acid Merck
Bromphenol blue Merck
BSA NEB
Calcium chloride Merck
Chloramphenicol AppliChem
Coomassie® Brilliant blue GZb AppliChem
Disodium hydrogen phosphate Merck
dNTPs Fermentas
DTT AppliChem
EDTA AppliChem
Ethanol Merck
Ethidium bromide Roth
Formamide Merck
Glycerol AppliChem
Glycine Merck

HCI Merck
HEPES AppliChem
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Imidazole Merck
IPTG AppliChem
KanamycinSulfae AppliChem
KOH Roth
Lubrol Sigma
MagnesiumAcetate Merck
MagnesiumChloride Merck
MagnesiunSulfate Merck
NaOH Roth
Ni%*-NTA-agarose Qiagen

o- Phosphoric acid 87 % Roth
PotassiunChloride Merck
Potassium dihydgenPhosphate Merck
PotassiunGlutamate Merck
SDS AppliChem
SodiumAcetate AppliChem
SodiumChloride Merck
TCEP Pierce
TEMED Merck
Trichloracetic acid Roth

Tris Merck
Triton X-100 Merck
Tryptone AppliChem
Tween20 Merck
Urea AppliChem
Xylene cyanol Merck
Yeast extract AppliChem

2.1.2 Buffers

All buffers were preparewith water from the MilliQ Synthesis (Millipore) water puri-
fication systemBuffers listed inTable2 —4 were used for prein purification 2.2.2.10).

The buffer listed iMable5 wasused for all kinds of assays. The buffers supplemented
with either 10 mM MgCJ, 5 mM CaCi or 1 mM EDTA, when indicatedilso the NaCl
concentration was altered to,2000and 200 mM for the competitive cleavage assay
(2.2.3.3. The buffer listed iMable6 was used for singienolecule experiment2(2.3.7.
Buffers listed inTable7 were used for modification reactiorsZ.2.14and2.2.3.9.
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The high salPBSbuffer was usedor thefusion protein variantsnly. The composition
of all other buffers is directly indicated in the chapter of the corresponding method.

Table2: Purification buffers (EcoRVvariants Pvull variants, scPvull)

Name Components

Lysis, Equilibration 30 mM KH,PO:-KOH pH 7.2, 800 mM NacCl, 0.5 mM EDTA, 1 mM DT1
buffer 0.01 % (v/v) Lubrol, 10 mM Imidazole

Wash buffer 30 mM KH,PO,-KOH pH 7.2, 500 mM NacCl, 0.5 mM EDTA, 1 mM DT1
0.01 % (v/v) Lubrol, 15 mM Imidazole

Elution buffer 30 mM KH2POy-KOH pH 7.2, 0.5 mM EDTA, 1 mM DTT, 0.01 % (viv
Lubrol, 250 mM Imidazole

Dialysis buffer 30 mM KH,PO,-KOH pH 7.4, 100 mM NacCl, 0.5 mM EDTA, 1 mM DT1
0.01 % (v/v) Lubrol, 60 % (v/v) glycerol

Low-salt buffer 20 mM KH:POy-KOH pH 7.4, 0.5 mM EDTA

High-salt buffer 20 mM KH,POy-KOH pH 7.4, 0.5 mM EDTA, 1 M KCI

Table 3: Purification buffers (scRM6 D54GL x-EcoRV C21SscRM6 D54C)

Name Components

Lysis, Equilibration, 20 mM Hepes pH 8.0, 0.1 mM DTT, 10% (v/v) glyck 500 mM NacCl, 10

Wash buffer mM Imidazole

Elution buffer 20 mM Hepes pH 8.0, 5 mM DTT, 10% (v/v) glycerol, 500 mM NacCl, :
mM Imidazole, 0.5mM EDTA

Dialysis buffer 20 mM Hepes pH 8.0, ;\M DTT, 60% (v/v) glycero] 400 mM NacCl, 0.5
mM EDTA
Low-salt buffer 20 mM Hepes pH 8.0, 5 mM DTT, 250 mM NacCl, 0.5 mM EDTA

High-salt buffer 20 mM Hepes pH 8.0, 5 mM DTT, 1 M NacCl, 0.5 mM EDTA




2 Material and methods 40

Table4: Purification buffers (BsoBI)

Name Components

Lysis,Equilibration buffer 10 mM TrisHCI pH 8.0, ®0 mM NaCl, 15 mM Imidazole, 0.5 mN\
EDTA

Wash buffer 10 mM TrisHCI pH 8.0, 200 mM NacCl, 15 mM Imidazole, 0.5 m
EDTA

Elution buffer 10 mM TrisHCI pH 8.0, 200 mM NacCl, 200 mM Imidazole, 0.5 m
EDTA

Dialysis buffer 30 MM KH2POi-KOH pH 7.2, 0 mM NaCl,0.1 mM 2mercap-

toethanol, 0.01 % (v/v) LubrpD.5 mM EDTA 50 % Glycerol

Table5: Reaction buffer

Name Components

Reactionbuffer 20 mM TrisHCI pH 7.5, 50 mM NaCl5 mM DTT,0.1 mg/mL BSA

Table6: Single-molecule buffer

Name Components

KGB 25 mM TrisAcetate pH 7.4100 mM K-glutamate, 20 mM NaC10 mM Mg
Acetate, ] mM DTT,0.1 mg/mL BSA

Table7: Modification buffers

Name Components
PBS 10 mMNaHPQOs*2 H»0, 1.7 mM KHPQ4, 137 mM NacCl, 2.7 mM KCI
PBS high salt 10 mMNaHPQOs*2 H»0, 1.7 mM KHPQy, 1M NaCl, 2.7 mM KCI

2.1.3 Bacterial strains

DifferentE. colistrains are listed imable8. The strains LKI1I1etlA
an additional plasmid codinfor the ECORV methyltransferaseL@®M), which protects
the genome fronsleavage The strain XL10 Gold containdte plasmid PLGM, which
encodes for the Pvull methyltransferasel the strain XLBlue contained the plasmid
pACYC, which encodes for the BBbmethyltransferasel he indicated resistancefers

to theplasmidscoding for the corresponding methyltransferase

and
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Table8: Bacterial strains

Name

Application Resistance

DH5 U

LK111BM p

BL21DE3 pLBM

XL10-Gold pLGM

XL1-Blue pACYC

Amplification of the plasmidpAT-PEBand pMK-RQ -

Amplification of the plasmid pHisR\and expressior Chloramphenicol

of all EcoRV variants

Amplification of the plasmid pET28and expression o Chloramphenicol
all scRM6EcoRYV fusion potein variants (L) and
scRM6 D54C

Amplification of the plasmidp R | &d expression o Kanamycin

all Pvull variants

Amplification of the plasmid pQE2 and expression Chloramphenicol
BsoBl A153C

2.1.4 Plasmids

Table 9: Plasmids and expression vectors.

Name Application Resistance

pAT-PEB Plasmid used in thdeavage assay &coRV and PvullTem- Ampicillin

plate for the amplification of different PCR products

pMK -RQ Plasmidcarrying thesynttetic gene coding foscRM6 D54C  Kanamycin

pHisRV Expressionvector carrying the geneoding for different Ampicillin
EcoRV variant{C21S, D214CN154C)

pET28a Expressionvector carrying the gene coding for atRM6 Kanamycin
EcoRVfusion protein variantd_)) and scRM6 D54C

pQE2 Expression vector carrying the gene coding for BsoBl A15: Ampicillin

pRI Z6 Expression vector carrying the gene coding for differentd P Ampicillin
variants (wild type, D125C
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2.1.5 Oligonucleotides

Oligonucleotides listed iTable 10 were obtained from Biomers (UIm, Germany) and

usedfor site directed mutageneg.2.2.9.

Table10: Oligonucleotides used for sitdirected mutagenesis

Name Sequene AJd) Mutation REasesite

Oligo_515 CTAGAATTCTACTATTGCAAATGGGAAAGG Pvull D125C + EcoRl

Oligo_464 GAGGATGAATTCTTATGCTATTGGAG EcoRV D214C  + EcoRl

Oligo_ 386 GCTTTATCGTCCGCTCTCGCGAGGTTCCTTC Ly - Hindlll
GAAGTGATTTAATTAATG

Oligo_387 CCGCTCTCGCGAGGTTBATGCTCTTCGAA Lna) + Earl
GTGATTTAATTAATGC

Oligo_412 CGTTCCGCTCTCGCGCGTTTCG- L) - Hindlll
GACTTCGAAGTGATTTAATTAATGC

Oligo_413 CGTTCCGCTCTCGCGCGTTTCAAC- Ly - Hindlll
CTTCGAAGTGATTTAATTAATGC

Oligo_414 CGTCCGCTCTCGCGCGTCG- L(nas) - Hindlll

CATCCCTTCGAAGGATTAATTAATGC

Oligonucleotides listed iTable 11 were obtained from Biomers (Ulm, Germany) and

used or cloning approacheg.@.2.9.

Table11: Oligonucleotides used for cloningpproaches

Name SequenAc3ed )( 506 Application Restriction site

Oligo_110 CCATCACGGGAGCTTCGAAGTGAT- EcoRV C21Sinsert + Hindlll
TTAATTAATG

Oligo_111 GGGATTAAACACTCGAGC- EcoRV C21S insert + Xhol
TATTGCTTATTTTC

Oligonucleotides listed iTable 12 were obtained from Biomers (Ulm, Germany) and

used for screenin@(2.2.9.
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Table12: Oligonucleotide used for screening

Name SequenA3ed )( 56 Application

Oligo_073 CACCATCATGACTAAGCAAGA-  Mutagenesis }y-variants
GAAGAC

RV_S183C TTGTGTGTTTCCACAGCCGGCC Mutagenesis y-variants
AAATCTCCAGC

Oligo_036 CCCGCGAAATTAATACGACTC Cloning ofscRM6 D54Cand EcoRMC21S

Oligo_ 037 TAGAGGCCCCAAGGGGTTAT Cloning ofscRM6 D54Cand ECORMC21S

Oligo 208 CTTTATAAACCAAGCGAAC- Mutagenesi€coRV variants
CAAATAAAAAAATTGC

Oligo_068 CATTACTGGATCTATCAACAG- Mutagenesi€coRYV variants
GAG

Oligo 048 CTTCTAATTGGAGGGTTAACAG- Mutagenesis Pvull variants
TACTACCAGGACG

Oligo_ 024 CCGTTACCCCACCTACTAGC Mutagenesis Pvull variants

HPLC-purified oligonucleotides listed imable 13 were obtained from Biomers (Ulm,

Germany) and used ithe competitive cleavage ass#%.2.3.3. The desied double

stranded oligonucleotides were prephlby annealing the singlgranded uppesligonu-

cleotidewith the corresponding singktranded loweoligonucleotide Both strands were

mixed in a 1:1 molar ratidheated up for 5 min at 95°C and slowly cooled down to room

temperature. Singlstranded oljonucleotides, which were modified with a fluorophore,

were mixa in a 1:1.3molar ratio with the complementary unmodified oligonucleotide.

Table13: Oligonucleotides used in the competitive cleavage assay

Name SequenAc3ed )( 506 Desciption 56 modi f
Oligo_546 CGTCCGGCCTCGATCGAGAGCTGAC BsoBlI 26 back

Oligo_544 GTCAGCTCTCGAGTCGAGGCCGGACG BsoBI 26for Atto 488
Oligo_545 GTCAGCTCTCGAGTCGAGGCCGGACG BsoBI 26 for Atto 647N
Oligo_351 CGTCCGGCCTCGAATATC AGCTGAC EcoRV26 back

Oligo_349 GTCAGCTGATATC TCGAGGCCGGACG EcoRV 26 for ~ Atto 488
Oligo_350 GTCAGCTGATATC TCGAGGCCGGACG EcoRV 26 for ~ Atto 647N

Oligo_356

CGTCCGGCCTCGRAGCTGAGCTGAC Pvull 26 back
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Oligo_355 GTCAGCTCAGCTGTCGAGGCCGGACG Pvull 26 for Atto 488
Oligo_543 GTCAGCTCAGCTGTCGAGGCCGGACG Pvull 26 for Atto 647N
Oligo_352 CACCATACCCACGCCGAAACAAGCGC 153 back

Oligo_353 GGCGTGCAAGATTCCGAATACCGCAA 498 back

Oligo_354 CCAATTCTTGGAGTGGTGAATCCGTT 958 back

Oligo_562 GTCAGGGGGGCGGAGCCTATGGAAAAAC 1488 back

HPLC-purified oligonucletides listed inTable 14 were obtained from Biomers (Ulm,

Germany) and used for fluorescence anisotropy measurer@egh®&J. Thecorrespond-

ing unmodified oligonucleotides were uded FRET measuments(2.2.3.9.

Table14: Oligonucleotides used for fluorescence anisotromyd FRET measurements

Name SequenA3ed )( 56 Description 56 modi f
Oligo 030 CAGACGATATC CGTAC EcoRV cognate upper HEX
Oligo_251 CAGACGATATC CGTAC EcoRV cognate upper

Oligo_548 CAGACCTATAG CGTAC EcoRV nonspecific upper HEX
Oligo_549 CAGACCTATAG CGTAC EcoRV nonspecific upper
Oligo_031 GTACGGATATC GTCTG EcoRV cognate lower

Oligo 550 GTACGCTATAG GTCTG EcoRV nonspecific loer

Oligo_163 GTCCGCAGCTGACCTA Pvull cognate upper HEX
Oligo 551 GTCCGCAGCTGACCTA Pvull cognate upper

Oligo 552 GTCCGGTCGACACCTA Pvull nonspecific upper HEX
Oligo_553 GTCCGGTCGACACCTA Pvull nonspecific upper

Oligo_164 TAGGTCAGCTGCGGAC Pvull cognag lower

Oligo_554 TAGGTGTCGACCGGAC Pvull nonspecific lower

Oligo 581 CGTTGCTCGAGACATC BsoBI cognate upper HEX
Oligo 582 CGTTGCTCGAGACATC BsoBI cognate upper

Oligo 583 CGTTGGAGCTCACATC BsoBI nonspecific upper HEX
Oligo 584 CGTTGGAGCTCACATC BsoBI norspecific upper

Oligo_585 GATGTCTCGAGCAACG BsoBI cognate lower

Oligo_586 GATGTGAGCTCCAACG BsoBI nonspecific lower
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2.1.6 Enzymes and proteins

All enzymes andgroteinslisted in Table 15 were usedvith the recommended buffers

accodi ng to the manufacturer’s manual

Table15: Commercially available enzymesd proteins

Name Application Company

BSA Buffer preparation NEB

CIAP Dephosphorylation Fermentas

Dpnl Digest of “rolling c I Fermentas

Earl Screening NEB

EcoRI Screening NEB

Haelll Competitive cleavage assay Fermentas

Hindlll Cloning, Screening Fermentas
Lysozyme Cell lysis Pierce

Mscl Screening NEB

Ndel Cloning Fermentas

Notl Screening NEB
Pfu-polymerase PCR H. BUngen, Giessen
T4 DNA ligase Ligation Fermentas
Tagpolymerase PCR H. Blingen, Giessen
Xhol Cloning NEB

All proteins listed inTable16 were purified as described in chap2e?.2.D.

Table16: Purified proteins

Name Extinction coefficient mono- ArsaA mg/mL
mers( Qb cm* mol] correction factor

EcoRV C21S 48360 061

EcoRV C21S D214C 48480 061

EcoRV C21S N154C 48480 061

scRM6 D54CEcoRV C21S 54880 1.05

SCRM6 D54CL g-EcoRV C21S 53600 1.04
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SCRM6 D54CGLna)-ECORV C21S 53600 1.04
SCRM6 D54£-L ¢-EcoRV C21S 53600 1.04
SCRM6 D54CGL (n-EcoRV C21S 53600 1.04
scRM6 D54CL nas-EcoRV C21S 53600 1.05
scRM6 D54C 6520 435
Pvull 35560 054
Pvull D125C 35680 054
scPvull 71240 0.53
BsoBI A153C 49620 0.77

2.1.7 Markers

Markers listed inTable17 were used for protein and DNA electrophoregi2.2.1)

Table17: Markers

Name Application Company

PageRule™ Unstdned Protein Ladder SDSPAGE Fermentas
GeneRule™ 1 kb Ladder Agarose gel electrophoresis Fermentas
pUC8 mix Marker PAGE Fermentas

2.1.8 Fluorophores

Fluorescent dyes weresed for different purposeatto488- and Atto647N5 “modified
oligonucleotidegTable 13) were usedn the competitive clevage assay(2.3.3. HEX

5 “modified oligonucleotidesTable 14) were used to determine the protein binding ac-
tivity by fluorescence anisotropy2.2.3.). Atto488 and Ato647Nmaleimide (pur-
chased from AttoTEC) were used to latied singlecysteine varianEcoRVN154Cand

all scRM6EcoRVfusion protein variant€2.2.3.4. Cy3- and Cy5maleimide (purchased
from GE healthcare) were ustdlabé thesinglecysteine variantEcoRVD214C Pvull
D125Cand BsoBIA153C (2.2.3.4. Cy3B-maleimide (purchased from GE healthcare)
was used to label the singtgsteine fusion protein variant SCRM6 D5#ECoORV C21S
for singlemolecule experiment2(2.3.4. The ciemical structuresf all fluorophoresare

shown inFigurell.
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Figure 11: Chemical structures ofisedfluorophores.Cyanine dyega) Cy3malamide, (b) Cy5maleimide and (c)
Cy3B-maleimide Carborhodamine dyes (d) Atto647N and (e) Atto4BRioresceindye (f) HEX. (Structure of
Atto647N from Eggeling et al. 2008)

Spectral propertiesf the fluorophorearesummarizedn Table18.

Table 18: Physical characteristics of used fluorophoreA.b s or pt i 0 nagma x & miu sns i( ddn), emra X i mu m (
tinction coefficient (€&€) and conrs)@28nmo(Bk)f act or for the

Name s (NM) am(Nm) O(L cm™ mol ) CFa60 CF2s0
Atto488 501 523 90,000 0.25 0.10
Atto647N 644 669 150000 0.06 0.05
Cy3 550 570 150000 0.08 0.08
Cy3B 559 570 130,000 0.08 0.08
Cy5 649 670 250000 0.05 0.05

HEX 535 556 73000 043 -
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2.2 Methods

2.2.1 Microbiological methods

For bacterial cell growth, LBnedium (10 g/liryptone, 5 dL yeast extract, 5 g/L NacCl,
pH 7.5) orLB-agar plates (LBnedium supplemented with5 % (w/v) agar) were used
Corresponding antibiotics were added after sterilization, immediadédye use.

2.2.1.1 Preparation of electro-competent cells

For the preparation of electtmmpetent. coli cells(2.1.3, a 500 mL LBmedium cul-

ture was inoculated with 10 mL ofpae-culture of the desiredells and grown at 37°C

until the ODsoo reachedh value 00.6 —0.8. The culture was first stored on ice for 15 min
and then centrifuged for further 15 min4200 rpm and 4°C (Beckman,-B&C). The
supernatant was discardelde cell pellet was rsuspended in 250 mtold and strile 10

% (v/v) glycerol and centrifuged again. This step was repeated with 150 and 20 mL glyc-
erol. After the last centrifugation step, the pellet wasugpended in 2 mL glycerol, and

segparated in 80 pL aliquots.li§uots were frozen in liquid nitrogen astbred at80 °C.

2.2.1.2 Electroporation

Electrocompetent cells (80 pL(rable8) were thawed on ice and mixed with 5 L plas-

mid DNA, “rolling circle” PCRThemixtuc wasttrans-or |
ferred irto a cold electrop@tion cuvette and transformation waerformedin an elec-
troporator (EasyjecT, EquiBio) at2l5 0 V, 25 mA and 25 Q. The
re-suspended in 800 pL LBedium, transferred io a micracentrifuge tube and incu-

bated for 1 h at 37 °G0 pL of the cells were either sgad on an LBagar platen order

to screen for positive clone®.2.2.9 or directly used for inculation of a preculture
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2.2.2 Molecular biology methods

2.2.2.1 Electrophoresis

Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyze large DNidrag from 800 10000

bp in sizeThe samples were mixed with 5x loading buffer (250 mM EDTA pH 8, 30 %
(v/v) glycerol, 1.2 % SDS, 0.3 mg/mL bromphenol blue, 0.3 mg/mL xylencyanol) and
loaded on the geD(8 % (w/v) agarosen 1x TPEbuffer). The run was perforngein 1x

TPE buffer(0.9 M Tris-H3sPQs pH 8.2, 2 mM EDTAYor 1 h at 90 V The gel was stained

with ethidium bromide and the bands were visualized and documented using the BioDoc
Analyze (Biometra) gel documentation system.

Polyacrylamide gel electrophore$RAGE)

Polyacrylamide getlectrophoresis was used to analyze small DNA fragments up to 800
bp in size.The samples were mixed with 5x loading buffer and loaded on th@ gel

(v/v) polyacrylamidg29:1)in 1 x TPEbuffer). The run was performed in 1x TPE buffer
for 1 h at 45 mAThe gel was stained with ethidium bromide and the bands were visual-

ized and documented using the BioDocAnalyze (Biometra) gel documentation system.

Denaturing PAGE

Denaturing polyacrylamide gel electrophoresis was used to analyze fluorescently labeled
DNA fragments, which were generated in the competitive cleavage 2s8a8y3J. Sam-

ples were mixed with 2x Urea stop buffer (100 mM EDTA, 80 % (v/v) formamide) and
loaded onto the gel (20 % (v/v) polyacrylamide (19:1), 7 M unelxiTBE buffer). Prior

to the sample loading, the gel was-pua for 1 h in 1x TBE buffer (100 mM THS3BO3

pH 8.3, 2.5 mM EDTA) until thelectric currenstabilizes at a value of 15 mA. The main

run was performed under the same conditions for aniaddithour. The fluorescent
bands were visualized using the Versafobnaging System (BidRad) and quantita-

tively analyzed with the program GelAnalyzer.
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SDSPAGE

SDS polyacrylamide gel electrophoresis was used to analyze protein molecules. The
SDSgel is composed of a stacking gél% (v/v) polyacrylamide (29:1) in 130 mM Tris

HCI pH 6.8, 0.1 % SDS) and a separating gel-(18 % (v/v) polyacrylamide (29:1) in

420 mM TrisHCI pH 8.8, 0.1 % SDS).le samples were mixed with 2x lramli load-

ing buffer (1® mM TrisHCI pH 6.8, 2 % SDS, 5 %-ercaptoethanol, 40 % (v/v) glyc-

erol, 0.1 % bromphenol blue), loaded on the gel andraggd for 1 h at 35 mA in 1x
Laemmli SDSbuffer (25 mM Tris, 0.19 M glycine, 0.1 % SDS). After the run, the gel
was washed with hatater(2 x 15 min) and stained with Colloidal Coomassie Staining
Solution (0.1 % Coomassie® Brilliant Blue G250, 2 % (vAgP4, 5 % aluminum sul-

fate, 10 % ethanol). The bands wedacumented using the BioDocAnalyze (Biometra)

gel documentation system.

2.2.2.2 Polymerase chain reaction (PCR)

The polymerase chain reactioras used for site directed mutagenegi2.@.9, to am-
plify genes for cloning approachexZ.2.7, for screening4.2.2.§ or for the amplifica-

tion of DNA fragments used in the competitive cleavage agsay3(3.

Two differenttypes ofpolymerases were usefl) The Pfu-polymerase possess proof
reading activityandwas used foall purposes where genetic integritytbe FCR-product
was important. (ii) e Tagpolymerasealoes nopossess proakading activity and was
used forscreening purposes onljhe reaction profile for both polymerases is shown in
Table19.

Table19: PCR profile

Tag-polymerase Pfu-polymerase
1. Initial step 3 min at 95 °C 5 min at 93 °C
2. Denaturation 30sat 95 °C 30sat93 °C

3. Primer annealing 45 sat 3 °C above TM of 45 sat3 °C above TM of

primer with lowest TM primer with lowest TM
4. Extension 1 min/1000 bp at 72 °C 1 min/500 bp at 68 °C
5. Final step 5minat 72 °C 5 min at 68 °C

The steps 2 4 were repeated 2@mes.
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The reaction mixture for both polymerases is showhable20. For screening purposes
also asinglere-suspended colonlyas beemused as templat&he activity buffer of the
Tag polymerase containeth mM TrisHCI pH 8.8, 50mM KCI, 0.1 % Triton X100 and
1.5 mM MgCh, the activity buffer of th&fu polymerase contained 20 mM THCI pH 9.0,
10 mM (NHy)SQs, 10mM KCl, 0.1 % Triton X100and2.5 mM MgSQ.

Table20: PCR mixture

Tag-polymerase Pfu-polymerase
dNTPs 250 pM 250 uM
Buffer 1x Tagactivity buffer 1x Pfu activity bufer
Forward primer 400 nM 400 nM
Backward primer 400 nM 400 nM
Template 10-50 ng DNA 10-50 ng DNA
Polymerase 3U 10U
Total volume 30 pL 100 pL

TheresultingPCR producs wereeitherpurified using the Promega Wizard®/ Gel and
PCR ClearJp Sysemaccording to the manual directly analyzed by gel electrophore-
sis 2.2.2.].

2.2.2.3 Isolation of DNA

Isolation of plasmieDNA was doneeither lowscalewiththePr o mega Pur eYi el d
mid Miniprep Systenor highscale with the Po mega Pur eYi eiprdp™ Pl as

Systetéeccording to the manufacturer’s instrui

2.2.2.4 Ethanol precipitation

Ethanol precigation was used to purifgigestedplasmidDNA or PCR products and
ligation products The following protocol was used: the samplé¢hvithe volumevol.)

was mixed with 1/¥ol. of sodium acetate and/8l. of 100 % (v/v)ethanol and incubated

for 30 min on iceSubsequently the sample was centrifuged for 30 min with 12000 rpm
at 4 °C. The supernatant was removed and the pellet wsaspended with the same
volume of 70 % (v/v) ethanol. After a second cdagation step and the remowatl the
supernatant the pellet was dried for 15 min on a heating block and dissolved #015

ML water.
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2.2.2.5 Determination of DNA concentration

The concemntition of single and doublestrandedoligonucleotides, PCRagments or
plasmidDNA was determinedsing the spectrophotometer NanoDrop® 1000 (Thermo
Scientific) and the LambeBeer lawd - 230X where A = absorpti ol
molar extinction coefficient and daeptical path lengthThe molar extinction coefficient

was calculatedn the webpaghttp://biophysics.idtdna.com

2.2.2.6 Site-directed mutagenesis

Site-directed mutagenesis wased to substitute certain amino acids in a prp&spe-

cially to create singleysteine variant§3.2.1) and the different linker variants of the fu-
sion protein scRM&ECoRYV @.1.1). To this endaPCR primercarrying the desired mu-
tation and an additional restriction site for screenvas designeTable10). The sec-

ond primer was chosen in order to yield a fragment of approximately 300 bp in size. A
Pfu-PCR was perfored with theplasmid coding for the protetn be mutated as template
(2.2.2.2.The PCR product, thespa | | ed *‘ nwagpnfiedandthe cdrrect size

was confirmed by PAGE. Thgeneratednegaprimer was used pamer bgether with

the same plasmid as template in a second RGRBa(led‘rolling circle PCR[84]). The

reaction profileof the rolling circlePCRis shown inTable21.

Table21: Rolling circle PCR profile

Pfu-polymerase

1. Initial step 5 minat93 °C
2. Denaturation 1 minat93 °C
3. Primer annealing 50 sat60 °C

4. Extension 15 minat68 °C

5. Final step 20 minat68 °C

The steps 2 4 were repeated iffimes.

Therolling circle PCR vyielded aircular PCR productwhich wasincubated with Dpnl
for 3 h at 37 °C. Dpntleaves only methylatesites, therebynly the original plasmid
lacking the mutation was digested. After ethanol precipitaidhZ.9, appropriate elec-
tro-competent cells were transfected with the circular plas@@lX.9. The transfor-

mation was spread on an tdgjar plate and screened for positive clo2e2.2.9.
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2.2.2.7 Cloning

Cloning was used to generate the fusion prateimsistingof SCRM6 andecoRV. To this
erd, the genecoding forthesingle cysteine variant scRMB54Candthe gene coding for
thecysteinefree variantecoRV C21Shad to be transferred from their original plasmids
(PMK-RQ andpHisRYV, respectivelyto theexpressiorvector pET28a, coding for an-N

terminal His-Tag The genes were cloned consecutively (Sgerel?2).

Hindlll Hindlll Hindlll

scRM6 ScRM6
Ndel. Xhol Ndel Xhol Ndel \, Xhol
PET28a PET28a PET28a

Figure 12: Cloning strategy for the fusion protein scRMEcoRV. Cloning was performed in agtep reaction. First,
the gene coding fascRM6D54C (red)was transferred to pET28alue)via Ndel ancHindlll restriction sites. Second,
the gene coding for ECORE21S(green)was transferred to the plasmid pET28eRM6D54C via Hindlll and Xhol

restriction sites.

First, the plasmidpMK-RQ cantaining the synthetic gereadingfor the singlecysteine
variant scRM6 D54C and the vector plasmid pET28a were digested with Ndel and
Hi ndl 11 according to the compaaxfyasdthmanual
conentration was determine®.2.2.5. To prevent rdigation of the vector plasmid
pET28awith the original insert, a dephosphorylatiorf D Nt&mibiwas performed.
Therefor, 1 pg of linearizedrector DNA was mixed with 10®Rephosphorylation Buffer
(Fermentas) and 1 U CIAP (Calf Intestinal Alkaline Phosphatase) in a total reaction vol-
ume of 20 pL and incubated for 30 min at 37 YT@edephosphorylatedector waguri-

fied again In the following ligation, 100 ng of theector plasmid and a fold molar
excess of the insert were mixed wiibx T4DNA Ligase Buffer (Fermentas) and 514

DNA Ligase in a total reaction volume of 20 yL and incubateernightat 16 °C. The
ligation product was purifiethansferred into electroonpetentcells (BL21DE3 hBM),

spread on an LBgar plateand screened for positive clon@s2.2.9.
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Secondthe gene coding for EcCoRV C21S was amplifielPfu-PCRusing the plasmid

pHiSRV as template angrimers coveringite 5°' and 3’ region of t
defined restriction sites (s@ablel11). The PCR product wasirified as describe befare

After this,the PCR product with the gene coding for EcOBR21 Sand the vector plasmid
pET28ascRM6 D54Cwere digestesvi t h Hi ndIl I I and Xhol accor
manual. The digests were purified, the vector plasmid was dephosphorylated and vector

and insert were ligated assdebed above. The ligation product was purified and trans-

ferred irto electrecompetent cells (BL21DE3LBM), spread on an LBgar plateand

screened for positive clone2.2.2.9.

2.2.2.8 Screening

Screening was used to analyze the success alisitieted mutagenesf2.2.2.§ or clon-

ing (2.2.2.7. Several colonies were picked from an-bBBar plate and served as a tem-
plate in a subsequent PCR performed WigetarpolymeraseZ.2.2.9. The primers were
chosenn orderto cover the region of interest and are showhahle12. The PCR prod-
ucts wereseparatesn a pdyacrylamide oragarose gel (depending on the size of the
DNA fragment)and analyzeeitherfor thecorrectsize of the fragment gscessful inser-
tion increased the size of the fragment) or the presence or absencesticiion site
after digesting the fragment with tbesiredenzyme. Positive clones were used for inoc-
ulation of a LBmedium culture. Rsmids were isolatedw scak as decribed in2.2.2.3

and sent for sequencing to confirm the correctness of the changed gene.

2.2.2.9 Protein overexpression

For the expression of proteins either a single colony from-aga plate or freshly trans-
formedE. colicells containing the plasmid coding for the protein were used to inoculate
a50 mL preculture After incubationovernightat 37 °C in an air shaker, 10 mL of the
pre-culture were used to inoculate a 500 mL maufture. The cells were grown at 37 °C
until the ODyoo reached a value of 0.8. Protein expression was induced by adding 5 mL
100 mM IPTG to give a final concentration of 1 mM. The cells were further giom

h at 37°C (BsoBl), 3 h at 37°C (scPvubyernightat 30°C (Pvull) oovernightat 20 °C

(all other variants)To control the expression of the protein, samples were taken before
and after inductionThe volume taken depended on thesg@Defore and after induction

in order to load the same amount of cells, allowing éongarison of the expssion.
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The samplesor the expression testere centrifuged for 1 min at 13400 rgBioFuge
Ependorf)and the pellet was +guspended in 20 pL 2kaemmli loading buffer.After
heating the samples at 95 °C for 5 min, they were loaded on an 8RS8dyjanalized.
The cellscontaining the desired proteivere harvested by centrifugation for 15 min at
4200 rpm (Beckman JE6). The cell pellet was washedth 40 mL 1x STE buffer (10
mM Tris/HCI pH 8, 100 mM NacCl, 0.1 mM EDT)Aand centrifuged again under the same
conditions. The pellet was either stored24t °C or directly purified2.2.2.10.

2.2.2.10 Protein purification
The huffers used for protein purificaticare listed irnTable2, Table3 andTable4.

Ni-NTA agarosepurification . All protein varants carryan Nterminal HistidineTag

and were therefore wedluited for thepurificationvia Ni-NTA agarose bead3 he prin-

ciple is based on theinding toimmobilized Ni?*-ions via the imdazole group of the
histidine residueThis process is reversible and the proteins can be eluted by addition of
free imidazoleThe structure of NTAnitrilotriacetic acidin complex with N#* is shown

in Figurel3.

agarose
bead

Figure 13: Structure of NTAin complex with N£*: Ni-NTA agarose consists of the chelatiigand nitrilatriacetic
acid (NTA) immobilized on agarose beads. Binding of proteins is based on the interaction betweeyhistedped

tag of the recombinant protein and the complexéd-idns (adopted fromUse?  Manual MachereyNagel)

The cell pellet washawed on ice ande-suspendedh 30 mL LEW or LE buffer. The
cells were lysedby ultrasonificationwith the Branson safier (12 x 30 s with 15 s break,
duty cycle 50 %, output contro).5All fusion proteins were subjected to an additional
step prior to ultrasonification. They were incubatéth 1 mg/mL lysozymgSigma Al-
drich) for 30 min at 4°Cin order to decrease tl@mount of proteins stuck in the pellet.

Also the time for ultrasonification was duplicated
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The cell suspension wasntrifuged for 30 min &0000 rpmand 4 °C (Beckman, JA20)
to separate the soluble fraction taining the proteirfrom the cell debris500 puL Nk
NTA suspensioiiQuiagen)vere equilibrated with 20 mL LEWr LE bufferfor 15 min.
Thesoluble fraction was added to theb&#ads and incubated for 2 h at 4 After wash-
ing twice with 30 mL LEW or W buffer, theproteins were eluted witdution bufferand
3 fractionsof 500 pLwere collectedThe purityand sizeof theproteinswas analyzed by
SDSPAGE(2.2.2.]). Fractions containing the pesh were dialyzed overnight inadysis

buffer ordirectly used for furthepurification steps.

Heparin purification . Heparin is a negatively charged macromolecule and has a high
structural similarity to DNA. Therefore it is well suited for the purification of DbIAd-

ing proteins. The binding is reversible and the proteins caglubed by increasing the
salt concentrationf the buffer thereby weakening electrostatic interactions. The struc-

ture of Heparin is shown iRigurel4.

o 1
o ke o o° 6%//&\0
— XQ/O%O%O% .
0
HQ ;éLOHO NH 10 OH 1o ,IJHO
© \Oe? o

Figure 14: Detail of the structure of HeparinHeparin isa highly sulfated glucosamimgtycan Because of the high
numkber of anionic sulfate groups d@an be used either as a cation exchabgecapturing proteins with an overall
positive chargeOn the other hand is suited for the purification of DNAinding proteis, such as restriction enzymes
by taking advantage of the structural similarity to DNA being a negatively chaggakcontaining macromolecule

(adopted from Wikipedia)

Purification via Heparin was done only stRM6EcoRVfusion protén variantsto sep-
arate them fronother proteinghat could be found in the eluates of theNNIA agarose
purification. Therefore, all eluates were poolaadreducel to a volume of 500 pL using
Vivaspin 500 (10K) columns (GE Healthcare). The concentiateigins were mixed in
a 1:1 ratio with lowsalt buffer andoaded onto a HiTra} Heparin HP column (GE
Healthcare) connected to the AKTApurifi¥r(GE Healthcare)Elution of theproteins
was achieved by increasing the centration of higksalt buffer ly a linear gradient. The
elution fractions wereollected in tubes arghalyzed by SD®AGE (2.2.2.]). Fractions
containing the prain were dialyzed overnight inalysis buffer
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2.2.2.11 TCA precipitation

TCA precipitation wasppliedafter Heparin purification, if the protein concentration of
collected fractions wa®o low to load it directly on a SD&el. Depending on the size of

the peak in the chromatogram of the Hepaunfication, a sample of theolume(vol.)

was taken, mixewith 1/10vol. TCA and incubated for 15 min on ice. Subsequently the
sample was centrifugl for 15 min with 1800 rpm at 4 °C. The supernatant was dis-
carded and the pellet wassaspended in 20 pL 2xaemmli loading bufferesulting in

an orange color dhe solution. After the addition of 1 L 2M Tris the color of the solution
changed to blue and samples were heated to 95 °C for 5 min. Finally, the samples were
analyzed by SD®AGE .2.2.].

2.2.2.12 Determination of protein concentration

The concentration of protein was determined using the spectrophotometer NanoDrop®
1000 (Thermo Sciéific) and the LamberBeer lawd - 20X, where A = absorption

at 280 nm, € = mol (seeTabded6) dnd cc=opticalnpaticlength f i ci e
The mol ar extincti on aseder theiaminoeaoid contgdbva s ¢ a
and are summarized in Table.16

2.2.2.13 Determination of protein cleavage activity

The activity assay was performed to compare thigigcof wild type EcoRV andvild
type Pvull with the corresponding singty/steinevariantsor fluorescentlylabeledvari-
ants(3.2.1.) andto compare wildype EcoRWvith differentscRM6EcoRVfusion go-
tein variantg3.1.2.). In the activity assay, different concentrations of the jmoteere
mixed with 6 nM plasmiecDNA (pAT-PEB), containing only one recogniticsite for
Pvull and EcoRVrespectively. The samples were incubated for 1 h at 37 féaation
buffer, supplemented with 10 mM Mg{lTable5). The reaction was stopped by adding
5x loading buffer and fragments were analyzedaod.8 % agarose gel. The gel was
stained with ethidium bromide and bands were visualized usirigjoib®cAnalyze (Bi-

ometra) gel documentation system.
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2.2.2.14 PEG modification

PEG modification was used to test the accessibility of newly introduced cysteinegesid
at the surface of a protein before labeling it with a fluorophore. The chemistry of the
modification reaction is explained moredetail in chapteR.2.3.4 Polyethylene glycol
increases the hydrodynamiadmas as well as the molecular weigbit a protein, thereby
influencing the runnindgpehavior A successful modification can be detected by a shifted
band in the SD$el. After reduction of thecysteine residues by incubating the protein
with 5 mM DTT for 1h on ice the proteins wie transferred in 1x PBS buffefdble7)

using Vivaspin 500 (10K) colunsi{GE Healthcare). In the modification reaction, 5 pM
protein were incubated with a-f6ld molar excess d?PEG maleimidé¢Fluka) for 1 min

or for 1 h at 37 °CThe structure of themodification reagens shown inFigure15.

o)
ooty
HsC o
n 0

Figure 15: Chemical structure oPEG maleimide Mono-Methyl polyethylene glycol 2naleimidoghyl has a molec-
ular weight 0f5,000g/mol (adopted from wwvsigmaaldrichcom)

After the modification, the samples were mixed with 102xL.Laenmli loading buffer

and separated on a SDS polyacrylamide &.2.)).

2.2.3 Fluorescence spectroscopy based methods

2.2.3.1 Binding activity studied by fluorescence anisotropy

Fluorescence anisotropy is a powerful tool to determine the binding affinity of proteins
to DNA. The principle of this method is shownHRigure16. Exciting a fluorophore with
linear polarized light leads to the emission of polarized light as kiviille fluorophoreis
coupled to a short DNA, e.g. an oligonucleotided excited with linegpolarized light,

the emitted light will bedepolarized, beause of the fast motion of the DNs#ad conse-
quentlyof the fluorophoreBinding of a protein to the DNA leads to a slower motion of
the DNA, because of aimcrease in masshus more of the emitted light stays polarized.
The anisotropy deeribeghe ratioof theemitted polarized light compared to the polarized
light used for excitation. With other words: the more protein binds to the DéA)ower

the motion the lesemitted light is depolarized, the higher the anisotropy.
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polarized light
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Figure 16: Principle of fluorescence anisotropy fluorophore (yellow star) coupled to a short DNA, is excited with
linear polarized light (left). The fluorophore coupled to free DMAddle, upper)will emit depolarized ligh(right,
upper) because of thiast motion of the DNA. The fluorophore coupledatproteinbound DNA (niddle,lower) will

emit polarized ligh{right, lower) because of a slower motion of the DNA.

The DNA used for fluorescence anisotropy measurements was prepared by annealing the
5 “HEX labeled upper strand with the complementary lower strandTi@ele 14). The

16 bp longoligonucleotide wagithera specificone, with therecognition sitdocated in

a central positiofGATIATC for EcoRV, CAGCTG for Pvull,and QTCGAG for

BsoBI) or a nonspecific one with the corresponding recognition site in a reverse orien-

tation. The flanking base pairs were identical for each specificgpenific DNA pair.

Fluorescence anisotropy measments were used for two different purposeshe first
set of experimentshe dissociation constafip) of six differentscRM&EcoRYV fusion
protein variants (SCRM6 D54C-EcoRV C21S)was determineth comparison to the
wild type protein ECORV C218.1.2.3. In these experiments only tKe of the specific
oligonucleotide was determined in the presence éf-das.In the second set of exper-
iments, the dissociation constdiib) of ECORV D214C, Pvull D125C and BsoBI A36
was determined in the presence of either"@ms, M¢*-ions or EDTA(3.2.2. TheKp
was determined fdhe specifias well as fothe nonspecific oligonucleotidéAll steady
stateensembleanisotropymeasurements were rcgd out at 24 °C using the Fluoro-
Max®4 spectrdfiorimeter (HORIBA JobirYvon).

In the first set of experimentke excitation wavelength was s#t535 nm (slit width 5
nm) and the emission was detected at 556(slihwidth 5 nm) In the second set of
experimentghe excitation wavelength was s#t530 nm(slit width 6nm) and the emis-
sion was detected at 556 nm (slit width 6 nimitially, the cuvette(Quartz UltraMicro
Cell, Hellma)wasfilled with 99 pL reaction buffer(supplemented witkeither5 mM
CaClz, 10 mMMgCl2 or 1 mMEDTA) and theintensitiesof the emitted polarized light

weremeasuredhrough vertical and horizontal polarization filteks (lvu, lnv, lhm).
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Next,1 uL HEX-labeled oligonucleotide was addeesultingin a final concentradn of
2 nM DNA (if not otherwise statgdand thantensitiesof the emitted polarized lightere
measured agaiifrinally 1 uL aliquotsof increasing concentrations of protein were added
to the cuvettgincubated for 1 mirand thentensitiesof the emitté polarized lightvere
measured after each additi@achproteinconcentration was measuredifes andsub-
sequentlyaveragedThe change of the volundue to the addition of proteimever ex-

ceeded 8 % of the total binding reaction.

Afterwards, herespetively measuredhtensitiesof the emitted polarized lighterecor-
rected by subtraction thetensitieof the buffer fran the intensitiesf theDNA and each

protein concentration.hle anisotropyvas recalculatedsing the following equation:

‘0 J0
M Ol ¢)
we Qii g Nes—=5——
©Jo ©

wherelw andlvx are the intensities of the vertical amarizontal components dfi¢ emit-
ted light using verticgbolarized excitatiomndl+ andlxxarethe intensities of the vertical
andhorizontal components dii¢ emitted light using horizontpblarized excitationThe
anisotropy was then plotted against the protein concentratioa amdple bimolecular

binding model waéitted by nonlinear rgressiorto the data

2.2.3.2 Michaelis-Menten kinetics

The MichaelisMenten theory is a mathematical mgdehich describes enzyme cata-
lyzed reactions. It is defined by tMichaelisMenten egation Figurel?, right), where

Vo is the initial velocity, waxis the maximum velocity, [S] is the substrate concentration
andKy is the MichaelisMenten constant, which represents the substrate concentration at
half maximum velocity (1/2 way).

Vv
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Figure 17: Michaelis-Mentenkinetics. (Left) Typical curve according to Michaelidenten.Plottedis the substrate
concentration ([S]againsthe velocity (Y. The characteristic kinetjgarametersiaxand %2 waxare maked on the y

axis,Kwm is marked on the-gxis. (Right) MichaelisMenten equation.
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TheKw is a measure ohe affinity of an enzyme for itsubstrateDividing the maximum
velocity vmax by the enzyme concentratidi&] yields kear, Which is also known as ¢h
turnover number. The catalytic efficiency, given by the rkdi@éKnv, allows comparing
different enzymesThe resulting grapfFigurel7, left) is a hyperbolawhich asymptoti-

cally reacheshe maximum velocity

MichaelisMenten kinetics were performed with the molecular beacon §6RayA mo-
lecularbeacon is a short oligonucleotide with a hairpin structure, which carries at one end

a fluorophore and at the other end a quencher. The principle of this iasshown in

?ﬁg *i%.

Figure 18: Principle of the molecular beacon assa¥he fluorescence of the HE#uorophore (green) is quenched

Figurel8.

by theBHQ quencher (red) as long as the beamouricleaved. Cleavage of the beacon by a restriction endonuclease
leads to the dissociation of the terminal end and the subseqeléingrof the strands, thereByorophore and quencher
get separated and an increase in fluorescence can be measured.

The molecular beacon5 -~ (HEX) — CGGATATC GGACTTTTTTTTTITTTTTTT-
GTCCGATATC CG - (BHQ) — 3 'used in this assayas purchased from Biomers (Ol-
igo_006) It is composed of a 1k-loop and a 12 bp duplexvhich contains a specific
recognition site for ECORV (GATATC}Steady-state measurements were carriedumst
der multiple turnover conditiorest 37 °C with thdnfiniteF200Pro plategeader (Tecan)
The following filter seffor the HEX fluorophore was used: excitatiorb85 nm (25 nm
bandwidth) emissionat 590 nm (20nm édndwidth) A mastermix containingreaction
buffer ard either 100 pM (EcoRV C21300 pM 6cRM6 D54CEcoRV C21$or 1 nM
(scRM6 D54CL x-EcoRV C21$ protein respectivelywas prepared arRD pL aliquots
were pipetted inteight wells ofa microtiterplate. Immediately before measurint pL
molecular beacowith concentrations raging from 1-50 nM (EcoRV C21S and scRM6
D54CEcoRV C21$or 6—300 nM (sScRM6 D54CL -EcoRV C21$were addetb one
well of the microtiter platerespectively. The reactiomas started by the addition of 10
pL MgCl2 (via the inject function of the device), resulting in a final concentration of 10

mM. The increase in fluorescence was recorded over a period of 1@enmyn3es.
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The gain waset at90. The initial velocity wasalculated by linear regression of the first
20 data points and plotted against the beacon concentifatoon.the resulting curvém

and waxwere detemined bynon-linear regressionsingthe Michadéis-Menten equation.

2.2.3.3 Competitive cleavage assay

To investigate the influence of linear diffusion on the rate of cleavagempetitive
cleavage assay was employAdsimilar assay had been described in d¢&d] and had
already been applied for EcoR4] and EcoR\{31,45]. In the assaywo DNA subdrates
—a short oligonucleotide and a long PGRgiment- each containing orgpecificrecog-
nition sitefor either BsoBI, EcCORV or Pvullyere cleaved in competitioihe short oli-
gonucleotide was geneeal by a n pAdc®H4MN-labgled@6nter with theomple-
mentary oligonucleotidéseeTable 13). To amplify the long PCR fragmé¢ the same
26mer b 4Atto488-labeledwas used athe uppePCR primettogether wittdifferent
lower primersto amplify fragments of 158, 498, 958 and 1488 bp in le(sfb2.2.2.9.

As PCR template the plasmid pAJEB was usedThe correct size of the fragments was
confirmed by PAGHsee2.2.2.)). This procedureensured, that the specific recognition
site is embedded in an ideral sequence context of 26,dfanked by a short arm of 7 bp

and a long arm comprising 1451480 bp(Figure19).

For contr ol e xAtedBd 26menwasgenerateddbypanrealifg label-
ing with different fluorophores allows determinititge cleavage rate diie short and the

long substrate indepeéentlybutin one reaction mixture.

26 bp oligonucleotide
26mer
-

153 bp PCR fragment

s

498 bp PCR fragment
pAT-PEB —_—>

958 bp PCR fragment

27

1488 bp PCR fragment

Figure 19: Scheme of substrate desigDifferent PCR fragmentsvere generated by PCR using the pREB plasmid
astemplatea n d -Adto488'(green)labeled 26mer oligonucldde as upper primeirhe lower primers were chosen
to amplify fragments of 153, 498, 958 and 1488 bp in lengtle. 26 bpoligonucleotide was generateg bither
annealingg h e s-Atto488 l&beled upper primer or5aAtto647N (red) labeled 26mer oligarcleotide with the

complementary stran@®NA fragments are not drawn to scaldjlopted from[45].
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In the cleavage reactip80 nM of the short oligonucleotide and 20 nMbat ofthe long

PCR fragmergwere incubated witkither600 pM(BsoBIA153C, EcoRVD214C Pvull
D125C scPwvull) orl0 nM (scRM6D54C-EcoRV) protein inreactionbuffer (Table5,
supplemented with 10 mM Mggjlat 37°C At defined time intervals, 10 pL aliquots
were withdrawn and med with 10 pL of 2x Urea stop buffer to stop the reaction. The
resulting fragments were separated by denaturing PRGZE2(). The fluorescent bands
were visualized using the VersaDYdmaging System (BidRad) and quantitately an-

alyzed with the program GelAnalyzer. The amount of substrate cleavage was plotted

against the time and a single exponential function was fitted to the data points

In experimentsin whichthe salt dependence was investigatied NaCl concentratioof

the reaction buffewas alteredo 20, 100 and 200 mM, respectively In order to test
whether the effect dinear diffusioncan beabolished, experiments were carried out with
20 nM of the2émer oligonucleotidand20 nM ofthe 958mer PCRragment pedigested
with the 4 bpcutter Haelllfor 2 h at 37 °Csimilarly as described by Ehbrecht e 40].

The predigestedubstratesvere used without further treatmexgdescribed above.

2.2.3.4 Fluorescent labeling

A wide commonly usedechniqueto modify proteins at defined sitesthemodification
via maleimide chemistry. Thesactivemaleimidegroupof the modification reagent (e.g.
a fluorophore or PEQkacts specifically witthe functional sulfhydryl group dhe pro-
tein to form a stable covalent bongegFigure 20). Since the sulfhydryl group @nly

present in the sidehain of the amino acid cysteirtdereactionis highly specific

0 ﬁ 0 ﬁ S
N SH  pHBS5-75 N
0+ —_— 0

Maleimide Sulfhydryl Stable Conjugate
Reagent on Protein (thioether bond)

Figure 20: Reaction scheme for chemical conjugatio(R) represents labeling reagent that carries the reactive ma-
leimide group, e.g. a fluorophore, (P) repreasea protein that carries the functional sulfhydryl grotiee maleinde
groups reacts with sulfhydryl group under formataira stable covalent thither bond §doptedrom www.pierce-

net.com)

For sitespecific labelingcysteine residues located at sugface of the protein hdd be
removed by mutagesis and a single cysteine residalto be introduced at the desired

position.For an efficient labeling the sulfhydryl group must be kept in a reduced state.
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Thus proteins werencubatedwvith 5 mM redwcing agen{e.g.DTT) prior to the labeling
reaction.The next step waa buffer exchange, on the one hand to create optimal buffer
conditions for the chemical reaction (e.g. pH value), on the other hand to remove sub-
stances that can disturb the reactierg(DTT). For this purposé/ivaspin 500(10K)
columrs (GE Healthcare) weresedf ol | owi ng t he ma natfresfert ur er ’
theprotein in 1x PBS buffegfTable?). For random double labelingactions20—30 uM
proteinwerefirst mixed with al:1 molar ratidover dimer protein concentration) of donor
fluorophore Atto488,Cy3or Cy3B) and shortly after a xfbld molarexcess (over dimer
protein concentration) of acceptor fluoroph(k&o0647N orCy5)wasaddedProteinand
fluorophores were incubated f@rh at room temperatuia 1x PBS buffer For single
labelingreactions 20 — 30 uM proteirs were mixed witha 106fold molar excess (over
dimer protein concentration) efther donor or acceptor fluoropteoand also ingbated

for 2 h at room temperature 1x PBS bufferSince the fluorophores were dissolved in
DMSO, the amount of the organic solveeter exceedetd % (v/v)of the total reaction
volume To remove thexcess ofunreactedfree fluolophore Dynabeads® Hitag Iso-

lation & Pulldown(Invitrogen)were usedThe principle is shown ifigure21.

1. Bind 2. Wash 3. Elute
— —& —>
°
: o remove supernatant [7\
by = (free fluorophore) \e2 o \ '
magnetic remove supernatant % esd /' remove supernatant
beads (free fluorophore) e o (labeled protein)
add add add

labeling wash elution
reaction buffer buffer

magnet

Figure 21: Principle of free fluorophore removal via Dynabeads®21) The labeling reaction was inzated with the
magnetic beads allowing the labeled proteins-thigged) to bind to the magnetic beads’{idbated). By applying a

magnet, labeled proteins (bound to the beads) were separated from the free fluorophore (supernatant) (2) By adding 3
times wash buffer further freuorophorewas removed (3) The addition of elution buffer (containing imidazole) de-

tached the labeled proteins from the beads.

Dynabeads® are coated in a codmsed Immobilized Metal AffinitfChromatography
(IMAC) chemistry and @ wellsuited to isolate histidintagged proteinsThe beads

were first resuspended and transferred to a microcentrifuge tube. The tube was placed
on a magnet for 2min and the supernatant was discarded. Thiabeheg reactior{30

pL) was adde@nd ncubated for 30 miallowing the labedd His-tagged proteins to bind

to the beads
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The gplication of a magndbr 2 minseparatedhe labeled prains from the freduor-
ophore Subsequently the beads w&#&meswashed with 100 plwash buffer (1x PBS
buffer supplemented witB.05 % TweeR0) by placing the tube on a magnet and discard-
ing the supernatant.o obtain the labeled protein®) — 30 pL elution buffer (1x PBS
buffer supplemented witBOO mM imidazole) weradded anthcubated for 15 mirAfter

the application of a magnet fondn the supernatantontaining the labeled proteins, was
transferred to @lean tube.In orderto remove imidazole and toansfer the protein in
dialysis buffer ZebdMSpin Desalting columsy(7K) (Thermo Scientific) weresedfol-

l owi ng t he ma n ufThesinglerardrdoublabeledsrateins wete iusech
for FRET measuremen(2.2.3.9.

2.2.3.5 Determination of the degree of labeling (DOL)

After modifying a protein with a fluorophore, thegtee of labeling (DOL) was deter-
mined For this purposehe absorbancef the protein at 280 nrandthe absorbancef

the fluorophore at the absorbance maximum of thg Tgble18) was recorded with the
spectrophotometer Nano@p® 1000(Thermo Scientific)To correctly calculate the pro-
tein concentration, thebsorbance at 280 nm htadbe corrected using correction factors
(CF) provided by the supplieil&ble18). The correction factor compensates thoe ab-
sorption of the dye at 280 nifihe DOL was then calculated using the following equation:

D 0

o
0

where A is the absorbance of the fluorophoréhata b s or b a n ¢ erisitha mdlamu m, ¢
extinction coefficient of the fluorophor@able18), Ar is the absorbancef the praein

at 2 8 ®is thremglar extinction coefficient of the protefiable16) and Cksois the

correction factor of thBuorophore at 280 nm.

2.2.3.6 FRET measurements

Forster resonance energy transfer (FRET) is a powerful tool to distdycesr small
distance changes within biomolecu|88]. Because of the distance dependencealss
denoes as spectroscopic ruler. FRET requires the presence of two fluorophores, a donor
fluorophore and an acceptor fluorophore. Both fluorophores can be attachedstone

biomolecule (intramolecular FRET) or to different biomolecules (intermolecular FRET).
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During FRETdonor and acceptor fluorophore are coupled by digdgdele interactions
and the energy is transferred from the donor to the acceptor fluorophore without radiation,

which means that no photon is transferfeldET depends otine following criteia:

(1) The emission spectrum of the donor fluorophore has to overlap with absorp-
tion spectrum of the acceptor fluorophore

(i) Donor and acceptadipole momentdiave to be in &uitableorientation to
each other

(i)  The distance of donor and acceptor should be irathge of 210 nm, which

Is a ypical distance in biomolecules

The FRET efficiency(E) strongly depends on the distance of donor and acciydoo-
phore Figure22a) and can be described by @ sterequation:

o Y
Yoo
where r is the distance between donor and acceptor fluorophorepasdhe Faster
radius. R is characteristic for each fluorophore pair and describes the distadoaay
and acceptoat which energy transfer is 50 %iefént. AroundRo, small changes in the

distance of donor and acceptor cause a large change in the FRET efficiency.

(b)
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Figure 22: Principle of FRET.(a) Relationship between FRET efficiency and the distand®wér (green) and ac-
ceptor (red) fluorophore. The FRET efficiency is highthié distance betweeatonor and acceptds short and it is low,

if the distance betweatonor and acceptas large (b) Emission spectra oflaomolecule double labeled wittonor
and acceptorLower. the distance between donor and acceptor is léhgsthe donor emission is high whereas the
acceptor emission is low. Uppéhe distance between donor and acceptor is ghogthe donor emission decreases

whereas the acceptor emission increases.
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FRET measurements were used for two different purposes. In the first set of experiments
the spatial expansion of the fusion protein scRM6 D&4GRYV C21Sand different

linker variants(scRM6 D54CL x-EcoRV C219 was studied in comparison to the wild
typeEcoRV C21S N154@nd a DNA molecul€3.1.3. In the second set of experiments

the conformation of thstructurally differentestriction enzymes EcoRV D214C, Pvull
D125C and BsoBI A153 was studied in complex with specific amgspecific DNAas

well as for the apoenzym@8.2.9. All steadystateensemble FRETeasurements were
carried out at 24 °C using the FluoroMax®4 spetiaimeter (HORIBA JobinYvon).

Studying the spatial expansiohdifferent fusion protein variants

Proteins were either doublabeled with Ato488 as donor fluorophore and Atto6478 a
acceptorfluorophoreor singlelabeled with Ato488 or Ato647N, respectively (see
2.2.3.9. Emission spectra werecorded for the donor ftwophore by scanning between
490- 800 nm (slit width 4hm) with excitation wavelength set at 4hdn (slit width4

nm) and for the acceptor fluorophore by scanning betvéknh- 800 nm (slit width4

nm) with excitation wavelengtiset at630 nm (slit width 4nm). Initially, the cuvette
(Quartz UltraMicro Cell, Hellma) was filled with 90 plkeactionbuffer (supplemented
with 5 mM CaCb) and emission spectra were recordéitally, 10 uL doublelabeled
protein(or doublelabeled DNA wasaddedo the cuvetteresulting ina final concentra-

tion of 50nM protein dimer concentration (or 25 nM DNA concentratianyl emission
spectra were recorded again. In control experiménit donor only and 5 pL acceptor
only labeled protein wereddedtogethelto thecuvette and incubated for 5 min, resulting

in a totalproteinconcentratiorof either50 nM. In experiments whereehnfluence of the
presence oDNA was investigatedan excess ogither a 16 bp or 60 bp lorgpecific
oligonucleotidgseeTable14) was added to the cuvette, incubated for 5 min and emission
spectra were recorded again. The spectra were corrected for background signal by sub-
tracting the spectra of the buffer fraime spectra of the protein orgbeinDNA com-
plexes Finally the corrected spectra were normalized to the maxidamar emission at
520nm and the FRET efficiency was calculated by dividingaiméssionintensity of the

acceptossignalat 664nm by theemissionintensity of the donor ghalat 520nm.
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Studying the conformation of structurally different restriction enzymes

Proteins were either double labeled with Cy3 as donor fluorophore and Cy5 as acceptor
fluorophoreor single labeled witlCy3 or Cy5, respectively (s€e2.3.4. Emission spec-
tra ofdouble labelegroteins(Fpa) were recordedbr the donor fluorophorby scanning
between 552 800 nm (slit width 3im)with the excitation wavelength set at 546 nm (slit
width 3 nm) andfor the acceptor fluordpre by scanning between 650800 nm (slit
width 3nm)with the excitation wavelength set at 644 nm (slit widtin®. Initially, the
cuvettewas filled with90 uL reactionbuffer (supplemented witkither 5mM CaCb, 10
mM MgCl> or 1 mM EDTA) and emissio spectra wereecorded Next, 10 uL double
labeled protein weraddedto the cuvetteresulting ina final proteinconcentration of 50
nM. After recordingthe emissionspectrumof the apoenzymean excess afinlabeled
nonspecific orspecific DNA geeTablel14) wasaddedo the cuvettendemission spec-
tra wererecordedafter 5 min incubatiorSubsequently,missionspectra wereorrected
for backgroundignal by subtracting the spectrushthe buffer fronthe spectrunof the
apoenzymeor enzymeDNA complexes Correctedemissionspectra were normalized to
the maximum donoemissionand he FRET efficiencyE) was calculatedlirectly by
dividing the emissiomtensityof the acceptor at 666 nf@mA) by the emissiomtensity

of thedonor at 564 nngemD), both resulting frondirectexcitation of the dondituoro-

phore(exD) [equatioradopted fronj89]].

no h

° o
Additionally, the FRET efficiency was calculateg an alternative methdtiatconsiders
the correction of thacceptoremissionintensityfor donor bleeegthrough and excitation

crosstalkn accordancev i t hThtedaCeu b'e M g89].A wthis end, additional meas-

urements osingle labelegroteins wergerformed

First, the degree of donor blegdrough was determined with a protaample single

labeled with donofluorophore(Fp). The donofluorophorewas excited with the excita-

tion wavelength set at 546 nm and the emisgitensitywas measured for either donor

at 564 nm or acceptor at 666 nimnedonor bleeg¢hroughc or r ect i on f act or
latedby dividing the emissiomtensityof the acceptor at 666 nm (emA) by the emission
intensityof the donor at 564 nm (emD), both resulting frdinectexdtation of the donor
fluorophore(exD).
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Second, the degree of excitation crosstalk was determined with a protein sarglge

labeled with acceptdiuorophore(Fa). The acceptofluorophorewas either excited with

the excitation wavelength set at 546 nm or 644 nm andrtfigsionintensitywas meas-

ured fa the acceptorat666nfihe exci tation crosstalk cor
latedby dividing the emissiomtensityof the acceptoat 666 nm (emA), resulting from
excitationof the donor (exDpy theemissionintensty of the acceptoat 666 nmlemA)

resulting from excitatiof the acceptofluorophore(exA).

o
| F'_

Finally, double labelegroteins were measured @desscribedabove. The acceptorfluoro-

phorewas excited witlthe excitation wavelength set at 546 (@rD) or 644 nm(exA)

and the emissiomtensity of the acceptovas measuredt 666 nm (emA)The donor

fluorophore was excited with the excitation wavelength set at 546 nm (exD) and the emis-

sion intensity of the @hor was measured at 564 nm (emD). The corrected FRET effi-

ciency was calculated using the following equation:

o N | oo " r oo N
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2.2.3.7 Single-molecule experiments

Singlemolecule experiments were performed with the fusion protein variant SCRM6
D54CEcoRV C21S to detarine the onadimensional diffusion coefficient ({p and to
verify a rotational movement by comparing © mathematical models3(1.4). The fu-
sion protein was purified and labeled with Cy3B as described inetia@t2.10and
2.2.3.4with the exception that the second purification step via Heparin column was con-
ducted after the labeling reactiddNA molecules(~ 9.2 kbp insize andwithout any
recognitionsite for ECORV were stretchetb about70 % of theircontour lengttby at-
taching thento a streptavidin coatecbverslipvia their biotinylatedends as described
previously[67,90]. To prevent nn-specific irteractions between the protein and the sur-
face,residual streptavidi was passivatedith casein blocking reagent (Roché&aDBnos-
tics) for 15 min.The stretched DNA molecules were stained \&ytorGold(Invitrogen)
and visualied through excitation and emission filters (Omega Optia#r excitation
with amercury lamgd67,90]. Transverse fluctuation$ the DNA molecules ensuredat
most of the DNA was free accessible in solutisfter recording the position of the DNA
molecules SybrGold was removedsing a buffer containing 26M MgCl.. The flow

cell was flushed witlthe KGB reactionbuffer (Table 6) and theCy3B-labeledfusion
proteinswereinjected.For detection of individudluorophoresa TIRFmicroscopysetup
was used as previously descrijéd]. Briefly, Cy3B-labeledfusion proteinswere ex-
cited using a laseat 532nm with a light intensity of 100 W/crh The fluorescent light
was collectedhrough adichroic mirror and &andpass filter and imaged an EMCCD
camera lkon, Andor Technology) with aaxposure time of 20 m3heresultingpoint-
spread faction of the fluorescent smin each frame was fitted with 2D Gaussia
function thereby locatinghe position of thefusion proteinon the DNA moleculewith

an accuracy of 30 nnThe onedimensional diffusion coefficientD1) of the scRM6&
EcoRV fusion protein was derived from thdongitudinal mean squackdisplacement
(MSD) calculated fron#5enzyme trajedriesthat werdonger than 20 successitrames

(> 400 ms)
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3 Results

3.1 Preparation of an elongated restriction enzyme to study

rotational motion

It has been proposed that restantenzymedollow the helical pitch of the DNA during
sliding and thereby complemaénq translational diffusion by a rotationailotion[44]. So
far, rotational motion of restriction enzymes during linear diffusiasonly been demon-
stratedindirectly by singlemolecule experimentgia the size dependence of the -one
dimensional diffusion coefficient p[75-77]. To determineD1, fluorescentlylabeled
restriction enzymeare trackedising total internal reflectiofluorescence microscopy
Images areecordedby an EMCCD cameravery 20 msOn each image the longitudinal
and transversal position of the enzyme on the Dd\Reterminedthereby reonstructing
the enzyme trajectory. From the enzyme trajectory the mean squared displacement (MSD)
can be derived and frothe slope ofhe longitudinal MSOhe onedimensional diffusion
coefficient(D1) can be deduced (for more details 4e2andFigure 10). The question
ariseswhether a rotational motion catso bedirectly demonstrateth the samexperi-
mentalsetup used for the determinatiohD1. Usually, only the longitudingbosition of
the fluorescent spas supposed tochange over timé the motion of the enzyme is con-

sidered as simplganslational diffusior{fFigurel10D).

If rotational motionof the enzymaes involved in the translocation processso the trans-
versal position of the fluorescent spstsupposedo change in a periodic mann&ihis
means in more detdthat the fluorescent spiwt expected to appenrore below the DNA
moleculein one fluorescent imagend to appeamore above the DNAnoleculein an-
otherfluorescent imagéndicative of ahalf-rotationof the enzymp(seeFigure23a). The
question arises whethsuch aransversal position change daaresolved in thexperi-
mentalsetup.For aconventional restriction enzynfdiameter of ~ 5 npdirectly labeled
with a fluorophorgthe transversalgsition of the fluorophores expected to change by 5
nm whileturning 180° around the DNAolecule(Figure23a). Also the most sophisti-
cated cameras wailihot be able to resoltbis smalltransversatlistance changef the
fluorescent spot, which makes the visualization of a rotational motion with a conventional

restriction enzyme impossible.
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(a) conventional RE (b) Elongated RE

(1) _% (2)

180 !
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v Fluorescent image ¥
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Figure 23: Rational design to visudte rotational movement of a restriction enzym@) Conventional restriction
enzyme, directly labeled with a fluorophore (b) Elongated restriction enzyme, labeled at the terminal end of the exten-
sion component scRM6. The DNA molecule is indicated in gragh subunit of the homodimeric restriction enzyme

is colored in light and dark blue, the fluorophore is indicated eyl sphere. The fluoresceantages are explained in
Figure10A.

It becomesbvious that in ader b circumvent thespatial resolution limjtthe distance
between the flumphore and th®NA axis needs to be increased. To this,ardelon-
gated restriction enzyme has been prepa8gd]). As restriction enzyme compamtehe
well-characterized Type IIP restriction enzyme EcoitM & extension componetite
engineered Rop (repressor of primer) prosmRM6has been usd®1]. scRM6 is a ho-
motetramer, which consist ofleft-handed, atantiparallel fourhelix bundle with a hy-
drophobic corg¢91]. It has eheptad sequence periodic{ey periodicity of seven residues

in the primary sequence) with the first and fourth residue being hydrophobic, which leads
to the assdca t i ohelices &nd the formation of a stable coiled £@il]. The fusion
protein sScCRM6EcoRV was created by fusing the singlgsteine variant scRM6 D54C
via its Gterminalo-helix to the Nterminalo-helix of the cysteindree variant ECORV
C21S(2.2.2.9, resulting in two scCRM6 proteins that were fused to one EcoRV homodi-
mer (Figure24). Thepositionof the singlecystane residue is located mloop atthetip

of the fourhelix bundle wherdoy the distance between the fluorophore and the DNA axis
could beincreaseatonsiderablylf we considetthis elongated restriction eyme(diam-

eter of ~ 20 nmlabeled at théip of sScCRM6) turning 180° around the DN#&olecule the
transversal position of the flugphoreis expected t@hange by- 20 nm (Figure 23b).
Using supeirresolution fluorescence microscopy imaging technid@gs this large dis-

tance changshould be resolvabl¢herebyvisualizinga rotational motion.
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Figure 24: Model of the scRM6EcoRYV fusion protein Middle: restriction enzyme EcoRV (4RVE without specific
DNA), the two subunits of the homodimeric protein are colored in red and greystthe N mihalia ih each subunit

is colored in orangé.eft and right:engineered Rop protein sScRM6 (1QX8), all subunits of the homotetrameric protein
are colored in orange. TH@&t e r mi-helia bf sScRM6 is directly fused to the-Ne r mi-helia bf EaoRV. The
green spheres inchte the position of the singtysteine residueand the fluorescent label.

After the preparatiowf the sScRM6EcoRV fusion protein(3.1.1), it wasinitially tested
if the extension component scRM6 has an influence on the biondicigavage activity
of the restriction enzyme component EcoRBV1(2d. Next the spatial expansion of the
ScCRMG6EcoRYV fusion proteinwas investigatedapplying FRET measurements$.(.3.
Finally, singlemolecule experimentaere performedto demonstrate rotational move-
mentindirectly by measurin@: of the scRM6EcoRV fusion protein and compag it

to theoretical model§3.1.4 as well ado directly visualize the rotation with supesso-

lution fluorescence microscop92].

3.1.1 Preparation of the scRM6-EcoRV fusion protein

The scRM6EcoRYV fusion protein consisting of thehomodimericrestriction enzyme
EcoRV and théahomoteramericengineered Rop protein scRM@asclonedasdescribed

in 2.2.2.7 In order to specifically label the scRMEORYV fusion proteinwith a fluoro-
phore(2.2.3.9, a modified gene coding for threngle-cysteine variant scRM6 D54C
wassynthesized by GeneAfEight nativecysteine residues at position 33, 47, 90, 104,
147, 161, 20 and 218 were replaced by alanine resicare$a single cysteine residue
was introduced at position 54 in the first logghjch is located at the outside of the protein
(seeFigure?25).
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TKQEKTALNMARFIRSQTLTLLEKLNELADI AESLHDHADELYRSALARF GDCGENL
TKQEKTALNMARFIRSQTLTLLEKLNELADI AESLHDHADELYRSALARF GDDGENL
TKQEKTALNMARFIRSQTLTLLEKLNELADI AESLHDHADELYRSALARF GDDGENL
TKQEKTALNMARFIRSQTLTLLEKLNELADI AESLHDHADELYRSALARF GDDGENL
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Figure 25: Single cysteinevariant of the fusion protein scRM6EcoRV. Upper: Amino acid sequence of the homo-
tetramer scRM6. The eight native cysteine residues were exchanged for alanine residues (indicated in green) and a
single cysteine residue was introduced in the first loop sitipn 54.Lower: Schematigepresentationf onesubunit

of the dimeric fusion proteifccoRYV is indicated in red, sScRM6 is indicated in grey. The position of the single cysteine
residue in the first loop is indicated by a red star.

In thescRMGEcoRV fusion protein, the @ e r mi-helia éf scRM6D54C should be
fused tothe N e r mihalia of EcaRVC21Sin a way thatin dongatedo—helix and a
rigid connection between the two proteins is gener@taglire 24). In order toevduate
the optimal connectiobetweenthe two proteingwith regard to bindingandcleavage
activity and spatial expansigrgifferent linker variants of the scRM&EcoRYV fusion
protein were preparedby site directed mutagenesi2.Z.2.§. The genecoding for the
singlecysteire variant sScCRM6 D54EcoRV C21S (containing &5 amino acids long
peptidelinker between the two proteipg/as used as template and foiéferentvariants

with peptidelinkers of 0, 1, 2and3 aminoacidsin lengthwere prepare(Table22).

Table22: Different linker variants of thescRM6EcoRYV fusion protein.

Protein variant Amino acid sequence of the peptide link LinkerLength
scRM6 D54GEcoRYV C21S o-helix-GDDGENLENLYFQGK-o-helix 15
SCRM6 D54GL (9-EcoRV C21S o-helix-a-helix 0
SCRM6 D54GL )-EcoRV C21S o-helix-G-o-helix 1
SCRM6 D54GL (ny-EcoRV C21S o-helix-N-o-helix 1
SCRM6 D54GL (na)-ECORV C21S o-helix-NA-o-helix 2

SCRM6 D54CL nas)-ECORV C21S o-helix-NAS-o-helix 3
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3.1.1.1  Purification of the scRM6-EcoRYV fusion protein

The single-cysteine variant sScRM6 DSEcoRV C21S and the different singtgsteine
linker variants SCRM6 D54 x-EcoRV C21S havbeen purified via NNTA agarose as
describedn 2.2.2.10Qusing thepurificationbufferslisted inTable3. A representative SDS
gel with the different fractions of the purification procedure is shoviAigare26 for the
variant SCRM6 D54¢EcoRV C21S

Figure 26: Purification of sScRM6 D54CEcoRV C21S via NNTA agarose.12 % (v/v) SDS gel, stained with Coo-
massie Brilliant Blue. M =marker(PageRulé™ Protein Ladder, Fermergla According to the sum of the molecular
mass of the individual components, the fusion protein is supposed to have a size of 57 kDa.

By comparing the lanes before and after inductiast fwo lanekit can be saethat the
fusion protein showa strong gpression. The three lanes of thleates ¢luate 1, 2, B
showvarious bands; one defined band with a size of ~ 57 kDa, which corresponds to the
size of the fusion protein, lots of smaller bands betvi2geto 30 kDa, which correspond
to the sizeof the irdividual componentsirfidicated that the fusion protein coblavebeen
broken apart during purificatidmnd alsdands between 70 and 85 kDa. In order to sep-
aratethe fusionproteinfrom other proteins that could be found in the eluatesecond
purification step was conducted usingHaparin column(HiTrap™ Heparin HP 1mL)
connected to the AKTA purifie2(2.2.10Q. Heparin is negatively charged aaltbws for
purification of DNAbinding proteins. The fusionrgteins were eluted via lamear salt
gradient using theolv and high salt buffer given ifable3. The results of the éparin
purification are shown ifigure27 for the varianscRM6 D54EcoRV C21S.
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Figure 27: Purification of sScRM6 D54GEcoRV C21S via Heparin column(a) Chromatogram of the purification.
blue = absorption at 280 nm, brown = conductivity, * = first peak, ** = second peak (b) 12 % (v/ivebBained
with Coomassie Brilliant Blue. M marker(PageRulé™ Protein Ladder, FermenjasA2 = fraction, which corre-

sponds to the first peak, A9A12 = fractions, which correspond to the second peak.

On the chromatograiffrigure27a) it can be sedahat the conductivity startes a value of
26 mS/cm, which corresponds to the salt concentratisghedbw salt buffer only (250
mM NacCl). After injection of the protein samplegtbonductivity shortly increasep to

a value o40 mSém and decreaseasibsequently to the initial valwé 26 mS/cm. It can
be seenhat after injection of theroteinsample theabsorption at 280 nm increasées
dicativefor theelutionof unbound proteinAfter increasing the salt concentratiorearly
by mixing low salt with high salbuffer, the conductivity start® increaseagain This
leadsto the elution ofurtherproteirs, which can be seen by an increasthie absorption
at 280 nm The second peakppearsat a conductivity ob5 mS/cm, which caespormls
to a salt concentration of 63nM NaCl. 3 pL of fraction A2 (which corresponds to the
first peak) an@® pL of fractions A9 — A12 (which correspond to the second peaiye
analyzed on a SD§el (Figure27b). Theanalysis of thgel shows that the fusion protein
could be successfully separated from the individual comportaatsions corresponding
to the second peak contained the desired fusion proteins with a size of Ftdddans
corresponding to therst peak contained the individual components with a size ef 25
30 kDaand 70- 85 kDa butalso a smalamountof thefusion protein.
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3.1.2 Biochemical characterization of the scRM6-EcoRV fusion protein

After the successful preparation and purificatiorthaf differentscRM6EcoRYV fusion
protein variants, it has been analyzed whether the extension component scRW§ has
influence on tk binding or cleavage activity of the restriction enzyme component

EcoRV.The activity was always compared to that ofwllel type enzyme EcoRV C21S.

3.1.2.1 Determination of cleavage activity

The cleavage activitpf different sScRMEECORYV fusion protein variantwas tested as
described irchapter2.2.2.13 The plasmid pATPEB contains a single regnition site

for EcoRV, thusthe conversion fromupercoiled to linearized forns correlated with
cleavage and can be detected on a gel. The results of the assay are $figune28.

(a) scRM6 D54GEcoRV C21S (b) ScRM6 D54GL o-EcoRV C21S

pM nM

24 60 100 03 |06 |1

pM M
60 100 300 0.6

(c) SCRM6 D54CGL (na-EcoRV C21S (d) SCRM6 D54GL ¢)-EcoRV C21S

pM nMm pM fall}
60 100 300 0.6 3 60 100 300 06 1 3

(6  scRM6 D54GL n-ECORV C21S ()  SCRM6 D54GL nas-ECORV C21S
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Figure 28 Activity assayof different SSRMGECcORYV fusion protein variants(a) sScRM6 D54EcoRV C21S, (b)
sCRM6 D54L g-EcoRV C21S, (c) scRM6 D5¥na)-EcoRV C21S, (d) scRM6 D5K)-EcoRV C21S, (e) scRM6
D54-Ln-EcoRV C21S, (f) scRM6 D54 nas)-EcORV C21SDifferent concentratins of enzyme ere incubated with

6 nM plasmidDNA (pAT-PEB) and separated on a 0.8 % agarose gel. Gels were stained with ethidium tvomide.
mar ker (GeneRuler ™ 1kb DNA | adder
coiled plasmieDNA.
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It can be seen for alRM6-EcoRV fusion protein variantlat the higher the concentra-
tion of the engme the more linearized plasr@NA appeas while the supercoiled plas-
mid-DNA disgppears. The activity assay shotist full cleavagdindicated by the red
box) occursat a concentration of 6Q8M for the variant with the origindl5 aalinker
(scRM6 D54EcoRV C21S)at aconcentration of 6 nM for the variants with the linker
Lo, Lc and Lva and at a concentration of 3 nM for the varganith the linker Iy and
Lnas. In contrast,lie wildtype EcCORVC21Scleavedhe plasmieDNA alreadyat a con-
centration of 100 pM completelyr{gure37c). This revealshat all sScRM6EcoRYV fusion
protein variants have a reducedalage activity compared to the wild type EcoRV. The
cleavageactivity of the variant with the origindl5 aalinker isreduced by a factor of, 6
whereas theleavagectivity of the variats with the shorter linkers ieduced by a factor
of 60 (Lo, Le ard Lna) or 30 (Ly and Las).

3.1.2.2 Determination of binding activity

The bindingactivity of wild type EcoRV C21S andifferent ScRM6EcoRYV fusion pro-
tein variantsvas testedising fluorescence anisotropy described iohapter2.2.3.1 The
protein was titratedh the presence & mM CaCkb to a specific 16 bp oligonucleotide,
| abel e dendwithaHBEXfludophore(1 nM for wild type EcoRV and 2 nM for
SCRMGECcoRYV fusion protein variantdRepresentative bindingurves are shown ifig-
ure 29 for the wild type EcoRV C21S and the variastiM6 D54EcoRV C21Sand
SCRM6 D54L (g)-EcoRV C21S The dissociation constansp) of all variantsare sum-

marized inTable23.

Table23: Kp values forwild type EcoRV andlifferent sScRMGEcoORYV fusion protein variants.

Protein variant Ko [nM]

EcoRV C21S 8x1

scRM6 D54GEcoRV C21S 78+6
ScRM6 D54GL (g-EcoRV C21S 37+3
SCRM6 D54GL (na)-EcoRV C21S 58 +4
SCRM6 D54GL )-EcoRV C21S 31+3
SCRM6 D54GL (ny-EcoRV C21S 27+3

SCRM6 D54CL (nas)-EcCORV C21S 23+2
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Figure 29: Representative binding curves favild type EcoRV andlifferent SSsRM6EcoRYV fusion protein variants.
(a) Wild type EcoRVC21S, (b) fusion protein sScRM6 DEcoRV C21S and (c) fusion protein SCRM6 BI5g-
EcoRV C21SBinding wastested with a 16 bp oligonucleotide containing a cespetificrecognition site for ECORV

(12 nM or 2 nM) The anisotropy wameasured for different protein concentratiohsimple bimolecular binding model

was fitted by noflinear regression to the data points. The results are the average of at least three independent experi-

ments.

The birding curves irFigure29 show that withmcreasing protein concentrati also the

anisotropy increasemdicative of binding of the protein to the DNA. TKe-values pre-

sented inTable23 showthat all sScRM6EcoRV fuson protein variants hava reduced

binding activity compared to the wild type EcoRV. Tiading activity of the variant

with the original 15 aa linker (scRM6 D5&coRV C21S)s reduced by a factor of 10,
whereas théindingactivity of the varants with the shorter linkers reduced by a factor
of 3 (Lnas and L), 4 (Ls), 5 (Lo) and 7 (Ina), respectively
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3.1.2.3 Michaelis-Menten kinetics

MichaelisMenten knetics were performed with wild type EcoRV C21S and different
SCRMG6-ECcoRYV fusion protein variants described inhapter2.2.3.2 Each proteirvari-

antwas incubateth the presence of I0mMMMgGhki t h di f f erent -concen
HEX-labeled molecular beacon, containing a specific recognition site for ECUBAL/-

ageof the beaconwvas monitored vian increasen the fluorescence over timRepre-

sentative Michaelidenten curves are shown kgure 30 for wild type EcoRV C21S

and the variants scRM6 DHcoRV C21S and scRM6 D84p-EcoRV C21S. The
MichaelisMenten constast(Kw), the turnover numbsi(kca) andthe catalytic efficien-

cies(kcaKwm) of all variantsare summarized ifable24.
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Figure 30: Representative MichaeliMenten curves for wild type EcoRV and &fent sScRM6EcoRYV fusion pro-
tein variants.(a) Wild type ECoRMC21S, (b) fusion protein scRM6 DEcoRV C21S and (c) fusion protein sScRM6
D54-L)-EcCOoRV C21S.The cleavage assayasp e r f o r me dHEX-iatieled nmleclar beacon, containing a
specificrecognition site for ECORV (GATATC)Theincrease in fluorescence over timvas nonitoredfor different
substrateconcentrationsThe MichaelisMenten equationvas fitted by nofinear regression to the data points. The

results are the average of at leaseé independent experiments.
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Table24: Km, keatand kafKm values forwild type EcoRV andlifferent sScRMBECORYV fusion protein variants.

Protein variant Km [NM] Keat [SY] Kead K [STUM Y
EcoRV C21S 4+1 0.218 + 0.004 54.25
scRM6 D54C-EcoRV C21S 11+£2 0.046 = 0.001 4.16
SCRM6 D54GL -EcoRV C21S 160 + 26 0.027 £ 0.002 0.17
ScRM6 D54GL na-EcoRV C21S 116 £ 21 0.024 = 0.002 0.20
ScRM6 D54GL )-EcoRV C21S 137 £ 19 0.022 £ 0.001 0.16
ScCRM6 D54GL v-EcoRV C21S 78 £ 14 0.03L + 0.002 0.40
SCRM6 D54GL (nasy-ECORV C21S 86 £ 13 0.039 + 0.002 0.46

The MichaelisMenten curves ifrigure 30 show that with increasingubstrate concen-
trationalso thevelocity of the clewvage reaction increaseg to achamacteristicmaximum
velocity (Vmay. The MichalissMenten parameterpresented inTable 24 show that all
ScCRMGERY fusion protein variants ke a reduced cleavage activitgrmpared to the
wild type EcoRV.The Ku of the variant wit theoriginal 15 aalinker (SCRM6 D54
EcoRV C25) is reduced by a factor of &hereaKw of the variants with the shorter
linkers was reduced by a factor between 2Q) @&nd 40 (k). Interestingly the keat is
reducedin a comparable mannéor all fusion protein variantdy a factor between 5
(scRM6 D54EcoRV C2B5) and 10(Lg). Whereaghe keafKm valueof the variant with
the original 15 aalinker is reduced by a factor of 18hekc.a/Km values of the variats
with the shorter linkerare reduced by &actorbetweenl 20 (Lnas) and340 (Lg).

3.1.3 Studying the spatial expansion via FRET

In order toresolvea rotational movement dfie SCRMEECcoORYV fusion proteirn single
molecule experimentst is of fundamental importance that the extension component
ScRM6 & stretched out as modeledRigure 24. Only whenthe distance between the
DNA axisand the fluorophore wufficiently large thetransversgosition of the fluores-
cent spotan be distinguisheid a rotational movemenideally this would mean thahe
extension component scRM6 pssitionedall perpendiculato the DNA axis Because
SCRMG6 is directly fused to the-N e r mi-helia 6f EacwRVit can be assumed thtite
spatial orientation of thedd e r mthalia (Figure31) determineshe spatial orientation

of the extension componesitc RM6, i f t he fusi on | -bedixds

t

0]

(
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A first analysis based on the-coystal structure of ECORV revealed that théekminal
o-helix is not maxinally stretchedut (or all perpendiculafyut rather directed wards
the DNA molecule from a top viewigure31a) and rather oriented upwards from a side

view (Figure31b).

Figure 31: Spatial orientation of the Nterminal U-helix of EcoRV. (a) Top view, (b) Side viewThe two subunits of
the homodimerigestriction enzymé&coRV are colored in red and gresespectivel(4RVE). The black dashed lines
indicate the position of the DNA and the black arrows indicate the poaitiduliection of the Nt e r miheliaes «a

To determine the spati@rientationof the extension component scRM6more detail

and b find out whether its stretchedut sufficiently a FRET analysis was performasl
described ir2.2.3.6 To this end different scRM6&6EcoRYV fusion gotein variantswere
randomlydoublelabeledwith donor and acceptor fluorophaaethesinglecysteine po-
sition at the outside of scRM#&nd the FRET efficiency was determinddhe rational
design & the FRET measurementsilisistratedin Figure32. Ideally theextension com-
ponent isstretchedout in a waythat the distance between thenor and the acceptor
fluorophoreis in the range 020 nm.Since energy transfer fronodor to acceptor fluor-
ophore can only take place if the distance is smaller than 10 nmxpleetation would

be that no FREBignal can be measureafl SCRM6 is stretched out sufficient(fFigure

32, middle). As positive controthe FRET efficiency has also been measured for the
doublelabeledsinglecysteine variant ECORV C21S N154Eidqure 32, left). Since the
distancebetween the two symmetry related cysteine residues in each subunit of the ho-
modimerc protein is smaller than 10 nm, a FRET sigtaduldbe measurable. As nega-
tive control,theFRET efficiency has also been measured for a 97 bp long DNA substrate,
doublelabeled at each terminal end with a donor an@cceptor fluorophore, respec-
tively (Figure32, right). Since the distance between the two terminal ends is larger than
10 nm, a FRET signal should not be measurable.
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scRM6 D54C-L,-EcoRV C21S

EcoRV C21S N154C / \
¢ 97 bp DNA substrate
\ /| i

35nm
No FRET signal

High FRET signal

>20 nm
Expectation: No FRET signal

Figure 32 Rational design of FRET measurements to study the spatialaggion of the fusion protein scRM6
EcoRV. Different protein variantand a DNA substrate were douliddeled with a donor (green sphere) and an accep-
tor (red sphere) fluorophore, respectively and the FRET efficiency was deterheftesingle cysteine veant ECORV
C21S N154The distance of donor and acceptor is < 10 nm and a FRET signal should be meaRiglablBNA
substrateThe distance of donor and acceptor is > 10 nm and a FRET signal sbbiddmeasurablédiddle: scRM6
EcoRV fusion proteirvariant The optimal orientation of the extension component scRM6 is indicated in dark grey,
other possible orientations are indicated in light giggpendenbn the spatial orientation, a FRET signal can be

measured or not.

The spatial expansioof the 9 bp DNA substrateEcoRV C21S N154C and different
ScCRMG6ECcoRYV fusion protein variants wasalyzed by diluting the doublabeled pro-

tein or DNA in buffer containing 5 mM Caglb result in a final concentration of 50 nM
(protein) or 25 nM (DNA. After excitation at470 nm the emission spectrum was rec-
orded normalized to the maximum donor fluorescence and the FRET efficiency was cal-
culated by dividing the fluorescence intépsf the acceptor at 664 nhy the fluores-
cence intasity of the donor at 520 nrin a control experiment, either a 16 bp or 60 bp
oligonucleotide was added to the doulalbeled protein in the cuvette and the measure-
ment was repeated. In a further control experiment, proteins labeled with only donor or
acceptor fluorophore were mixéal result a final concentration of 50 nM and the meas-
urement was repeatefepresentative emission spectra of the 97 bp DNA substrate (neg-
ative control), EcCORV C21S N154C (positive control) and the fusion protein variant
SCRM6 D54GL (nay—ECcORV C21S are stwn inFigure33, thecorrespondind-RET ef-

ficiency valueof all protein variantare summarized ifable25.
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1)
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normalized flucrescence

Figure 33: Emission spectra of doublabeledproteins or DNA molecules (a) Emission spectrum of the double
labeled 97 bp DNA substrafk) Emission spectrum of doublabeled EcoRV C21S N154(€) Emission spectrum of
doublelabeled fusion proteimariantscRM6 D54GL nay—EcoRV C21SSpectra were normalized tioe maximum of
donor fluorescencat 520 nm

The emission spectrum of the douldbeled 97 bp DNA substrate showsly one peak

at 520 nm(Figure33a) whereashie emission spectrum of the douldéeled protein var-
iant ECORV C213N154Cshowstwo peaksat 520 nm and 664 niffrigure 33b) with a
correspondindg-RET efficiencyof 0.23 + 0.01(Table25). Surprisingly also the double
labeled fusion protein variastRM6 D54CL na)-EcoRV C21S(Figure33c) as well as

all othe fusion protein variants shoan emission spectrum with two peaks at 520 nm
and 664 nmThe FRET efficiency valuesngefrom 0.17 £0.01for the variant ScCRM6
D54GLna-EcoRV C2130 0.28 +0.01for thevariant sScRM6 D54 -EcoRV C21S
(Table25). The addition of a 16 bp or 60 bp oligonucleotide to the delaleled protein
results in the same FRET efficiency as fordbeblelabeled protein alone (0.20 = 0.01).

The mixture of donor and acceptor only labeled proteins instead resaltSRET effi-
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ciency of 0.03wvhich islower thanthat of the doublkabeled proteinTable25).
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Table25: FRET efficiencies(E) of different doublelabeledprotein variants

Protein variant FRET efficiency (E)
97 bp DNA substrate 0.01
EcoRV C21S N154C 0.23+0.01
scRM6 D54GEcoRV C21S 0.20+0.01
+ 16 bp oligonucleotide 0.20+£0.01
+ 60 bp oligonucleotide 0.20+£0.01
Single labeled protein mix 0.03
scRM6 D54GL (g-EcoRV C21S 0.28 £0.01
scRM6 D54GL )-EcoRV C21S 0.22+0.01
scRM6 D54GL ny-EcoRV C21S 0.24 £0.01
sCRM6 D54GL na-EcoRV C21S 0.17£0.01
SCRM6 D54GL (nas)-ECORV C21S 0.21+0.01

3.1.4 Single-molecule experiments

To dgermine the onelimensional diffusion coefficient ({pof the fusion protein SCRM6
D54CEcoRV C21S and to verify a rotational movement by comparingith theoreti-
calmodels, singlemolecule experiments were performediascribedn 2.2.3.7 The de-
termination of D for the fusion proteinvas part of a study performed by Dikic et[80]
which can be considered as an extension of a study performed by Bo@héT7].

In the latterstudy, O was determined for EcoR¥bupledto differentfluorescent labels

of varyingsize Thefluorescentabel wa either a smabrganicfluorophore(Cy3B with

r = 0.5 nm) orasmall streptavidinorganic fluorophore conjugafeavCy3B withr = 2.1

nm) or alargequantum dot (QD655 with r = 15@m). All fluorescentiabels were at-
tached to the protein via a fldéke polyethylene glycol linkerin the study performed by
Dikic et al.[90] two furtherquantum dotsf varyingsizecoupledto EcoRV via a flexible
linker (QD605 with r = 10.0 nmuia a polyethylene glycol linkeaand QDEOG6 with r = 7.2

nm via the Nterminal polyhistidine tagand the fusion protein scRM6 D54ZoRV
C21S were investigatedhe special feature ofhie fusion proteins that it representa
conjugation strategy in which the fluorescent label (Cy3B) is coupled to EcoRV via a

rigid linker (scRM6) For two reasons SCRM6 can be considerealragd linker.
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On the one hand, scRM6 i©iramotetramer with a heptad sequence peéritydand forms

a stable coilegtoil structurg91], on the other hand scRM6 was directly fused via its C
t e r mi-helia to thea Nt e r mi-helix bf EaoRV, therBy forming an extendk - a
helix. The scRM6EcoRV fusion protein can therefore be modeled as EcoRV (with r =
3.9 nm) with two spherical labels (scRME/3B with r = 3.1 nm) rigidly attached the

enzyme.

Based orthe different conjugation strategi@texible or rigid linker) ad based on the
different types of motiorflinear diffusion or rotatiortoupled diffusion) 5 theoretical

modelshave beemstablished

(1) linear diffusion, rigid linker

(2) rotationcoupkd diffusion, rigid linker (one label)
(3) linear diffusion, flexible linker

(4) rotation-coyleddiffusion, flexible linker

(5) rotationcoupled diftision, rigid linker (two labe&)

To elucidate the type of motioof sScCRM6 D54CEcoRV C21$D; wasdeterminedn a
first step(seeFigure34a). Subsequentlythefriction coefficient( &wgs derivedrom Dy
using the StokeEinstein relationnormalized to that obtained witcoRV-Cy3B (con-
sidered as unlabeledjd plotted against the radius of the label tsgare34b). Finally,

the experinentd results were compared the heoretical models.
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Figure 34: Results of singlamolecule experiments(a) Meansquared displacement (MSD) of the fusion protein
scRM6 D54CGEcoRV C21SUpper: Longitudinalmeansquared displacemef(MSDXx). The onedimensional diffu-

sion coefficient () is derived from the slope of the curve using the relation slope = 2D. The dashed line indicates the
linear fit of the first five data pointé.ower: Transversal mansquared displacement (MSDy). (bgPendence of the
normalized friction coefficient on the label radilEsxperimental data are indicated in red. Theoretical data of five
different models are indicated by the green or black dashed lines (note that model 5 is the same as model 2 with two
labds). ECORYV is represented in magenta, the DNA in green and the label in offéiggees adopted fronj90]).

The onedimensionabiffusion coefficientof ScRM6 D54CEcoRV C21$ derived from
the longitudinal MSDFRigure34a),was found to b®: = 00024 um?s?, which is 4times
slower than theonedimensionaldiffusion coefficientfound for EcoRV labeled with
Cy3B (D1 = 0.01 pm?s?) [67]. Thenormalizedfriction coefficient showed aignificant
dependencen thelabel radiusThe experimentalatafor ECORV coupled to a fluorescent
label via a rigid linker (SCRM&y3B) are in agreement with mod@)), demonstrating
that the diffusiorof sScRM6 D54CEcoRV C21S is coupled to rotatigRigure 34b).
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3.2 Comparison of structurally different restriction enzymes

Proteinsthat have to locate their specific recognition site withihigh excess of nen
specific DNAdepend on particular mechanisms to find their tasgetfastenoughto

fulfil their biologicalfunction It could be showim singlemolecule experimen{$7] that
restriction enzymes stay in clsontact with the DNA while seaiidly for their recogni-

tion site,therebycomplementinghe 3Dsearch by a 1Bearch (sliding)lt would be
interesting to know whetheéhe mechanism of sliding is supportedthg structure of a
restrictionenzymeandwheter one can derive from the structure of a restriction enzyme

to what extent it can slide along the DNA.

Figure 35: Co-Crystal structures of structurally different typdP redriction enzymesn complex with specific DNA
(a) Pwill (1PVI), (b) EcoRV (4RVE) and (d¥soBI (1DC1).

To this end, e structurally different type IIP restriction enzymes PvidoRV and
BsoBl were compeed regardingther conformationof the apoenzyme and complex
with specific andhon-specificDNA aswell asin their ability to make use dfneardiffu-
sion to speed up target site locatiés it can be seen iRigure 35 that Pvull forms a
more opencomplex with DNA[35 whereaghe complexes oEcoRV[30] and BsoBI

[36] arepartially or fully closed, respeively.

3.2.1 Preparation of single-cysteine variants

In order to study the conformatiaf the structurally differentestriction enzymealone
or in complex with nosspecific or specific DNAy FRET measurements, the restriction
enzymes PvullEcoRV and BsoBlhad to be labeled specifically with fluorophores
(2.2.3.9. For this purposea singlecysteine residue had be introducedhto the protein

at a defined position. The position was chosen auegito the following criteria:
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i) no interference with the catalytic center of the restriction enzyme, ii) located at the
surface to be accessible, iii) optimal distance for FRET measurements (close to the Forster
radius (R) of theselectedRET-pair, see2.2.3.9 and iv)located at a region that is sup-
posed to move upon DNBinding (e.g. close to the DNBinding domain)The selected

positions for each restriction enzyme are showrigure36.
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Figure 36: Positions ofthe singlecysteine substitutionsrepresented in the corystal structure.(a) Pvull D125C,
(b) EcoRV D214C and (c) BsoBI A153C. Thmino acidesidueswhich were mutated to cysteine residaes indi-
cated inblue. The proteins were doubkbkled at the newly introduced cysteine residue avitbnor (green sphere)
andanacceptor (red sphere) fluorophore.

The plasmid containindne gene coding for the cysteifree variant oEcoRV andPvull
respectively, was used as a template anddsigeted mutagenesis was conducted as de-
scribed in2.2.2.6 The aspartic acigesidue at position 126 the Pvull restgtion enzyme

and the aspartic acigsidue at position 214 iime EcCORV resiction enzyme were ex-
changed forcysteineresidus and the success of the substitution was confirmed by se-
guencing. The single cysteine variant A153CQh&#BsoBI restriction enzyméad been

prepared by Jasmina Dikic [105].

3.2.1.1 Determination of binding and cleavage activity

To test whether #hbindingandcleavageactivity is impaired by the substitution, the ac-
tivity of the enzymevariantswas compared tthat ofthe wildtype enzyme. The cleavage
activity was tested as describeddr?2.2.13 The plasmid pATPEB o©ntains a single

recognition sie for Pvull and EcoRYV, therelilge conversion from supercoiled to linear-
ized plasmid is correlated with cleavage and can be detected on a gel. Theofekalts

activity assay are shown kigure37.
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Figure 37: Activity assayof wild type and singleysteine variant(a) Pvull wildtype (wt), (b) Pvull mutant D125C,
(c) EcoRVwild type, (d) EcoRV mutant D214@ifferent concentrations of enzymere incubated with 6 nM plasmid
DNA (pAT-PEB) and separated on a 0.8 % agarose gel. Gels were stainethvdithm bromide. M =marker Gene-
Ru | elkb™NA ladderFermentas)C = control (uncleaved), lin = linearized plasAltlA, sc = supercoiled plas-
mid-DNA.

It can be seefor all restriction enzymethat thehigher the concentration of the enzyme
the morelinearized plasmiDNA appears whilgehe supercoiled plasmiDNA disap-
pears.The activity assay showikat full cleavage occurs for witype Pvull at a concen-
tration of 24 pM (indicated by the red box). The mutant D125C of Pvull shows a negli-
gible lower aatity, since at a concentration of 24 pM a weak band for the supercoiled
plasmidDNA can still be seen. The witgipe EcoRV cleaves the plasiNA at a con-
centration of 100 pM completely. As for Pvull also the D214C mutant of ECORV shows
a negligible lowe activity than the wildype enzyme In summarythe singlecysteine
variants of EcCoRV and Pvull have a similar cleavage activity aswiid type enzyme

The cleavageactivity of BsoBlI A153C in comparison to the witgpe BsoBlhad been
determinedy Jasmina Dikid105]. Also in this case the substitution at position 153 did

not significantlyinfluence the activity.

3.2.1.2 Testing the accessibility of single-cysteine residues

To be accessible for labelinpe cysteine residue had to be introducedhe suréce of
the protein.Before labeling a protein with a fluorophore, the accessibility was tbgted
modifying the protein with polyethylene glyc@lPEG)as described in chapt2r2.2.14
Proteins were incubated wifPEG maleimideand analyzed on a SB®lyacrylamide
gel. The results of the PE@odification are shown iRigure38.
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Figure 38 PEG-modification of Pvull D125C and EcoRV D214GSinglecyskine variants were incubated with a
10-fold molar excess of PE@aleimide andinalyzedon a 15 % (Pvull) or 12 % (EcoRV) SB®lyacrylamide gel.
Gels were stined with Coomassie Brilliantl@e. M =marker(PageRulei™ Protein Ladder, Fermenfa€ = contrd
(unmodified), PEG = Polyethylenglyml. The blue haimoon represents one subunit of the protein, the black zigzag
chain represents one polyethylene glycol molecule.

Figure 38, left shows the results for Pvull D125C.single land below 20 kDa can be
seenin the second lan@hich corresponds to one subunit of Pvull D125C which has a
size of 18 kDa. The third and the fourth lane show an additional band between 25 and 30
kDa, whereas the intensity of the 18 kDa band decreasesdtiteonalband corresponds

to one subunit of Pvull modified with PEGhis bandis shifteddue to a highemass and
hydrodynamic radius of the proteiore proteinsaremodified after L { = 9 dom-%)
pared to after L mit = 7.3 %)

Figure38, rightshows the results for ECORV D214Csigle band below 30 kDa can be
seenin the second lanehich corresponds to one subunit of ECORV D214C which has a
size of 29 kDa. fe third and the fourth lane show an additional band below 40 kDa
whereaghe intensity of the 28Da band decreasefhe additionaband corresponds to
one subunit of EcoRV modified with PEGlightly more proteins are modified after 1 h
(= 85 %)Ytoabmparé min (= 80 %) .

3.2.1.3 Site-specific labeling of single-cysteine variants

To study the conformatiofat the entrance to the DNBinding site)of different typeIP
restriction enzymes ithe absence and presencsécific and notspecific DNA(3.2.2,
enzymedhad to be labeledith a donor(Cy3) andanacceptoCy5) fluorophore at the
singlecysteine residuén both— identical— subunits of the homodimeric proteira-
beling was performed randomly by incubating the girdiirst with donor andhen with

acceptoras described i2.2.3.4
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The acceptor was added mmolar excess in order to minimize the amount of proteins
labeled with donor fluorophorenly (in both subunits) The free fluorophore was re-
moved and the degree of labeling (DOL) was calculated as descrip&d3rb Thecal-
culatedlabeling degree ahedoublelabeledvariantsEcoRV D214C, Pvull D125C and
BsoBI A153 is shan in Table26.

Table26: Labeling degree for differentouble labeled protein variants

Protein Donor Acceptor DOL DOL DOL
monomer conc. conc. donor / ratio total
conc. acceptor

Pvull D125C 15,0 yM 3,1 uM 8,9 UM 21%/59% 2.8 80 %
EcoRV D214C 22,6 uM 5,9 uM 9,5 uM 26%/42% 1.6 68 %

BsoBIl A153C 11,9 uM 1,5 uM 52 uM 13%/44% 3.4 57 %

Each protein monomer carriege cysteine residudt can be seen that none of the-

teins is completely labeled. The total labeling deg#@L total) per subuniaries from
57 % for BsoBI, over 68 % for EcoRV to 80 % for Pvull. The amourofeinbound
acceptor fluorophore is always higher than the amount of donor fluoropiweatio

between the donor and the acceptor fluorophore varies between 1.6 ahke3plirity
of the labeled proteins antesuccess of thi@abelingreactionwas confirmed by SDS
PAGE. A representative gel is showrFigure39 for EcCORV D214C.

Figure 39: SDS-PAGE of single and double labeled EcoRV D214 eft: Proteins stained with Coomassie Brilliant
Blue. Right: Merged fluorescent image visualized with MersaDo¢™ Imaging System (BidRad) EcoRV D2UC
was either single labeled with Cy3 or Cy5 or double labeled with Cy3/Cy5. M = M&&geRuleM Protein Ladder,
Fermentas
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The gel showshat labeling was successful for ECORV D21&nilar results were ob-
tained for Pvull and BsoBlI)The green bandorresponds to the protein singbbeled

with Cy3, the red band c@sponds to the protein singhlbeled with Cy5 and the yel-
lowish band (merged from green and red) corresponds fwdbeindoublelabeled with

Cy3 and Cy5To test whether the bindingd cleavage activity is impaired by tagach-
mentof the fluorophoresthe activity of the enzyme variants was compared to that of the
wild type enzymen the same way as it has been describe®ldril.1 Also the labeled

protein variants showed a comparable actitatyheir wild-type enzymes.

3.2.2 Studying the conformation of structurally different restriction

enzymes

In order to find out which conformation the restrictienzymes EcoRV, Pvull and BsoBI
adopt while sliding alonghe DNA FRET measurements were perforni2®.3.9. Re-
striction endonucleases first bind nspecifically and move along the DN#olecule
before they bind spafically to their recognition site. Accordinglyhe conformatiorthe
enzyme adopts while bouma nonspecific DNA ispresumablythe confornation it uses

for sliding[29]. Only for the restriction enzymEcoRVall relevantcrystal structures are
available:the apoenzyme, the complex with specific and the complex wittspecific
DNA [30] (seeFigure 3). By comparing the crystal structurestbe specific and non
specific complex one can realize that BNA-bindingcleft of ECORV in complex with
specific DNA is more closed than in compl@ith nonspecific DNA similarly as it has
been reported for BamHR9]. This can also be derived by measuring the distance be-
tween the positions in which cysteine residues in each subunit of the homodimeric protein
had been introduce@eeTable 27). The dstance of thesymmetryrelated residues in
EcoRV at position 214 smallerin complex with specific DNAhan in comfex with
nonspecific DNA(48 A vs.57 A).

Table27: PDB codes of available crystal structures and distances* nfjk-cysteine residues.

Apoenzyme Non-specific complex Specific complex
EcoRV 1RVE (47 A) 2RVE (57 A) 4RVE (48A)
Pvull 1PVU (67 A) - 1PVI (48 A)
BsoBI - - 1DC1(70A)

*Distancesare indicated in green and weneasured fronthe SHgroup of thecystene resiluesat position
125 (Pvull), 214 (EcoRV) and 18BsoBl) in eachsubunitof the homodimer usintpe program PyMOL.
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For Pvull only the crystal structures of the apoenzyme anaddh®plex withspecific
DNA (seeFigure 4) andfor BsoBI only the crystal structure of themplex withspecific
DNA areavailable(seeFigure5). The structure of intergd.e. the structure of the non
specific complex is missing for bodnzymeskFor this reason, a compson between the
specific and the neapecific complex on the basisaflistance measurementhe crys-
tal structuresas described above for ECORY not possibleln order topredict the con-
formationof the enzyme inthe nonspecific complexthe exteh of DNA-binding cleft
openingwas studiedisingFRET. To this end a single cysteine residue was introduced
into a region close to the DNBinding domain. Preins were doublabeled at the de-
fined position with donor and acceptor fluorophore and the F&&diency wasdeter-
minedfor the apoenzyme, the complex witbn-specific anl the complex wittspecific

DNA (see2.2.3.6. The rational design of FREfieasuremenis shown inFigure40.

(a) (b)

Figure 40: Rational designof FRET measurements$o analyze the conformation of a restriction enzyn{a) The
restriction enzyme adopts éosed conformationtherebydonor (green sphere) and acceptor (red sphere) are close
together and theRET efficiency(E) is high.(b) The restriction enzyme adopts gomeaconformation, therebglonor

and acceptoaremore separated arlde FRET efficiencyE) is low.

The conformatiorof ECORV D214C Pvull D125Cand BsoBIA153Cwasanalyzd in
steadystateensemble measurements by mixing dodabkeked enzyme with either spe-
cific or nonspecificunlabeledDNA (seeTable14). Experiments were performew the

presence ogither C&* or Mg?*-ions or in the presence of EDTA.

Firstly, double labeled EcoRV D214C was diluted in buffer containing either 5 mM
CaCb, 10 mM MgCh or 1 mM EDTA toresult ina final proteinconcentration of 50 nM.
After excitation at 546 nm the emission spectrum was recdeseidsion spectrum of the
apoenzyme)Then a 2€fold molar excess of eithea specific ora nonspecific 16 bp

oligonucleotide was added to the cuvettd Hre measurement was repeated.
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As reference, the emission spectrum of donor only labeled EcoRV D214C was recorded.
Emission spectra weneormalized to the maximum donor fluorescence and the FRET
efficiency was calculated by dividing the fluorescence intensity of the acceptor at 666 nm
(A) by the fluorescence intensity of the donor at 546/Din
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Figure 41: Emission spectra of doublabeled EcoRV D214(a) Conformational changes in the presence of £aCl
(b) Conformational changes in the presence of M¢€)I Conformational changes in the presence of EDTA. Donor
only lakeled enzyme (grey line), doublegbekedapoenzyméblack ine),doublelabeled specificomplex(green ling,

doublelabeled norspecific compleXorange line) Spectra were normalized to the maximum of donor fluorescence.

The emission spectra show that in the presence dfi@as the additin of the specific

DNA causes an increase in theceptorsignal, which reflects a movement of the two
fluorophoes towards each oth@figure41a). In contrast, the addition of the nepecific

DNA causes a decrease in thecepor signal, which reflect@a movement of the two
fluorophoes away from each other. This shows that the conformation of EcoRV bound
to specific DNA is more closed compared to that of the apoenzyme and that the confor-
mation of ECORV bound to nespecific DNAis more open than that of the apoenzyme
and that of EcoRV bound to specific DNA
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In the presence of Mgrions the addition of the specific DNA causedy a slight in-
creasean the acceptorsignal (Figure41b). Because most of theNA is cleaved in the
presence of Mgj-ions, only the free enzyme can be deteclénk addition of the nen
specific DNA in the presence of Migions causes a slight decrease indbeeptosignal.
In the presence of EDTA the addition of either specifinanspecific DNA causes only

a slight increase and decreaséhimacceptoisignal, respectivel{Figure4ic).

Table28 FRET efficiencies(E) of doublelabeledEcoRV D214

Metal ion Protein status FRET efficiency (E)
Apoenzyme 0.37 £0.02
ca*
Specific complex 0.46 £ 0.00
Apoenzyme 0.31+£0.01
M92+
Specific complex 0.33+0.01
Apoenzyme 0.30+ 0.00
EDTA
Specific complex 0.33+0.01

0,5

—— Apoenzyme
——— Cognate DNA
Noncognate DNA

Mg EDTA

Figure 42: FRET efficiencies(E) of doublelabeledEcoRV D214 Doublelabeledapoenzymdblack bar), addition
of specific 16 bp oligonucleotide (green bar), addition of nonspecific 16 bp oligotideléorange bar)The FRET
efficiency (A/D) was calculated by dividing tmeaximumfluorescencef the acceptorsignalat 666 nm(A) by the
maximumfluorescencef the donor signait 564 nm(D). The error bars refer to two (specific, rgpecific complg)

and four (apoenzyme) independent experiments.

The calculated FRET efficienciesmre summarized iffable 28 andFigure42. It can be
seen that the complex with specific DNA has alwaysgghdr FRET efficiency than the
complex with norspecific DNA which means that the specific complex is more closed

than the nosspecific complex.
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This effect is most prominent in the presence of*@ans (0.46 vs. 0.32)The FRET
efficiency of the apoenzye is always between thattbecomplex with specific and nen
specific DNA. It can also be seen that the presence of different divalent metal ions has an
influence on the conformation of the apoenzyme. In the presencé'ab8athe RET
efficiency of he apoenzymés higher than in the presence of #dpns or EDTA(0.37

vs. 0.31 and 0.303hus the apoenzymba®ws a more closed conformation in the presence

of C&*-ions.

Secondly, doublelabeled Pvull D125C was diluted in buffer containing either 5 mM
CaCk, 10 mM MgCh or 1 mM EDTA toresult ina final proteinconcentration of 50 nM.
After excitation at 546 nm the emission spectrum was recorded. Thenfald @Xcess

of either the specific or nespecific 16 bpligonucleotide was added to the cuvettel

the measurement was repeated. As reference, the emission spectrum of donbelaady la
Pvull D125C was recorded.
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Figure 43: Emission spectra of doublabeled Pvull D125CFor detailssee legendb Figure4l.
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The emission spectra show that in the presence dfi@as the addition of the specific
and the nosspecific DNA causes an increase in #exeptorsignal, which reflects a
movement of the two fluorophes towards eachtber (Figure43a). This effect is more
pronouncedin the presence of specific DNA. It shows that the conformation of Pvull
bound to norspecific DNA is more closed compared to that of the apoenzyme and that
the conformation of Putlibound to specific DNA isagainmore closed than that of the
apoenzyme and that of the nspecific complex. In the presence of #pns the addi-

tion of the specific DNA causesly a slight increasm theacceptosignal(Figure43b).

The addition of the nespecific DNA in the presence of Mligions induceno changen

the acceptorsignal. In the presence of EDTA the addition of speafd norspecific

DNA causes only a sliglmcrease or nchangdn theacceptorsignal(Figure43c).

Table29: FRET efficiencies(E) of doublelabeledPvull D125C.

Metal ion Protein status FRET efficiency (E)
Apoenzyme 0.61+£0.01
ca*
Specific complex 1.12 £ 001
Apoenzyme 0.57£0.01
Mg?*
Specific complex 0.60 £ 0.01
Apoenzyme 0.60 £ 0.02
EDTA
Specific complex 0.65+0.01

Apoenzyme
—— Cognate DNA
Noncognate DNA

Ca Mg EDTA

Figure 44: FRET efficiencies(E) of doublelabeledPvull D125C. Doublelabeledapoenzyméblack bar), addition
of specific 16 bp oligonucleotide (green bar), addition of nonspecific 16 bp oligonucleotide (ocrangdhedfRET
efficiency (A/D) was calculated by dividing thmaximum fluorescence ahe acceptorsignal at 666 nm (A) by the
maximum fluorescence of the donor signal at 564 nmTb¢ error bars refer to two (specific, rgpecific complex)

and four (apoenzyme) independent experiments.
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The calculated FRET efficienci@se summarized iffable29 and Figure44. It can be

seen thathe complex with specific DNAas always a higher FRET efficiency than the
complex with norspecific DNA which means that the specific compisxnore closed

than the norspecific complexThis effect is most prominent in the presence of @ms

(1.12 vs. 0.74)The FRET efficiency of the apoenzyme is always smallerttiatrofthe
complex with specific DNA and smaller identicalwith that d the complex with non
specific DNA. It can also be seen that the presence of different divalent metal ions has no
influence on the conformation of the apoenzyme, because the FRET efficiereaylis
identicalunder all condition$0.61, 0.57 and 0.60)

Thirdly, double labeled BsoBI A153C was diluted in buffer containing either 5 mM
CaCb, 10 mM MgCb or 1 mM EDTA toresult ina final proteinconcentration of 50 nM.
After excitation at 546 nm the emission spectrum was recorded. Thefolal 2&cess of
either the specific or neapecific 16 bmligonucleotide was added to the cuvette and the
measurement was repeated. As reference, the emission spectrum of dondoedety la
BsoBl A153C was recorded.
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Figure 45: Emission spetra of double labeled BsoBI A153Cor details see legend Fagure41.
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The emission spectra show that in the presence dfi@as the addition of the specific
DNA causes a decrease in theceptorsignal, whichreflects a movement of the two
fluorophoresaway from each othgFigure 45a). In contrast, the addition of the non
specific DNA does not induce a change indleeptorsignal. Thismpliesthat the con-
formation of BsoBI bound tepecific DNA is apparently more open compared to that of
the apoenzyme and that the conformation of BsoBI bound tepecific DNA is iden-
tical to that of the apoenzyme. In the presence of*Nus the addition of the specific
and the norspecificDNA causes only a slight decrease in #ueeptorsignal, respec-

tively (Figure45b). The same could be observed in the presence of EPigre45c).

Table30: FRET efficiencies(E) of doublelabeledBsoBl A153C.

Metal ion Protein status FRET efficiency (E)
Apoenzyme 1.10 £ 0.06
ca*
Specific complex 0.82 +0.01
Apoenzyme 0.82 + 0.07
MgZ+
Specific complex 0.76 + 0.06
Apoenzyme 0.80 £ 0.07
EDTA
Specific complex 0.77 £ 0.03

Apoenzyme
—— Cognate DNA
Noncognate DNA

+

Mg EDTA

Figure 46. FRET efficiencies(E) of doublelabeledBsoBI A153C.Double labelecdipoenzyméblack bar), addition

of specific 16 bp oligondeotide (green bar), addition of nonspecific 16 bp oligonucleotide (orangeTharFRET
efficiency (A/D) was calculated by dividing thmaximum fluorescence of theeceptorsignal at 666 nm (A) by the
maximum fluorescence of the donor signal at 564 njnTbe error bars refer to three (specific, nonspecific complex)

and six (apoenzyme) independent experiments.
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The calculated FRET efficiencies are summariredable 30 andFigure 46. It can be

seen that the complex with specific DNA has always a lower FRET efficiency than the
complex with norspecific DNA which means that the specific complex is apparently
more open than the napecific complexsee discussionYhis effect is most proment

in the presence of €aions (0.82 vs. 1.10)The FRET efficiency of the apoenzyme is
identicalor slightly higherthanthat ofthe complex with norspecific DNA and higher

than that othe complex with specific DNA. It can also be seen that thegmess of dif-

ferent divalent metal ions has an influence on the conformation of the apoenzyme. In the
presence of C&ions the FRET efficiency of the apoenzyme is higher than in the pres-
ence of M@*-ions or EDTA(1.10 vs. 0.82 and 0.80Ghus the apoenzynshows a more

closed conformatiom the presence of €sions,

Because the addition of the specific and-gpacific DNAIn the presence of Mgrions

and EDTAdIid nat lead to a pronounced change inalceeptosignal, the binding affinity

to these subsites was investigadl. The aim wat ensure that the amouritDNA sub-
strate usedh the FRET experimented to bindingand that the absence of a change in
the acceptorsignal was not due to ndrinding. The DNA-binding activity of Pvull
D125C, EcoRV D24C and BsoBI A153 was testading fluorescence anisotropy meas-
urementsas described inohapter2.2.3.1 The protein was titratedith either a specific or
anonspecific 16 bp ol i genduvththeHEKX-fludrephore(2ab el e d
nM). The sequence of these oligonucleotitlas beendentical to that of the unlabeled
oligonucleotides added the FRET experimentslhe binding was testad the presence

of different divalent metal ion€6 mM CaC} or 10 mM MgCb) and in the presence of
EDTA. WhereasCa*-ions support specific bindingut no cleavageylg?*-ions support
specific bindingandcleavage of the DNA substrafhus the combinatiorof specific
oligonucleotide andvg?*-ions was not investigatedRepresentative binding curves are
shown inFigure47 for Pvull D125C, EcoRV D214C and BsoBI A153C in the presence
of nonspecific DNA and buffer containing 10 mM MgCIThe dissociation constants

(Kp) aresummarized ifTable31for different substrates and different divalent metal ions.
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Table31: Kp values forPvull D125C,EcoRV D214Cand BsoBI A153C.

Sequence Metal ion Kb
5 ‘GTCCCCAGCTGACCTA-3' cat 54 + 7nM
Pvull (specifig EDTA 492 + 49 nM
D125C 5 -‘GTCCGGTCGACACCTA-3' ca* 169+ 9 nM
(nonspecific) EDTA 605+ 13 nM
Mg?* 2.0+01 M
5 ‘CAGACGATATC CGTAC-3' ca* 21+4nM
EcoRV (specifig EDTA 32+£3nM
D214C 5 :CAGACCTATAG CGTAC3 "’ ca* 17+4 M
(nonspecific) EDTA 306 nM
Mg?* 69 + 8nM
5 ‘CGTTCCTCGAGACATC-3' ca* 52 +5nM
BsoBI (specific) EDTA 99 + 6nM
A153C 5-CGTTGGAGCTCACATC -3’ ca* 62 +2 nM
(nonspecific) EDTA 146 £ 7 nM
Mg?* 374 + 42nM
(a) EcoRV D214C (b) 0,24 - Pvull D125C
0.20 - + nonspecific DNA + nonspecific DNA 7_7_+
| +MgCl, +MgCl, s .
0,20 | T o
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Figure 47. Determination ofbinding affinity to non-specific DNA in the presence of Mgtions. (a) EcoRV D214C,
(b) Pvull D125C and (c) BsoBI A153Che anisotropy was measurfet different protein concentrationé. simple
bimolecular binding modetas fittedby nonlinear regressioto the data pointsThe results are the average of at least

three independent experiments.
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The binding curves iRkigure47 show that with increasing protein concentrations also the
anisotropy increasesydicative ofbinding of the potein to the DNA. Th&p-values pre-
sented inTable31 show a broad distribution, from the low nanomolar range (17 nM) to
the low micromolar range (2 uMT.he highest affinities to the specific and rapecific
DNA couldbe foundin the presence of €aions. The absence of divalent metal ions as

well as the presence of Klgionsdecreasethe binding affinity.

In order tofinally evaluate the extent of DNBinding cleft opening in the nespecific
complex,the corrected FRET efiiencies (o) were calculate@for the C&* conditions

only) as described in chapt212.3.6 The resultsre presented ifiable32. The corrected
valuestake into consideration that the acceptonalgat 666 nm is not only caused by
energy transfer from the donor to the acceptor fluorophore but to a certain extent also by
direct excitation of the acceptor fluorophore and signal bleed through from the donor

fluorophore.

Table32: Corrected FRET efficiencies (&r) in the presence of Cé-ions

Restriction enzyme Protein status FRET efficiency (Ecor)

Pvull Apoenzyme 0.22£0.01
D125C

Specific complex 0.59 + 0.00
EcoRV Apoenzyme 0.19£0.02
D214C

Specific complex 0.26 + 0.00
BsoBI Apoenzyme 0.46 £ 0.04
A153C

Specific complex 0.26 = 0.00

It can be seen that the corrected FREficiencies(Ecor) are in total lower than the un-
corrected FRET efficiencies (EyeeTable 28, Table 29 and Table 30). However, he
proportions between apoenzyme, rgpecific and specific proteiDNA complex are

maintained.
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3.2.3 Studying linear diffusion of structurally different restriction

enzymes

To find out to which extenthe structurally differentestriction enzymes EcoRV, Pvull
and BsoBI make use of liner diffusipa competitive cleavage asg@y2.3.3 was em-
ployed[31,44,45]. In this assay a sint oligonucleotidas cleaved in competition with a
long PCR fragment. The oligonucleotide is too shosugportiinear diffusionto signif-
icant extentThe PCR fragmeatin contrasarelong enough to allowhe enzyme sliding
along the DNA which will aceleratdargetsite locatiorand speed up cleavadg&ince the
specific recognition site is embedded in an identical sequence cahtixences in the
cleavage ratesf theoligonucleotideand thePCRfragmentcan onlybe due to the differ-
ent lengthof the two substrates and a@@lated with linear diffusiofd5]. The ratio of
the cleavage ratg&iong/kshor) IS @ measure dhe ability of the enzyme to make use of
linear diffusionand allows comparing different restion enzymesThe rational design
of the competitive cleavage assay is showhigure48.

1D diffusion

(a) 2 (b)

) ) 3D diffusion
3D diffusion
26 mer 958 mer
Oligonucleotide PCR fragment

Figure 48: Rational design of the ampetitive cleavage assd) The target sitéblackbar) on the short ajonucleo-
ti d e-labelBd with Atto647Nred dot)can only be reached directly from solution (3D diffusion). (b) The tasige
on the | ong +eRdith AtgdBBe(green dathn be reached either directly from solution (3D diffu-
sion) or afer nonspecific binding and subsequent sliding along the DNA (1D diffusighich accelerates the location

of the target siteRestriction enzymes and DNA fragments are not drawn to scale.
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3.2.3.1 Substrate length dependence of linear diffusion

In the first s€of experiments, thédependence dhe cleavage rate rat{&ongkshor) 0N the
substratdength was investigated. For that purpose, a 26mer oligonucleotide was cleaved
in competition with a PCR fragment of 153, 498, 958 or 1488 bp in leRgtltontrol

the 26mer was also cleaved in competition with another 26mer.

600 pM of eachrestriction enzymewere incubated together wit20 nM of the 5 -
Atto647N-labeledoligonucleotide an@0 nMof one of theés “Atto488labeledPCR frag-
ments After appropriate tira intervals, samples were withdrawn amhlyzedon a de-
naturing polyacrylamide g€P.2.2.]). Fluorescent bands were quéietl, the amount of
substrate cleavage was plotted against the time and cleavagef idgeshorioligonu-

cleotide(kshor) @and the lond®CR fragmen(kiong) were determined independently.

The results of the substrate length dependence of linear diffusion are shegurev9

for EcoRV D214C, inFigure50 for Pvull D125C and irFigure 51 for BsoBI A153C,
respectively. On the polyacrylamide gels, it can be seen that the substrate bands for the
26 bp fragment labeled with Atto647N (red fluorescence) and for the 26, 153, 498, 958
and 1488 bp fragments labeled with Atto488 (green fluorescence) disappear over time,
whereas the product bands of a 10 bp fragment (in case of EcoRV and Pvull) or 8 bp
fragment (in case of BsoBI) appear over time. Although the cleavage products of the short
and the long fragment have the same size, they run with different velocity through the
gel, which can be attributed to the different fluorophores. It can also be seen that the PCR
fragments were cleaved almost completely {9% %) whereas the 26 bp adigucleo-

tides were cleaved only by 4070 %, which can be attributed to the synthetic nature of
short oligonucleotides. The cleavage rates for the long PCR fragment and the short oli-
gonucleotide as well as their ratidso{ykshor) and their sumkota) are summarized in

Table 33 for EcoRV D214C, inTable 34 for Pvull D125C and inrable 35 for BsoBI
A153C, respectively.
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Table 33 Cleavage rates oflifferent PCRfragments (kiong) and the 26mer oligonucleotide(kshort), their ratio
(Kiong/Kshort) @and their sum (lota) for the restriction enzym&coRV D214C

Kiong [min] Kshort [min™] Kiong/Kshort Keotal [Min™]
26 bp 0.40 + 002 0.38 + 005 1.05 0.78
153bp  0.306+ 0.005 0.16 + 005 1.87 0.47
498 bp 0217+ 0005 0.078 + 0003 278 0.295
958 bp  0.123+0.004 0.040 + 0005 3.08 0.163
1488 bp 0.095+ 0.002 0.031 + Q003 3.06 0.126

Table 34: Cleavage rates oflifferent PCRfragments (kng) and the 26mer oligonucleotide(kshort), their ratio
(kiong/kshort) @and their sum (ktal) for the restriction enzym@vull D125C.

Kiong [Min™] Kshort [min"] Kiong/Kshort Kiotal [mMin™]
26 bp 1.01 + 006 0.95 + 003 1.06 1.96
153 bp 0.44 + 006 0.33 £ 004 133 0.77
498 bp 0.34 + 001 0.22 £ 003 155 0.56
958 bp 0.33 £ 002 0.19 £ 002 174 0.52
1488 bp 0.24 + 002 0.14 £ 001 171 0.38

Table 35: Cleavage rates oflifferent PCRfragments (kong) and the 26mer oligonucleotide(kshort), their ratio
(Kiong/Kshort) @and their sum (ktal) for the restriction enzym@&soBI A153C

Kiong [Min™] Kshort [min] kiong/Kshort Keotal [Min™]
26 bp 0.99 + 009 1.02 + 004 097 2.01
153 bp 0.71 + Q04 0.27 £ 003 263 0.98
498 bp 0.50 + 003 0.109 + 0008 459 0.609
958 bp 0.33+ 002 0.057 + 0004 5.79 0.387
1488 bp 0.26 + 001 0.039 + 0003 6.67 0.299

It can be seefor all restriction enzymethat the cleavage rates of the PCR fragment
(kiong) @and the oligonucleotidekdor) decrease with increasing length of the PCR frag-
ment. The effect is more pronounced for the short oligonucleo@idmsequently, also

the sum of the cleavage rat&si{) decreases with increasing length of the PCR fragment.

In contrast the ratio of the cleavage ratesdkshor) increases with increasing length of

the PCR fragment. Furthermore the cleavage of the long PCR fragment is always faster
than the cleavagofthe short oligonucleotidevhereas thdifferently labeled 26mers are
cleaved with the same rate
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The dependencef the cleavage rate ratio&ongkshor) ON the substrate length again
summarized irFigure 52. For each substta length,BsoBI A153C shows the highest
ratio of kiong/kshor, ECORV D214C the second highest ratidgfykshorrandPvull D125C

shows the lowest ratiof kiong/Kshort

7| —®—Puwull
—@— EcoRV
gl —&—BsoBl

/kshcrl
o

long
RN
.

0 I 500 ‘ 1000 ' 1500 I 2000
substrate length [bp]

Figure 52 Length dependencef DNA cleavage ratesThe relative rates of cleavag&dugkshor) of the long PCR
fragmentand the short 26mer oligonucleotide were determined in competiamage experimentsr BsoBIA153C
( A), BDRld@R Ve ) a nDhil25E(v majhdplotted versus the substrate lendilartoons of the carystal struc-
tures in complex with specific DNA are depicted on the rigBiC1 (BsoBl) 4RVE (EcoRV) and 1PVI (Pvull)

The experiments above showed thapacific recognition site on a long PCR fragment
is cleaved much faster than on a short oligonucleotide. fimrtherexperimentit was
thereforetestedwhether this effect can be prevented by fragmentation of the long PCR
fragment prior to the competitvcleavage reactiosjmilarly asdescribedoy Ehbrecht

et al [40]. This procedure has the\antage that the same amount of unspecific DNA is
present in the reactianixture The experimental design is illustratedrigure53.

26mer 19mer
+ Haelll "
) o v v A o
Linear Diffusion o Linear Diffusion
possible S Ve N\ not possible
N\ S
958mer 19mer

Figure 53: Experimental design to preveninlear dffusion. The Zmeroligonucleotide containing onélaelll recog-
nition site(GGCC) and the 958m&CR fragmentcontaining 1Haelll recognition siteswere predigested with Haelll
resulting in two 19mergachcontaining thespecific recognition site for either ECORWRI or BsoBlI (black barjand

car ry tAttop47i(red)o r -A%o488(green)modification respectively (DNA fagments are not drawn to scale)
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For that purpos, a mixture of the26mer oligonucleotide antie 958mer PCR fragment
have beerligested withthe 4 bp cutter Haelllwhich produceswo 19mersragments
(which harbor the recognition site andrry twodifferent fluorescent labeland twelve
other fragmentsanging from 7— 234 bp in sizeSubsequently, théigested fragments

were cleaved in congpition as described above.
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Figure 54: Preventinglinear diffusion by destroying the continuity of the DNA double strantl h e -At®647N-
labeled26meroligonucleotidea n d  tAltol88-Ebeled958merPCR fragmentwere predigested with Haelll and
subsequently cleaved in competition by (a) EcoB214C (b) PvullD125Cand (c) BsoBIA153C. Left: Merged
fluorescent images of the polyacrylamide gel (red = Atto647N, green = Atto488, C = uncleaved doigtrolime
course of the competitive cleavage of the predige35&mnerPCR fragment (green) and 26mer oligonucleotide (red).

Data points are the average of at least three independent experiments and a single exponentialdsifittézhto the
data

Figure54 shows the results of the competitive cleavage assay after digestion with Haelll.
On the polyacryl amide gel ,-Atto488labaled 948bp s e e n
fragment (green fluorescence) is no longer preserft,er eas t he dbband f

Atto647N-labeled 26 bp fragment (red fluorescence) is barely recognizable.
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This shows that the pi@igestion with Haelll has been completed for the 958 bp fragment
and almost completed for the 26 bp fragment. Instead, two ft@dppents (red and green
fluorescence) became visible on the gel. The substrate bands of these two 19 bp fragments
disappear over time, whereas the product bands of a 10 bp fragment (in case of ECORV
and Pvull) or 8 bp fragment (in case of BsoBI) appear time. The cleavage rates for

the predigested (pd) long PCR fragment and the predigested short oligonucleotide as well

as their ratioskong(pdfKshortpd) @and their sumkiotaipd)) are summarized ifiable 36.

Table36: Cleavage rates of the predigested 958mer Pie&gment (Kiong(pa)) and the predigested 26mer oligonucle-

otide (Kshortpa)), their ratio (KiongpdyKshortpd)) @and their sum(Kuotaipay) for different restriction enzymes.

Enzyme Kiong(pa [ Min] Kshortpd) [Min] Kiong(pd Kshor(pd) Keotal(pd) [Min™]
EcoRV D214C 0.049 £ 0001 0.048 £ 0002 1.02 0.097
Pvull D125C 0.12 £+ 001 0.12 £+ 001 1.00 0.24
BsoBI A153C 0.161 £ 0007 0.150 £ 0002 1.07 0.311

It can be seen th#ttepredigestedong and shorfragmentsverecleaved withalmostthe
samerate consequentlyhe ratioof the cleavage ratéRiongpdyKshor(pd)) becamel. With-
outpre-digestionthelong PCR fragment was cleaved much faster than the short oligonu-
cleotide(seeTable 33 for EcoRV, Table 34 for Pvull and Table 35 for BsoB|, respec-
tively). By comparing the cleavage ratefthe substratesith and without preadigestion,

one can realizéhatthe preigested PCR fragments were cleaved much slower than the
undigested PCR fragmentaterestingly the predigested oligonucleotides were either
cleaved with approximately the sama#eas the undigested oligonucleotides in case of
EcoRV (0.048 + 0.002mint vs. 0.040 + 0.005min™Y) and Pvull(0.12 + 0.01min? vs.

0.19 + 0.02minY) or they were cleaved-tBimes faster in case of BsoB).150 + 0.002
min?t vs. 0.057 + 0.004nin™). Also the total cleavage ratésofipd) of the predigested
fragments were fand to be slower compared to the undigested fragments

3.2.3.2 Salt dependence of linear diffusion

In asecondset of experiments, the dependence ofctkavage rate ratid&iong/Kshor) 0N
the salt concentration was investigated. For that pur@o2émer oligmucleotide vas
cleaved in competition with 958merPCR fragnent in the presence of eith2d mM,
100mM or 200 mM NaClThe assay was carried out as described above.
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Figure 55: Salt dependencéor DNA cleavage byEcoRV D214CC 1| e a v a g-Atto@TN 268mebiri competition

wi t h-Ate48%958mer in the psence of (a) 20 mM NacCl, (b) 100 mM NaCl and2@0 mM NaCl.Left: Merged
fluorescent images of the polyacrylamide gel (red = Atto647N, green =8&t@%= uncleaved controlRight: Time

course of the competitive cleavage of the long PCR fragment (green) and the short 26mer oligonucleotide (red). Data

points are the average of at least three independent experimeatsiagk exponential functiomasfitted tothe data

Table 37: Cleavage rates of the 958mer P@Rigment (kong) and the 26mer oligonucleotidgkshor), their ratio
(kiong/kshort) @nd their sum (kotal) for the restriction enzyme EcoRV D214@der different NaC concentrations.

[NacCl] Kiong [MinY] Kshort [Min~] Kiong/Kshort Kiotal [MiNY]
20 mMm 0.197+ 0.006 0.056+ 0.005 3.52 0.253
50 mM* 0.123 £ Q004 0.040 + Q005 3.08 0.163
100 mM 0.294 + Q005 0.109 + Q008 2.70 0.403
200 mM 0.266 + Q004 0.134 + Q007 1.99 0.400

*Results for 50 mM NaCl were taken frofable33.
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Figure 56: Salt dependenctor DNA cleavage byvull D125C. For details sekegend tarigure55.

Table 38: Cleavage rates of the 958mer PdRgment (Kong) and the 26mer oligonucleotiddkshort), their ratio

(kiong/kshort) @and their sum (ktal) for the restriction enzyme Pvull D125Gnder different salt concentrations.

[NaCl] Kiong [Min™] Kshort [Min"] Kiong/Kshort Kiotal [mMin™]
20 mM 0.328+ 0.007 0.13+0.01 2.52 0.341
50 mM* 0.33 +002 0.19 £ 002 174 0.52
100 mM 0.234 + 0005 0.134+ 0.009 1.75 0.368
200 mM 0.082 + Q004 0.048 + Q003 171 0.130

*Results for 50 mM NaCl were taken frohable34.
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Figure 57: Salt dependenctor DNA cleavage byBsoBI A153C.For details sekegend taFigure55.

Table 39: Cleavage rates of the 958mer PdRgment (Kong) and the 26mer oligonucleotiddkshort), their ratio

(kiong/kshort) @nd their sum (ktal) for the restriction enzyme 8Bl A153Cunder different salt concentrations.

[NaCl] Kiong [Min™] Kshort [Min] Kiong/Kshort Kiotal [MinY]
20 mM 0.33+0.01 0.089 + 0.007 3.73 0.419
50 mM* 0.33+0.02 0.057 + 0.004 5.79 0.387
100 mM 0.262 + 0.008 0.050 + 0.003 5.24 0.312
200 mM 0.0112 + 0.0005 0.0065 + 0.0003 1.72 0.0177

*Results for 50 mM NaCl were taken frohable35.
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The results of thealt dependence of linear diffusiane shown irFigure55 for ECORV
D214C, inFigure56 for Pvull D125C and irFigure57 for BsoBI A153C Explanations

of the images and graphan be found ifrigure49. The cleavage rates for the long PCR
fragmentand the short oligonucleotide as well as their rati@sglishor) and their sum
(kiotar) @re shown ifTable 37 for EcoRV D214C in Table 38 for Pvull D125Cand in
Table39for BsoBIA153C, respectively.

For EcoRV D214C it can be seen that the cleavage rate of the 93&mgrfi(st de-
creasedthen increasedndthenagainslightly decreasgwith increasingNaCl concen-
tration. The cleavage raté the26mer(kshor) first deceased slightly and thencrease
with increasingNaCl concentrationThe total velocity Kota)) Showed the same trend as
for the 958merin contrast the ratio of the cleavage ratesdkshor) continuously de-

creasedvith increasingNaCl concentratiorirom 3.52to 1.99.

For Pvull D125C it can be seen that the cleavage rate of the 99&mgfi(st remained

the same and then decreased with incredsa@ concentration. The cleavage rate of the
26mer kshory first increased and then decreased witli@asingNaCl concentrationThe

total velocity kwota) Showed the same trend as for the 26mer. In contrast the ratio of the
cleavage rateskigng/ksnory first decreaseérom 2.52 to 1.74y increasing théNaCl con-
centration from 20 mM to 50 mleind remaned at the almost the same valudiedy/Kshort

even after a further increase of thaCl concentration up to 200 mM.

For BsoBI A153C it can be seen that the cleavage rate of the 99&mgfi(st remained

the same and then decreased with incredsa@ concentration. The cleavage rate of the
26mer kshor) continuouslydecreased with increasidpCl concentrationThe total ve-

locity (kiotar) Showed the same trend as for the 26mer. In contrast the ratio of the cleavage
rates Kiong/kshor) first increased from 3.73 to 5.8 increasing the NaCl concentration
from 20 mM to 50 mM and then slightly decreagggl/kshort to 5.24 at d&NaCl concen-

tration of 100 mMA further increase of the NaCl concentration up to 200 mM consider-
ably decreaselong/kshat 10 1.72.

The dpendencef the cleavage rate ratidsogg/kshor) 0N the NaCl concentration is again

summarized ifFigure58.
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Figure 58: Salt dependencef DNA cleavage ratesThe relative rates of@avage Kiong/kshor) 0f the958 bplong PCR
fragment and the short 26 lopl i gonucl eoti de were determined in competit
( win) the presence of different salt concentratiand plotted versus tiéaCl-concentration.

3.2.3.3  Structure dependence of linear diffusion

In a third set of experimentthie dependence of the cleavage rate rakigg/ksnor) On the
structurewas studied by comparing enzymes in which a defined structural change had
been introduced (sdeigure59). A large structural change that increases the size of a
protein was introduced by fusing EcoRV with thengated protein scRM6 (s&el and
Figure24). A small structural changedbaffects the geometry of the DNBinding cleft

was introducedh scPvullby connectinghe two identical subunits of Pvulith a short
peptide[93].

scRM6-EcoRV scPvull

Figure 59: Comparison of different crystal structure&coRV (a) has a compact globular structure compared to the

fusion protein(b), consisting of sScRM6 and EcoRV, which has an elongated shape (model based on the structures of
EcoRV and scRM6)The conformation of Pvull (c) is more open than the structure of scPvulCfgstal structures

were 1RVE for EcoRYV, 1PVU for Pvull and 3KSK for scPvull. Since the crystal structure of sSERM6 RV doesn’ t
exist, it was modeled with thérgctures of EcoRV (1RVE) and scRM6 (1QX8).
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For that purpose, a 26mer oligonucleotide wlaaved in competition with@8merPCR

fragment by scRMd&coRV C21Sor scPvull. The assay was carried out as described

abovewith the exception that of scRMBcoRV C21S10 nM instead of 600 pM were

used(attributed to the lower activity of the fusion protein)
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Figure 60: Structure dependenc&€€| eav ag-8t 066 478’ 26 mer

scRVI6-EcoRV C21Sand (b) scPvullLeft: Merged fluorescent images of the polyacrylamide gel (red = Atto647N,
green = Atto488, C = uncleaved contrdRight: Time course of the competitive cleavage of the long PCR fragment

(green) and the short 26mer oligoreatide (redl. Data points are the average of at least three independent experiments

and were fitted to a single exponential function.
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The results of the competitive cleavage assay are shawiglire60. Explanationsof the

imagesand graphgan be found ifrigure49. The cleavage rates for the long PCR frag-

ment and the short oligonucleotide as well as their ratigg/kshor) and their sumkiotal)

are summarized imable40.

Table 40: Cleavage rates of the 958mer PdRgment (Kong) and the 26mer oligonucleotiddkshort), their ratio

(kiong/Kshort) @and their sum (ktal) for the restriction enzymescRM6EcoRV and scPvull

Enzyme Kiong [Min™] Kshort [min] Kiong/Kshort keotal [Min]
SCRMG6-EcoRV 0.128 + 0005 0.074 + Q005 1.73 0.202
scPvull 0.223 + 0009 0.11 + Q02 2.03 0.333

wi t h
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It can be seen th#tecleavage rate rati@ong/kshor) Of the scRM6EcoRVfusion protein
is lower compared to thaf avild type EcoRV (1.73 vs. 3.08, sékable 33), indicaing
that the linear diffusiobehaviorof sScRM6EcoRVC21Sis reduced. On the contratize
cleavage rate ratidigng/kshor) for scPvull is higher compared to thatwild type Pvull
(2.03 vs. 1.74, sekable34), indicating that scPvull is using linear diffusion to a higher

extent.



4 Discussion 120

4 Discussion

4.1 Preparation of an elongated restriction enzyme to study

rotational motion

It is known thatestriction engmesslide along the DNA while searching fibreir recog-

nition site[67]. Their detailedpath of motionhowever,remainsunclear The quesbn
ariseswhetherthese proteins undergo simple translational diffusiomesponding to a
linear pathparallel to the DNA axi¢ ‘ nrhelical s | i di n ¢orwhetheitheeyn i s m
undergaa rotationcoupledrranslational diffusiorrorresponding to agticd path, follow-

ing the DNA axis ( Helical sliding mechanism The lattempathappears more reasonable
since it allows the proteirotmaintaincorrectregisterwith the DNA molecule ando

sensahe base pair sequenicethe major groovelirectly.

A helical sliding mechanisnof restriction enzymekas already begmroposed frontbulk
ensemble measuremefdgl,45]. The fact that restriction enzymes do not overloogea s
cific recognition site impliedhat the enzyme stays in contous contact with the DNA
andfollows the helical pitch during slidinghereby rotating around the DNA molecule
A helical sliding mechnismhasalsobeenconfirmed indirectly by singlkenolecule ex-
perimentq 75-77]. The onedimensionaliffusion coefficient is expected to be orders of
magnitudesmaller, if rotation is involved in the mechanism of slidjiid]. Most ofthe
reportedD: valuesfrom singlemolecule experimentso farare consistent with model

that involves rotatiortoupled sliding

What isstill outstandingand has been addressed in this wsttke direct visualization of
such a rotatiortoupled transk#onal diffusionof restriction enzymes. To this end, a fu-
sion protein consisting of the restriction enzyme EcoRV and the quasi linear protein
ScRM6 has been prepared and purifidd (). It was tested extensively with regaad
binding and cleavage activitg.(L.2 and the spatial expansion was investigaiguolying

FRET measurement8.(L.3. At the endthe fusion protein has been subjected to single

molecule experimda to determine the ordimensional diffusion coefficienB(1.4
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4.1.1 Preparation of the scRM6-EcoRV fusion protein

First attemptdo prepare thecRMGEcoRYV fusion protein were made with the original
eightcysteine variant of sdR6, in order b determine whether the activity of ECORV
generalwill be preservedafter fusing it to scRMdata not shown in this workYhe
cloning procedure proved to be extremely difficult. The gene coding for SCRM6 had to
be amplified via PCR todnsfer it subsequentigto the vector plasmid pET288ecause
‘single chain RM6 is a homotetramewrhich consiss of four identical sulnits aligned

in onepolypeptide chain,rmealing of the PCR primelsas beempossible at more than
one position. Thergh not only the desireBCRfragment but also undesired smaller frag-
mentswere amplifiedFor the purification of the eightysteinefusion protein varianthe
same buffers as for ECORV could be used (sd#e?2). Neverthelessa second purifica-
tion step viaHeparincolumn, similar as it has been shown for the shogigteine fusion
protein variantfigure27), had to be established well Despite of several complications
with regard to the cloning amlrification procedurdt has finally beerpossible tqore-
pareascRM6EcoRVfusion proteinwhose activitycould bebeen shown to be preserved
(data not shown in this worka prerequisite for all furth@&xperimentsSince the fusion
protein should béabeled specifically with a fluorophore at the tip of the sScCRM6 helix
bundle the scRM6EcoRVfusion proteinharboringeight cysteie residuesould not be
used for thesstudies To circumventunspecific labeling, a singleysteine variant was
preparedd.1.]). As a consequende the difficulties using the scRM6 gene as a template
in a PCR reaction as mentioned above, a stepwise mutagenesis would have been too time
consuming and a modified synthetic gene of SCRM6 coding $orghe cysteine variant
has been synthesized by GeneAiiis modified gene encoded forseRM6 variant in
which dl eight native cysteine residuésid been exchangdxy alanine residues arad
singlecysteine residubad been introduceat position 54 Forthe synthesis of the mod-
ified geneit has furthermore beearonsideredhat identical aminacids inthe four subu-
nits were enaded by different base triplets prevent the annealing of PCR primers at
multiple positions and to facilitate the cloning prdaee. Additionally, five different
linker variantsof thescRM6EcoRYV fusion protein have been preparethich differ in

the number of amino acids between the @ r m ihalia of scRM6 and the fterminal
o-helix of ECORV. The peptide linker of the originainglecysteine varian(scRM6
D54GEcoRV C21S) consistsf 15 amino acidsvhereas thénkers of thedifferentsin-
gle-cysteinelinker variantsconsistsof eitherzero (Lo)), one (kg and L)), two (Lna))

or three(Lnas)) amino acids
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Optimally, the fusion of the two proteins leads to the formatioma&flangatedcontinu-

0 u shelim and thereby to aigid connection(Figure 24). For that purposehydrogen
bonds have to be formed across the junction of theeCr mi-heliga ¢f SCRM6 and the

N-t e r mi-helia 6f EomRV.Because it i:iot known in which orientat o n  -batixe a
ends and the otherhelix starts and based on the fdacth ahielices have 3.6 amino acids
per helical turn, the linker length was varied between 0 and 3 amino Asjsragine,
alanine,and serineare amino acidswvhich can betypically f o u n dhelicesandxare
supposed to promot e t hhelixGlygcneoa the other ham$ a n
known as helix breaker ansl supposed o k i nrhklix, théreby pmeventing the for-
mati on of &alix kdhauld gesevakatedhich of he different linker vari-
antsshows an optimal spatial orientation of the extension components s@&RIM® &nd
therebyis suited for the direct visualization of rotational motion in singi@lecule &-
periments.To purify the singlecysteine and the different singbgsteine linker variants

of the fusion proteingtherbuffers as for ECORV or the eighysteine fusion protein var-
iant had to be used (comparable2 andTable3). The main problem was the posta-
bility in consequence of the low salt and DTT concentration opteeiously usegburi-
fication buffers. For this reasdiuffers have been changed by increasing the salt concen-
tration of the NiINTA elution buffer from 0 mM to 500 mM, the salt concentration of
Heparin low salt buffer from 0 mM to 250 mM and the DTT concentration of all buffers
from 1 mM to 5 mM(seeTable3). A sufficiently high concentran of DTT was neces-
sary to prevent the formation dfsulfide bridges between the expossidglecysteine
residues of the proteiithe chromatogram of the Heparin purificat{&mgure27) showed

that after injection of the protesample, the conductivity shortly increased up to a value
of 40 mS/cm. This observation is attributed to the fact that the injected protein sample is
composed of a mixture of 50 % INITA elution buffer and 50 % low salt buffer. Since
the NiENTA elution bufer has a higher salt concentration than the low salt buffer (500
mM vs. 250 mM), the ingtion of the protein sample léd an increase in the salt con-
centration and thereby to an increase in the conductivity.cimductivity increase led

to the elution of undesired proteins, batsoto a partially elutiorof the desired fusion
protein (Figure 27). However, the largest part of the fusion protein eluted &dteiner
increasing thealtconcentratiorand could successfullye separated from the undesired
proteins(Figure27).
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4.1.2 Biochemical characterization of the scRM6-EcoRYV fusion protein

After the successful preparatiohdifferent ScRMBEcoRYV fusion potein variantst was
evaluated whether the ert@on component scRM6 hasy influence on the binding or
cleavage activity of the restriction enzyme component Ec(d}/9. By looking at the
model inFigure24, one can imagine that the large esiens will handicap the interac-
tion betweenEcoRYV and the DNA molecule, thereby leading to a redumed/ity. To
analyzein more detaito what extenthe activity is influencedyhich step of the protein
DNA interaction is influenced moand to find outvhether differences among ttfer-
entscRM6EcoRV fusion protein variants existarious activity assays were performed,
which either investigated only binding.L.2.9 or cleavage in a concentratiq3.1.2.)

or timedependen(3.1.2.3 manner.

As expected, all performealtivity assays demonstrated that the overall activity of the
differentscRM6EcoRYV fusion protein variants was reduced compared to the wild type
EcoRV. Differences among the differemiteraction steps and linker variardsuld be
detected as well'he binding activity was reduced by a factor betweamd310 compared

to the wild typeEcoRV (LasyLny ~ 3%, L) ~ 4%, L)~ 5%, Lina) ~ 7X, Las) ~ 10x)
which is inthe order of one magnitud&gble23). All variants withshort peptide linkers
showed a&lightly better binding activity than theariantwith the longpeptiddinker. This
observatiortould be explained by thHact that the long linkergrmits too much flexibility

of the extension component, which makes a proper binding to therddéculemore
difficult. The shorter linkers instead keep the extension companer# fixed, thereby
less influencinghe bindingprocedure The concentratiordependentleavageassay re-
vealed that the cleavagetivity was reduced by a factor between 6 and 60 compared to
the wild typeEcoRV (Las) ~ 6X, LinasyL vy ~ 30X, Lnay/L /L) ~ 60X which is in the
order of one to two magmdes(Figure 28). Interestingly this assay revealed that the
variant with the long linker showed a much better cleavage activity than the variants with
the short linkersSince the cleavage assay was performed with a plagmeichrotein

DNA interaction involved several steps such as-specific binding, linear difision,
conformational changespecific binding, catalysis and product release (seeFadgoe

6). Because bindinglone has been shown e better for thevarians with the short
linkers (Table23), necessarily one of the othieteractionstepsmust havebeen worse

for the variang with the short linkes.
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This for examplewould make sense fone linear diffusio step considering that a short
linker forms a more rigicconnectionbetween the two proteins which causes a higher
friction for linear diffusion than bong, flexible linker(see als@®.1.4). It also conceivable

that conform#onal changes are harder to perform if the linker between the two proteins
IS shortey because the extension componeeg¢ds to be moved as well. A longer linker
instead allows EcoRV to perform conformational changes indepefdenscRM6.The
time-depenlent cleavagessay revealed thida: was reduced b factor between énd

10 compared tahe wild typeEcoRV, which is in the order of one magnitydable24).

The different linker variants showed comparable values, indicttaighe linker length

has no influence on the catalyd{ss values were found to be reduced by a factor between
3 and 40 compared the wild typeEcoRV (Table 24), which is in the order of one to
two magnitudes. In contrast tiee Kp values Ku valuesshowed a different dependency

on the linker lengthKp andKwm values areisuallyexpectedo be identical, if théat is

much smaller than thies. Sincekeat has been shown to be comparable for the different
linker variants, theos of the variant with the long linker must have been smatben-
pared to the variants with short linkenghich can only be achievedifekon of the variant

with the long linker is smaller. A reducésgh for the variat with the long linker would

bein agreement with the above mentioned hypothesis that a long linkers allows too much
flexibility and makes the binding to the DNA more difficult.

Altogetherit has been showtihat the extension component scRM6 has indeed an influ-
ence on the binding and elage activity of theestriction engme component EcCoRV.
The reduction o&ctivity was in the order of one to twoeagnitudeswhich can be con-
sidered as a small influence. Decreasihg distance betweethe extension and re-
striction enzyme compone(ghat linkers)improved binding to the DNA molecule but
reduced the overall cleavage activity. Among the different linker variants, scRM6-D54C
Liy-EcoRV C21S and scRM6 D54Gnas)-ECORV C21S showed the best results, indi-
caing that a peptide linker of one three amino acids in lengteads to a connection of

the two proteins that is fewest influencing the binding and cleavage activity.
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4.1.3 Studying the spatial expansion via FRET

In addition to the preserved activity of the scREEORYV fusion protein, the catct spa-

tial orientation of the extensi@momponent scRM6 has beanother requirement for the
investigation of rotational movement by singh®lecule expriments. Only if the exten-
sion component scCRM6 ®retched out maximally, the distance between thé Bkis

and the fluorophore is sufficiently large to distinguish the transversal position of the flu-

orescent spot.

The spatial expansioof the different scRMd@EcoRYV fusion protein variants was ana-
lyzedusingFRET @.1.3. FRETIs a powerful tool to measure distances within biomol-
ecules, sincerergycan only be transferred if thesthnce between donor and acceptor
fluorophore is smaller than 10 nin.the fusion protein, two ScCRM6 proteins ataehed

to one EcoRV homodimer drhe labeling position is locatedtae tip of the helix bundle

of each scRM6 protein (séegure24). Random doubléabeling ideally leds to the at-
tachment of a donor fluorophore to one scRi@einand an acceptor fluoropleto the
otherscRM6 proteinConsidering a length of 7 nm for scRM6 and a diameter of 5 nm
for EcoRV, the distance between donor and acceptor fluorophore should be in the range
of 20 nmand no FET signal should be measurabl®a ensurethat the FRET asy
works in general, two controéxperimentsvere performed. As positive control,the

EcoRV variant C21S N154®as used, in which the distance between the two symmetry
related residues at position 154 is smaller than 10 nm. As negative control, a0@g bp |
DNA substrate was used, in which the distance between the two terminal ends is larger
than 10 nm. The length of the DNA substrate is still below the persistence length (~ 150
bp) and it can therefotwe considereds rigid molecule. The rational desigithe FRET

measurements summarized ifrigure32.

The emission spectrum of the douldéeled 97 bp DNA substrate showed only one peak
at 520 nm Figure 33a), resulting from direct excitation of theodor fluorophore. No
second peak could be observed which indicated that no energy transfer tooknplace
that the two fluorophores are separated by more than 10 mencalculated FRET effi-
ciency waghereforeclose to zero (E = 0.01).hE emission spectm of the doublda-
beled protein variant ECORV C21S N15d@the other hanshowedone pealat 520 nm
andadditional peak &64 nm Figure33b), resulting fromenergy transfer from the donor
to the acceptor fluorophore and indiog that the two fluorophoreare closer than 10
nm. The calculated FRET efficiency was found to be 23 + 0.01
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The emission spectra of all different douldbeled scRM&coRV fusion proteins vari-
ants showed two peaks at 520 nm and 664 nm as maitiating that energy transfer took
place andhat the two fluorophores are closer than 10(Rigure33c). FRET efficiencies
were found to be in the range@fL7 +0.01for thevariantwith theLna) linkerto 0.28 +
0.01for the variantwith theL ) linker. To find out if the spatial orientatiorf the exten-

sion component scRM6 would be differenta DNA-bound state compared to that in
solution,a 16 bp oljonucleotide was added to theublelabeledfusion protein variant
scRVI6 D54CGEcoRV C21%and the measurement was repeaié@FRET efficiency in

the presence dDNA was found to be identical thhat in the absence of DNA (0.20 £
0.01).To exclude that the 16 bp oligonucleotide was too short to allow proper binding,
the expement was repeated with a larger 60 bp oligonucleotide. Also in this case, the
FRET efficiencyremained unchanged@o exclude that aggregatiofthe proteins due to
hydrophobic interactionsaused a FRET signal, a mixture of donor and acceptor only
labded protein was measurethis mixture should * t | e BRET sigmal, aince the
singlelabeled proteins arsufficiently separated in solution. Aggregation of the proteins
would bring the donor fluorophore of one protein ciasethe acceptor fluorophe of
another proteirtherebycausing energy transfer and a FRET signal. The FRET efficiency
of the singlelabeled protein mixture was found to be 0.03 which indicated thadgie-
gationcontributed to the FRET signal.

The FRET experiments revealed tkia¢ two fluorophores are not separated by around

20 nmas assumed but by less than 10 nm because a FRET signal could be measured. This
consequently implies thtescRM6extensions components are not maximally stretched
out No significant differences cid be found among the different SCRNEGORYV linker
variants.A reasonfor the measured FRET signaduld be an improper alignment of the

t w ohelges which allows too much flexibility of the extension compontrreby
bringing the terminal ergdn close proximity (seeFigure 32b, orientations indicated in

light grey ) Itis also possiblethath e a |l i g n me-melicesiwaé be¢phnoper luw o a
that simply the orientation of the-tN e r mthalia dof ECORV was not optimal tomaxi-

mally stretch ouscRMG Further, t hasto be considered that the FRET efficiency was
calculated within bulk ensemble measurements, which can only repess@&vierage
valueof all subpopulationgpopulation with high and low FRET value$)RET meas-

urements on the singimolecule leel could be a solution to this.
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4.1.4 Single-molecule experiments

Singlemolecule experimentshould originally beperformed with the fusion protein
scRM6 D54CEcoRV C21S for two different purposes: lfaidirect proof of a rational
movement by measurinpe onedimensional diffusion coefficienand comparing ito
theoretical model§3.1.4 and(ii) direct proof of a rotational movemeuasing superes-

olution microscopy.
Indirect proof of rotational movement

The onedimensional diffusion coefficienof the fusion protein scRM6 D54EcoRV
C21S labeled with Cy3B was determined in collaboration wighgttoup of Pierre Des-
biolles (Laboratoire Kastler BrossdParig. By the same group, Dwvas determiad pre-
viously forEcoRV coupled to fluorescent labels of different size (e.g. Gg3B QD655

[64], savCy3B[77], QD605and QDEOF9Q]). In case ofwvild type EcoRYV, all fluores-

cent labels were coupled to the protein via a flexible linker. The fusion protein sScCRM6
D54CEcoRV C21S instead represented a conjugation strategy it wiedluorescent
label was coumd to EcoRV via a rigid linker, whereby thertfolio of different theoret-

ical models could be extended (see theoretical mod&l4.i4).

Thebehavior of théusion protein scRM6 D54EcoRV C25in singlemolecule exper-
iments was slightly different from that efild type EcoRV. The interaction frequency
with the DNAmoleculewas lower and also the interaction time was shorter, wtach
be explained by the reducéihding affinity observed in bk ensemble measurements
(3.1.2.2. For this reason, buffer conditiom&d to be changeffrom phosphate buffer
[90] to KGB buffer Table6) to increase the interaction time with the DNWwleculeand

to allow for an accurate measurement af The onedimensional difftsion coefficient
of ScCRM6 D54GEcoRV C21S was found to @ = 00024 um?s?, which is 4times
slower than th@nedimensionaliffusion coefficient of ECORV labeled with Cy3B {D
= 0.01 pm?s1) [67]. The reduced sliding velocityf the fusion proteirtompared to the
wild type EcoRV is in agreement with observations from bulk ensemble measurements
(see3.2.3.3. Thiscanbe explainedy thefact thatthe sScCRM6 extension component in-
creased the totalydrodynamic radiusf the fusion constructhereby increasing tHac-

tion while sliding along the DNA molecule
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In order to evaluate if rotation is involved in tHigling process of sScRM6 D54EcoRV
C21S, the exp@emental data were comaped to the theoretical modelsvo general state-
ments can be derived from the modelgigure34b. (i) With the same label radius and
the samaype of motim, a flexibly attached label causes less friction thaigidly at-
tached label (comparing model 1+3 or model 2+4). Tmsbeaexplained by the fact that
the motion of the label is decoupled from that of the protein if it is flexibly attached
whereaghe motion of the label i€oupled tathatof the protein if it is rigidly attached.

(i) With the same label radius and the same conjugation strategy, linear diffusion causes
less friction than rotaticoupled diffusion (comparing model 1+2 or model 3H#4)is

Is attributed to the fact that linear diffusion depends only on translational fri€tion=

6 1 nand the friction coefficient iexpected to increase linearly with the label radius
(model 1). In contrastptationcoupled diffusion depends on translational and rotational
f ri ct 6 unr8n(ffandthe friction coefficient is expectedinarease to the power
of three with the label radius (mod&) [74]. Thefriction coefficientof SCRM6 D54C
EcoRV C21Scalculated from the measured esienensional diffusioncoefficient
showed a fairly high vakirelative to the small label sigeigure34b). This canonly be
explained by the fact thale label is rigidly attacheth EcoRV (as assumed) and that
linear diffusion is coupled to rotatio@onsequentlyexperimental data were in agree-

ment with model (5)
Direct proof of rotational movement

The singlemolecule experiments performed in Pavisre suited to confirm a rotational
movement indirectly by comparingWith theoretical models. Howevexdirect visual-
izationbased on the theory demonstrateBigure23would not have been possible there,
since the spatialral temporal resolution of the detection system was restricted to 30 nm
and 20 msrespectively For this reason a collaboration with the group of Markus Sauer
(JuliusMaximilians University, Wirzburg) was started, who established sgsetution
fluorescece microscopy imaging techniquesg. STORM = Stochastic OpticaRecon-

structionMicroscopy) with superior spatial and temporal resolufi®ah95).

Two importantprerequisite for the direct visualization of rotational motion by single
molecule experiments were the preseraetivity of the sSCRMEECORYV fusion protein
and a largelistancebetween the fluorophomnd the DNAaxisin order to distinguish the

transverse posin of the fluorescent spot
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The first prerequisiteould be me{3.1.2 however, FRET experimentsvealed thathe
SCRM6 extension componestwerenot stretched outmaximally (3.1.3, which conse-
guently means that the distance betw the fluorophore and the DNakis could not
successfully be increased in the fusion protéimereby none of the scRMEcoRYV fu-

sion protein variants was apriate for the direct visualization of rotational motion.

But evenwith an optimakpatial expansioof the sScRM6EcoRYV fusion proteipa direct
visualizationwould not have been possibl€he spatial resolutionwas considered as a
problem which can be mumvented with the fusion prote{figure23). Theoretically,
nanometer precision is possible which would have allowed distinguishing a transversal
position change of 20 nesing superesolution techniquel®5)]. Effectively, Bownian
fluctuations of the DNAnolecules take place in tkame dection anddecrease thepa-

tial resolutionby one or two orders of magnitude above the theoretical limitat&#is

An additional poblem is theemporal resolution (Figure61). The transverse position of

the fluorescent spa¢ supposed to chanbg 20 nmafter the enzyme turned 180° around
the DNA moleculghalf-rotation) Therefore lhe questions arises hawnwuch time the en-

zyme needs to perform such a halfation. Thiscan be calculatedsing the equation:

+ @
¢ 0
where 1T | s tcovereddistante (a hadfotatios is pehfamed after sliding

over 5 bpwhich is equivalent to 1.7 nmapd D is the onedimensionatiffusion coeffi-

cient (D1 = 0.0024 pms? for scRM6 D54GEcoRV C21S)According to the equation, a
half-rotationof the scRM6EcoRYV fusion proteins completedafter 600 pusin order to
temporally resolve the motiothe expasure time of the camera needs to be in the same
order of magnitudeEven with the most sophisticated cameras with exposure times in the
range of a few milliseconds, such a fast motion cannot be res@veidg anexposure

time of e.g. 10 mghe fusion pratein slide alreadyover 7nm andcircled several times
around the DNA
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(a) (b)

half-rotation
after 600 us

full-rotation
after 2400 ps

Figure 61 Problem of emporal resolution and rotation spee@.h e t i me ( 1 )-EcoRY dusionprbtein s ¢c RM6
needs to slide over 1 bp can be calculatedgusit he equati on f oD hereaisithedengthmofdt i on T
bp (a =0.34 nm) and D is the ediemensional diffusion coefficient of the scRME:0ORYV fusion protein (D = 0.0024

um?s1). According tothis, scRM6EcoRV needs 24 s slide over 1 bpA full -rotation (10 bpbased on the length of

the helical pitchis completed after 24Q@s, a halfrotation (5 bp) is completed after 608.

Additionally, gpatial and temporal resolution are directly interdependedtimutually
determine the localizatn accuracy of the fluorescent spbhe spatial resolution depends
on the number of captured phot@awumulatediuring the exposure time of tkamera,
whereashetemporal resolution depends tite reaebut rateof thecamera and thereby
on the exposer time Decreasing the exposure timmproves the temporal resolution,
becausenorefluorescent images can be recorged time, butlebase the spatial resolu-
tion, because not so many photons can be accumuwlédifeid the short exposure time
Increasing th exposure timasteadmproves the spatial resolution but debase the tem-

poralresolution

A third problem is theeandomnessof thetranslocation®f Type Il restriction enzymes,
which means that ordimensionaldiffusion oscillates between different @ations
Therefore, @hange of the transverse position of the fluorescent spot in a periodic manner
as described iB8.1would not have beeobservableBecause of the randomness it would
also e difficult to apply alternativenethods for the vislization of rotational movement
of Type Il restriction enzymefl.2.1). Fluorescenceolarizationfor examplerelies on
periodically alternating intensities of tivertically andthe horizontally polarizedight
[78,79], which could not be implemented with the scRE&RYV fusion protein. Also
torque measurementdy on the fact thathe position of théaugelabeled tag changes in
a clockwise(or anticlockwisg directionwhich presumes a directed motion of tiere-
spondingorotein[80,82]. Presumably for this reason, most of stiediesusing these tech-
niqueshave beerperformed withmotor proteins (e.g. myosin, mDial, RNAP and F
ATPase), whichundergadirectionaltranslocationsinder energy consumption
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Final conclusion

Despite many difficulties it was finally possible to prepare and to purify the fusion protein
consisting of ECORV and scRM6. The bindangd cleavage activity was slightly reduced
compared to the id type EcoRV, however sufficient to study the motion along the DNA
molecule by singlenolecule techniques. It could successfully be demonstrated by an in-
direct approach that linear diffusion of the scREI€RYV fusion protein is coupled to
rotation[90]. The direct visualization of rotatiahmotionhowever, was not possibdieie

to the peed andandomness of the diffusional motiddirect experimental observation

of rotationcoupled sliding of restriction enzymemmainsa difficult task.
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4.2 Comparison of structurally different restriction enzymes

The structurally different restrictiomeymesPvull, ECORV and BsoBWerecompared
regarding theiconformation andinear diffusion behavior. It was hypothesizedttthe
more open the enzyrr@NA complex, the less linear diffusion is used by the enzjime.
this end the conformation of the eypme in complex with noispecific DNA (sliding
conformation) was determined in comparisothtconformation of the apoenzyme and
the conformation in complex with specific DNA with the aid of FRET measeins=m
(3.2.2. Afterwards the linear diffusion behavior was investigated with conventional ki-
netic method¢3.2.3. All experiments werg@erformed with the same enzyme mutants

under identical buffer condition to ensure the comparability of the sesult

4.2.1 Preparation of single-cysteine variants

In order to study the conformation of structurally different restriction enzysiegle
cysteine variants had to Ipeeparedand labeled with flu@mphores.The position othe
singlecysteine residue was choseartarding to several criteridaving in mind that the
introduction of a cysteine residue in one subunit leads to the introduttitre same
position in the other subunit of the homodimeéirst of all, the distanceof the desired
cysteine residuesneasved from one subunit to the othehould bedifferent for the
apoenzymand thecomplexeswith specific ornon-specific DNA Consequentlythe cys-
teine residughadto be located i suldomain which is supposed to mowgon DNA
binding Secondy, the dstanceof the residueshould be in the range of the Forster radius
(Ro) (2.2.3.6, whichis thedistance of donor and accepftuorophoreat which energy
transfer is 50%fficient. Around R, small changes in the distancedohorandacceptor
fluorophorecausdarge changein the FRET efficiency. In this studythe fluorophores
Cy3 and CyHhave beerhosen as donor and accegtoorophore respectively. They are
the mostfrequentlyused and best dedoeid FRET pair in thetkrature[96] with an Ro

of 56 A. Thirdly, the residudadto be located at the surfacetbé protein, to be accessible
for labeling andihally, the residudadto be locag¢d far away from the catalytic subdo-
main to not influence thbinding and cleavagactivity of the enzymeTo this end, he
threecrystalstructuresof ECORV (apoenzyme, nespecific complex, specific complex)

were compared arttie position 214 was found meet allthecriteria
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The residue at position 2idlocatedo n t h e o-lbetixdDi whieh beldngs do the

top of therecognitionsubdomainof EcoRVwhichis supposetb moveupon DNA bind-

ing (Figure 3). The distancehangedrom 48 A in the specific complexo 57 A in the
nonspecificc o mp | e 9A),(which is in the range of the Forster radius. To find an
appropriate position for Pvull, the crystal structure of the specific complex was ampar
to that ofthe apoenzymeA residueat position 125which islocated ino-helix D of the
recognition subdomajmwas choselfFigure 4). This residuas located at the surface and

the distance changes fradi A in the apoenzymto 48A in the specific complex A =
19A), which is in the range of the Férster radisr BsoBl it was not possibi® choose

a positiorthat meeall the criteriasince only the crystal structure of the specific complex

is available(Figure5). From this crystal structure it can only be seaénhe residuds
located atthe surface of the enzyme and far away from the catalytic center. It cannot be
determined, whether this region of the enzyme is supposed to move and if the change of
the distance is in the range of the Fdrster radihe.last two criteria were alreathves-
tigated by Jasmina Dikic [10%nd the residue located at position 153 vi@end to be

appropriate.

The introduction of the mutaticaand thesubsequeriaibelingshould not have an influence
on thebinding andcleavage activityBy comparing the actity of the wild type enzyme
with that ofthe mutantenzyme (3.2.1.) or with that of the labeled mutant enzysme
(3.2.1.3, it could be showthatneitherthe mutatiomor theattachmenof thefluorophore
had an influenceon the binding or cleavage activityhe PEGmodification (3.2.1.9
confirmedthat the cysteine residues are located orstinaceof the protein anthusare
accessible for labelindilso thefluorescentlabeling (3.2.1.3 wassuccessfullyhowever

to a different extent for the three enzymEse acceptor was added in excess in order to
increase the probability that every enzytima& carries a dondituorophorecarriesalsoan
acceptorfluorophore This strategy minimizes the numberesfzymeghat carry a donor
fluorophore only but it increases the numbeenzymes that carry an acceptor fluoro-
phore only. Due to the acceptor crosst#fie presence of thecceptor onlyjabeleden-
zymes would lead ta higheracceptorsignal and thus to a seemingly higher FREfT-

ciency For this reason, the FRET efficiency was correatedescribed i8.2.3.6
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4.2.2 Studying the conformation of structurally different restriction

enzymes

Before comparing the linear diffusion behavior of the structurally different restriction
enzymes Pvull, ECORV and BsoBlI, it was necessary to elucidate, ednébrmation the
restrictionenzyme adopt for sliding. Since linear diffios takes places on nespecific
DNA, the conformation the enzymel@pts in the nosspecific complex is the confor-
mation it uses for slidinf29]. Traditionally, X-raycrystallographys used® obtain struc-
tural information about an enzyntdéowever, this technique requires the presence of crys-
tals, which is often hard to achieve and extremely-woresuming Additionally, one has

to keepin mind thatcrystalstructuresepresenonly a snapshaif a particular phase of a
dynamic processSo far,structural information aboulhe nonspecific complexs availa-

ble only forEcoRV[30] (and BamHI[[29]). Sincethe nonspecific complexstructuresof
Pvull and BsoBI are missing, new strategy had to be foymdhich allowsdetermining

the conformation of the nespecific complex in coparison to the apoeyme and the

specific complex.

Forster resonance energy transfadRET) represents powerful tool for monitoring dis-
tance changes artlerebyconformational changes in proteins. It has many advantages
over X-ray crystallographysinceit is cheap, rapid and eady disadvantage of FRET is
that it is dependent on the phgibysical properties of the fluorophsr&hereby obtain-

ing quantitative distances and deriving the tka@eensional strucres remainsex-
tremelychallenging Severabpproachefor the determination of FRET étfencies exist

in theliterature[89,97], which differ inthe measured speciesndthe degree of correc-
tions Among the intensiybased FRET approachese can distinguish betweén ap-
proaches which relgn the measurement of the donor emission in the presedaaban
sence of acceptor ar(d) approaches which relynothe measurement of the acceptor
emission after excitation of the donor. Timst approachrequires the psence of two
different speciesope that carry only a donor fluorophore arsbtherthat carry a door

and an acceptor fluorophoréhesecondequires the presence of only one species (that
carries a donor and an acceptor fluoroph@ajcein this workdonor and acceptor fluor-
ophorewere coupled to two different subunitsut in oneprotein only the second ap-
proachturned out to be suitablERET measurementwere performed with the single
cysteine variants EcoRV D2C4 Pvull D125C and BsoBI A153C.
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Proteins wersinglelabeled andandomly doubldabeled withdonor and acceptor fluor-
ophore(see3.2.1.3 leadingideally to the introduction of the donor fluorophore in one
subunit and the acceptor fluorophore in the other subunit. Emission spectra were recorded
for the apoenzyme, the complex with rgpecific and the complex with specific DNIA

the presence dither C&*- or Mg?*-ions or in the presence of EDTadthe FRET effi-

ciency was calculate@ee3.2.9.

First of all, some general statements can be mBueemission spectrum of the donor
only labeled proteifreference) sheedonly ore maximum at 564 nptheemission spec-
trum of thedoublelabeled proteirffapoenzymeghowedwo maxima at 564 nm and 666
nm. Sincein both casesnly the donor fluorophoreras excited, the additional maximum

of the doubldabeled proteirat 666 nm ould only result fromenergy transfer from the
donor to the acceptdluorophore(and to a lower degree also from acceptor crosstalk; see
discussion below)indicating that the distance of the two fluorophores is within the
Forster distance (< 10 nmljhe additio of either specific or neapecific DNA changed

the ratio of the two maxima (ariderebythe FRET efficiency) to a different #nt, in-

dicative ofconformational changed the protein upon DNA binding.

For allrestrictionenzymesthe effect on thehang inFRET efficiencyupon DNA bind-

ing was most proouncedn the presence of aions and only weak or neexistent for
EDTA and Md*-ions The question arosevhether the enzymes are able to bind to the
oligonucleotides under the conditions used forabgay. For this reason, the binding af-
finity to these substrategas tested3.22). The results shoadindeed, that the binding
affinity in the presence of EDTA dvig®*-ionsis weaker than in the presenceQ#"-

ions (the Kp values for Pvull and non-specific DNAwerefor examplel69 nMin the
presence o€&*-ions, 605 nM in the presence of EDTA and 2 uM in the presence of
Mg?*-ions). Neverthelesghe chosen concentrations of protein (50 nM) and the high ex-
cess of oligonuelotide (1 uM for EcoRV and BsoBI and 5 uM for Pvull) should lead to
an almost complete binding of the protein to ¢higonucleotidesunder all conditions
The oligonucleotidesised in the FRET and binding experimemése exactly the same
sequence, the gndifference is that the oligonucleotidéisatwere used fobinding ex-
perimentsvere labeled with &lEX-fluorophoe and the oligonucleotidabatwere used

for the FRETexperimentsvereunlabeled.
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It is thereforepossible that the presence of thEX-fluorophore, however increased the
affinity to thelabeledoligonucleotids and that the real affinity to the unlabeled oligonu-
cleotidewasmuch lower. This wouldonsequentlyneanthat not all proteins were bound

in the presence of EDTA adg?*-ions, therely a mixture of bound and unbousgecies

was measuredSince this two kind of speciemnnot be distinguished in an ensemble
measuremenobnly an average of the FRET efecicies couldbe measuredeadingto

the conclusiorthat only small conformational langes dok place in the presence of
EDTA and Md*-ions For this reason only the FRET efficiencies calculated in the pres-
ence ofC&*-ionswere considered for the evaluation, since in this case binding surely had

occurred.

As described ir2.2.3.6 FRET efficiencies were calculated in two different ways. In a
first approach, FRET efficiencies wedé&ectly calculatedrom the emission spgraby
dividing the acceptor emissiamtensityat 666 nm by the donor emissiirensityat 564

nm (Table28, Table29 andTable30). Due to thenormalzation of the emission spectra

to the maximunmof donor emission at 564 nrthe FRET efficiency could bderived
directly from the heightof the acceptor peak at 666 nm. For a comparison of the FRET
efficienciesinstead it was necessary to corrélbt acceptor emissiontensityat 666 nm,
sincethisemission did not only result from energgnsfer of the dondtuorophore Two
othercomponents contributed to the signab&6 nmas well On the one hand, the donor
itselfwas able t@mitlight at theemissiommaximumof the acceptdituorophore because
both emission maximaerenot sufficiently separate@enoted asdonor bleeethrough

[89]). On the other hand, the acceptould also be directlgxcited to a certain extent by
the excitation wavelength of donor, because of an overlap between the excitation spec-
trum of the acceptor and the exatibn wavelength of the donor (denoted' asceptor
crosstalk [89]). Thus, in a second approach, FRET efficiencies were calculated by divid-
ing the corrected acceptor emission at 666 nm by the donor emission at §64kien

32). The results showed that the corrected FRET efficiencieslowgezthan thedirectly
calculated FREEefficiencies(Ecor < E). This was expected, sincesabtraction of the
donorbleed througtand acceptor crosstalk from the accegtmissionintensityled to a
decreasef the acceptor emissidntensityand theeby to a @&crease of the FRET effi-
ciency The tendeay or rather th@roportions between apoenzyme, rspecific and spe-

cific proteirDNA complexremained the same.



4 Discussion 137

In order b finally evaluate the extent of DNBinding cleft opening in the nespecific
complex, thecorrected=RET efficiency of the nosspecific complexvascompared with
thecorrected~RET efficienciesof the apoenzyme and thegexific complexFurthermore
it was examinedf and to which extent the results of FRET measuremeragespond
with the availablecrystal structures anithe conformational changes describsal far in
theliterature

Pvull D125C

The measurements reveatarected=RET efficiencies of 02for the apoenzyme, 0.31
for the nonspecific complex and 0.59 for the specific complex, respectiselgTable
32andFigure62, orange numbeysBy comparing apoenzyme and nspecific complex

it canbe seen thahe FRET efficiency increasdry 0.09 which meanshat the enzyme
closes its DNAbinding cleft slightly upon nospecific bindingComparing apoenzyme
and specific complex, tHeRET efficiencyincreasedy 0.37, which means that the en-
zyme closes its DNAbinding cleftconsiderablyupon specific bindingThe difference
between notspecific and specific complex was found to be 0.28, which mtbanshe
enzyme closes the DNAinding cleftwhen switching from the nesgpecific to the spe-
cific binding modeand that the specific complex is maesedthan the nosspecific
complex This first comparison showethat for sliding Pvull adopts a&onformation
whichis between the conformation of tapoenzymeand the specifically bound enzyme.
Since hedifferencebetween the nespecific complex and the apoenzyme (0i8%huch
smaller tharthe differencebetween the nespecific anl the specific compx (0.28), it
can be concludethat the conformation dPvull during slidingis more relatedo the
conformation of the apoenzyms8ince he conformationof the apoenzymes extremely

open it is assumed th@&vull usesalsoan open conformatiofor sliding.
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Pvull -19A
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-5A -14 A
—_— —_—
0.22 0.31 0.59
67 A 62 A 48 A
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Figure 62 Summary of FRETefficienciesand distances for the restrictioenzyme Pvull.FRET efficiencies and
FRET efficiency changes amedicatedin orange distances and distanchanges are indicated in gredtote that the
distancef the apoenzymé67 A) and the specific complex (48 A) are derived from crystal strucaumgghat the
distanceof the non-specific complex62 A) is estimated based on FRETficiency comparison

The results of the FRET measuremeptxfectlyfit the available crystal structures$
Pvull. The distance in therystal structure of thepoenzymaevas found to be 67 £34],
whereas it wasound to be48 A in theco-crystal structure of thepecific complex
[35](seeTable27). Thisshowsthat the apoenzyme closes its DN#ading cleft by 19 A
upon spedic binding, which can be perfectly correlated with an increase in the FRET
efficiencyof 0.37.If a change of 19 A can be considered equivalent to a change of 0.37
in the FRET efficiencya change ©0.09 in the FRET efficiency should leguivalent to

5 A and a change of 0.28 in the FRET efficiesbyuld beequivalent to 14 festimated

by the rule of threeThis meansghat the enzyme closes its DNbinding cleft by 5 A upon
nonspecific binding andlosesby further 14 A upon specific binding/ith this mmpar-
ative analyses the distance in the 1specific complex can be predicted 62 A. The

distances and distance changes of Pvull are summarikaglire62 (green numbers)

The results of the FRET measurements perféttlye conformational changes described
so far in thditeraturefor Pvull [23,27,34]. The crystal structuref the apoenzymen-
plied that the DNAbinding cleft is too open to accommodate DNA with both subunits
simultaneouslyTherefore, t was postulated that a contacttbé L-AB loop with the
DNA stimulates osing of the DNAbinding cleft[34]. Indeed, the FRET measurements
showedthat the enzyme closes the DMnding cleft slightly (by 5 Auponbinding to
nonspecific DNA. It can furthebe deducedhat the enzyme remains in thidatively
open conformatiowluring the sliding procesand closes th®NA-binding cleftconsid-

erably (by 14 A) after binding to the specific recognition site.
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Furthemore it can be seetihatPvull undergoes ratively large conformational changes,
which can be attributed to the fact that changes in the conformation of Pvull are mainly
characterized bguaternaryconformational changes rather than by local conformational
changegseel.1.1.). The motion of the two subunits occurs in a goreguelike motion,
whichis characterized by @anslationof the subunitshatis nearly perpendicular to the
DNA axis[23]. This translation is characterizeddyotation of 46° around an axis almost
competely paralleto the DNA axid23], which indicates a considerably openaigsing
movement around the DNA his explains the tge changes of FRET efficiencigéscal
conformational changes were not described for Psufar The order and the degree of

conformational changes are summarizeBigure63.

closing

Ve Y g\

closing

Pvull Pvull Pvull
apoenzyme non-specific complex specific complex

Figure 63 Summary of onformational changef the restriction enzyme PvullThe apoenzymef Pvull has an

open conformationwhich does not allomccommodatinddNA with both subunitsimultaneouslyThe catact of the

L-AB loop with the DNA moleculdriggersa slightclosingof the DNA-binding cleft.Pvull remains in this relatively
open conformation to slide along the DNFhe contact with the spiic recognition site triggerthe two subunits to
move toward each other in a tongile motion,therebyclosing the DNAbindingcleft considerably.

EcoRV D214C

The measurements reveatmitrected FRET efficiencies 6f19 for the apoenzyme, 0.14

for the nonspecific complex and 0.26 for the specific complex, respectivelyTabke
32andFigure64, orange numbeysBy comparing apoenzyme and nspecific complex

it can be seen that the FRET efficiency decreased by 0.05, which means that the enzyme
slightly opens its DNAbinding cleft upon nosspecific binding. Comparing apoenzyme

and specific complex, theRET efficiency increased by 0.0Which means that the en-
zymeslightly closes its DNAbinding cleft upon specific binding. The difference between
nonspecific and specific complex was found to be 0.12, which means that theesnzy
closes the DNAbinding cleft when switching from the napecific to the specific bind-

ing modeand that the specific complex is marlesedthan the nosspecific complex



4 Discussion 140

This first comparison showed that for sliding EcoRV adopts a conformation which
more open than the conformation of the apoenzyme and the specifically bound enzyme.
Since the differensbetween the nespecificcomplex, theapoenzymend the specific
compex are margina{0.05- 0.12 and since the conformation of the apoenzyme a@d th
specificcomplexare both relatively closed, it is assumed that EcailR¥s als@ more
closedconformation for sliding

+0.07
-0.05 +0.12
+2A -5A
> —_—
0.19 0.14 0.26
51A 53 A 48 A
apoenzyme non-specific complex specific complex

Figure 64: Summary of FRETefficienciesand calculated distances for the restriction enzyme EcoRRET efi-

ciencies and FRET efficiency changes are indicated in orange, distances and distance changes are indicated in green.

At first sight the results of the FRET measuremehtbnat fit the available crystal struc-
turesof ECORV. The distancgin the crystadtructures of the apoenzymehe norspecific
and the specific complexere found to be 4&, 57 A and 48 A, respectivel80] (see
Table27). It can be seethat thedistance changketween th@poenzymend the non
specific complex is relatively high (10 Ayhereas the distance change betweemptoe
enzyme and the specific complex is extremely low (1 A); the chintie FRET effi-
ciencyhowever was found to baimilar (0.05and 0.07. For this reasorthe results of
the FRET measurements could not be reconciled witlatbh#able crystal structas of
Winkler only. Since for EcCORV several different crystal andargstal structuregxist,
they were also measured regarding the distance of the two cysteine residues at position
214. For the apoenzyme, one further crystal structure €XiS%3) in which the distance
was found to be 51 5], for the norspecific complexalso one further corystal struc-
ture exists (2BOD) in which the distance was found to be $82Rand br the specific
complex two further carystal structures exi§ilB94 andlEOP) inwhich the distance
werefoundto be 51 A[9899.
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The biggest differencbetwveen all these avail&bstructuresexists for the nospecific
complex (57 Ain the Winkler structures. 50 Ain the Hiller structurpwhich can be
attributed to théact thatdifferent nonspecific digonucleotidesvere used focrystali-
zation(Winkler et al. used tw8merduplexes, Hiller at al. usezhe 11mer duplex)he

FRET efficiencies could best be reconciled wvéthlistance of 51 A for the apoenzyme
(distance found in the structure of Perg88&]) and a distance of 48 A for the specific
complex (distance found in the structuféinkler [30]), resulting in a distance of 53 A

for the nonspecificcomplex which igight in the middle othe distancefound in the
structure oHiller and Winkler, respectivelyAgain, one has to keep in mind that a crystal
structure only represents a protein which has been frozen in a certain step of a dynamic
proces, whereas in the FRET measurements the dynamic behavior of the proteins is pre-
served. Based on the above mentioned assumpticanfurtherbe derivel that the en-

zyme opens its DN/binding cleft by 2 A (equivalent to a FRET efficiency change of
0.05) un nonrspecific binding and closes again by 5 A (equivalent to a FRET efficiency
change of 0.07) upon specific bindifidhe distances and distance changdsocoRVare

summarized ifFigure64 (green numbers)

The results of the HRT measurements perfectly fit tbenformational changes described
so far in thditeraturefor ECORV[23,25,27,30,32]. The crystal structuraf the apoenzyme
implied that the DNAbinding cleft is not sufficiently opento allow DNA entry It was
therefore postulated that a contact of @& e r mi-heliaeswittithe DNA stimulates
openingof the DNA-binding cleft[33]. Indeed, the FRET measments showed that the
enzymeopensthe DNA-binding cleft slightly (by 2A) upon binding to norspecific
DNA. It can further be deduced that the enzyme remains in this relatieslydconfor-
mation during the stiing process and closes the D¥#ding cldt again slightly (by 5
A) after binding tothe specific recognition sitét can be seethat ECORV undergoes
relativelysmallconformational changes, which can be attributethe facthatchanges
in the conformation of ECORV are mainly characterizgdbloal conformational changes
rather tharby quaternaryconformatioml changesas it postulated for PvulThe motion

of the two subunitpredominantlyoccurs in a scissdike motion, which is characterized
by a translation of the subunitghich is moreparallelto the DNAaxis[23]. This trans-
lation is characterized byratation of 23° around an axis more perpendicular to the DNA
axis[23], which indicates that the orientation of the wuibs changes only slightly. This

explains also the small ahges of the FRET efficiencies.
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The local conformational changesich especiallyoccur in EcoR\like ordering of the
Q- and the Roop) camot bedetected with the FRET measuremeiitse order and the

degree of conformational changes are summarizeayure65.

opening

A

closing

/A A\

EcoRV EcoRV EcoRVY
apoenzyme non-specific complex specific complex

Figure 65: Summary of conformational changes fdhe restriction enzyme EcoRVLhe EcoRV apoenzyme has a
closed conformation, which does not allow DNA entry. The contact oftheeQ m ihalieebwittothe DNA molecule
triggers a slight opening of the DNBinding cleft. ECORV remains in this relatively closed conformation to slide along
the DNA. The contact with the specific recognition site triggers the two subunits to move toward each atiaein a
scissorlike motion,therebyclosing the DNA-binding cleft again slightly

BsoBI A153C

The measurements revealed corre&R&T efficiences of 0.46 for the apoenzyme, 0.45
for the nonspecific complex and 0.26r the specific complex, respectively (SEable

32). By comparing apoenzyme and nspecific complexit can be seen that the FRET
efficiencyis almost idatical, whichsuggestshat the enzymdoesnat changets confor-
mation upon nonrspecific binding. Comparing apoenzyme and specific complex, the
FRET efficiencydecreased by 0.2Whichsuggestshat the enzymepensts DNA-bind-

ing cleft upon specific bising. It also indicateshat the specific complex epparently
moreopenthan the nosspecific complexAlthough te hypothesis thd&soBlundergoes
large conformational changeis orderto allow DNA entry [36] could be confirmed
(FRET efficiencychanged by.20upon specific binding the direction of the changes
wasunexpectedIt was expected that the FRET efficieringreasesipon specific bind-
ing, which means that éhenzyme closes its DNAinding cleft,as it could be shown for
Pvull and EcoRVAIso previous experiments performed by Jasmina D], includ-

ing steadystate ensemble as well as singlelecule measurements, revealed the same
unexpected resultf.was concludethat the conformational changes in BsoBI cannot be
explained by a siple closing/opening of the DNAinding cleft in a tongueor scissor

like movementas it assumed for Pvull or ECoRV



4 Discussion 143

The conformational changesuld besbe explainedassunng atwisting-like motionof
the two subunitef BsoBl|, by which upon specific bindinghe DNA-binding cleft closes
while theresidues located at position 1B8wevermoveaway fromeach othef105]. If
with this explanationthe DNA-binding cleft isconsderedto beclosed inthe specific
complex andpen in the apoenzyme, this wowlohsequentlynean that th®NA-bind-

ing cleft isalsoopenin the norspecific complex, since the FRET efficienciestioé
apoenzymeandthe nonspecific complexwvere found tobe similar (0.46 vs. 0.45)No
changeof the FRET efficiencypon bindingo a nonspecific 12 bp oligonucleotide has
beenobservedilso by Jasmina Dikin singlemolecule experimenfd05]. Interestingly,
the addition of a nospecific 39 bp oligonucld¢ime induced a decrease of the FRET ef-
ficiency, which in a twistindike motion would mean closing othe DNA-binding cleft

It was therefore concluded that the conformation BsoBI uses for sliding is more closed
than tle conformation of the apoenzyme §10It can be seen thahé conformational
changes of BsoBare morecomplex andcannotbe explained bgingleFRET measure-
ments A definitive answeregarding the nospecific complex of BsoBilequires further

experiments€.g.labeling at different sites the protein) or the solution de crystal

structure Neverthelessi t i s not assumed that BsoBI gr
conformation’ , because a tunnel c@Be.l d be
However, it is assumed that the cbnkerfr mat

on the one hand closed enough to prevent falling off the DNA and on the other hand open

enough to prevent frictiondbween the protein and the DNA.

Another interesting observation that could be mauiengthe FRET measuremenis
thattheapoenzymef BsoBIl and EcoRV exist in at least two different conformations in
solution, depending on thegsence of divalent metans. Ithas been postulategrlier

thatr estriction enzymes oscill at[38100eHoween a
ever, these observations could not be made for Pvull. It is therefore possible yhat onl
restriction enzymes whose DN#inding cleft is not open enough to directly bind to DNA

(such as EcoRV and BsoBdyitch between different conforniams in solutionSince

the DNA-binding cleft of Pvullis alreadyopen enoughno conformational changes in

solution arenecessary
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4.2.3 Studying linear diffusion of structurally different restriction

enzymes

Linear diffusion has ben studied in detail for EcdRR40,44] and more extensively for
EcoRV[31,45](see alsd.1.1.9. In these studieseseral aspects were investigated such
astheinfluenceof thesubstrate length and the concetdra of mone and divalent cati-
onson linear diffusion, the effect of obstacles and star,sie=srlooking ofspecific sites,
reflection at the ends of DNA and the mechanisiproéluct dissociatiarSo far not under
investigation waswhether linear diffesion depend on the structuref a restriction en-
zyme especiallyonthe conformation of the DNAinding cleft In thiswork the depend-
ence of linear diffusion on the substrate lengththedalt concentration has been exam-
ined in acomparativenanner forthe structurally different restriction enzymes EcoRYV,
Pvull and BsoBI. All enzymes at®mmodimeric 6 bp cuttdyut differin theconformation

of thar DNA-binding cleft(Figure35). It seems reasonable to assume that the stalctur
features of the three enzymes will affect their ability to make ugieer diffusion. It
has been hypothized that the more open the DN#nding cleft, thesmaller the contri-

bution oflinear diffusionto targetsitelocation.
Substrate length dependence

It has beershownin earlier studieshat thedegree of lineadiffusion depends on the
length of the DNA substra{@1,40,45]. To find out whether thsubstrate lengtdepend-
ence § similar for the three enzymeasmpetitive cleavage experimemtsre carried out

under identical conditions.

The resuls showed thathe cleavage rates of the long and the short fragiemntand
kshor) and consequently the total cleavage rétgg)) decreasewith increasng length of
the PCR fragmen(Table33, Table34 andTable35). This observatiorcan be attributed
to the facthat the loger the PCR fragment the more repecific DNA is present in the
reaction mixture, which reduces the concentration of fregraeand thereby the cée-
age ratgso called t r a p p i of gongpécifieDNA[10]]). This effectwas mat
pronouncedor BsoBI (kiotal Was reducedrom 2.01 mint for the 26mer to 0.299 niin
for the 1488meby a factor of 6.yand lesgpronouncedor EcoRYV (factor 6.2) and Pvull
(factor 5.2), indicating that BsoRln be trapped more effectively on rgpecific DNA
than EcoRV and Pvull, which can be correlated with a longer residence time -on non
specific DNA Further experimentevealedhatthetrapping effect of notspecific DNA
depends on the continuity of the DNA substrate
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The 26merwascleaved 3imes faster by BsoBihen the 958mer waigestedorior to

the competitive cleavage reactjaithough thesame amount of nespecific DNA was
present in the reaction mixtu(€able36). Due to the fragmentation of the 958mer, less
BsoBI was trapped in a sliding movementnonspecific DNA andhereby more BsoBI
was available to cleavthe 26mer which increased the cleavage Tdirs.revealedthat
BsoBI can be trappedhore effectively on longdONA substrates than on shorter ones
suggestinghat theresidence timen long fragments is longer than on short fragments
In case ofEcoRV aml Pvullinstead the 26merwascleaved withnearlythe sameate
independent of whether the 958mer wlagestedorior to the competitive cleavage reac-
tion or not This revealedhatEcoRV and Pvull can be trapped on shartl longfrag-
mentsequallywell, suggesting that theesidence time on long fragments is comparable

to that on short fragments

Furthermore, the results showed tlm tleavage of the long fragmeves always faster
than the cleavage of the short fragm@tdng > kshort), Whichcan be #ributed toa contri-
bution of linear diffusiorto the searching processnort Characterizes the rate of cleavage
resulting from direcbinding to the specific sit€D-diffusion), whereaskiong character-
izes the rate of cleavage resulting friomtial non-specific binding and subsequent sliding
to the specific sité1D- and 3Ddiffusion) (see alsd-igure48). The probabilitythat the
protein makes a direct collision with the specific site is low and it is more likely that the
initial contact will be norspecific. Thefollowing 1D-diffusion along norspecific DNA
effectively decreasese searchvolumeof the proteinwhich accelerateghe location of
thetarget site This propertyof long substrates ialsoreferred to asantennaeffect of
nonspecific DNA[10]]. Further experiments showed tlia¢ antenna effect can be elim-
inated andinear diffusion thereby preventedhfter digestionof the 958mer prior to the
competitive cleavage reactigime short and thragmented)ong substrate were cleaved
with essentially the same ratieofg = Kshort), resulting from the fact that the predigested
958mers were cleaved much slower than the undigested 958mers. Dugdgrttenta-
tion of the 958mer, neapecific DNAcould no longer serve as antenna near diffu-
sion could no longer conlute to the searching proceskereby reducing the rate of

cleavage
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Theabove mentionegdreferential cleavage of long substsadger the short orsg which
canalsobe expressed in the ratio btcleavage rasdkiong/kshor), was found to increase
with increasing length of the long substrégeeFigure52). However, the dependence on
the substratéengthwas found to belifferent for the three enzymes, demonstrating that
linear diffusion is used to a differesttent The lengthdependence was mgsbnounced

for BsoBI .g.the 958mer was cleaved/S:times faster than the 26mer), second most
pronouncedor EcoRV (e.g.the 958mer was cleaved 3-081es faster than the 26mer
andleast pronounced fdPvull (e.g.the 958mer was cleaved 1-fithes faster than the
26me), indicating that BsoBI is usintipe antenna effecf nonspecific DNAmost ef-
fectively b accelerate target locatiohhe length dependence Ofidng/Kshory) is directly
relevant tathe sliding length, which is theverage number of base pamnned within
one binding evertLl0Z (Figure66). If the length of the substrate is smaller than the slid-
ing length, Kong/kshory) IS virtually proportional to the length of the substrate, because of
the antenna effect. Evebjnding event would leito cleavage of the specific sitethe
length of the substrate is greater than the sliding lemgthevery binding evenwould
leadto cleavage of the specific site, sirtbe probabilityincreaseshat the enzyme dis-
sociates before finding trepeciic site by linear diffusion which explains the asymptot-
ical dependence okigng/kshor) ON the substrate lengtAccordingly, it can be derived
from Figure52 that BsoBI scans more base pairs within one binding event than EcoRV

or Pvull.

0. Kar J

Sliding length A
kairs
1= |-LL
\ Korr

Figure 66: Sliding length After nonspecificassociatiorto the DNA moleculelon),the sl i di ng | engt h A
the probability that the enzyme slides one skap) (rather than dissociates from the DN&:«. The cleavage ratean

only be enhanced by linear diffusion, if dissociation is slow #eivor/and linear diffusion is & (highkait).
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The fact that BsoBl is using linear diffusion to a higher degree than EcoRV and Pvull can
be attributed to the fact that BsoBI spends more time diffusing alongpemific DNA

and thereby is able to scan more base pairs within onegiegtent. A long residence
time (also called dwell time) on nespecific DNA should be reflected in the nspecific

binding constantp) of the enzymes.

The dwell time( Ttis)related talissociatiorrate constantkgs) b y kof, whith carl be
calculatedby kot = Kp * kon from the norspecific binding constankp) (seeTable31),
assuming that the association rate congfian) is identical for the three enzymes and
diffusion controlled kon = 10* M1s?). Thecalculationgevealedan expectedghort dwell
timefor Pvull (5 mg, thedwell timefor BsoBlhowever, was rnaaslong as expected(/
ms), instead EcoRV showed thengest dwell timg€145 m3. There are different possi-
bilities how to explain the discrepan@ne possibility is thahe association of BsoBI to
nonspecificDNA is slowerthan assumedrhis would make sense if one considers that
BsoBI has to open the DNBinding cleft prior to binding. And indeed, it could be shown
in pre-steady state experiments that #ssociatiorio a specific 39men the presence of
Mg?*-ions was slower than diffusion controlldd{(= 4.8 x 16 M-s?) [105]. Recalculat-

ing thedwell time for BsoBI with this value ofkon yields 557 ms which islongerthan
thedwell timeof EcoRV. Another possibility is that the diffusion alathg DNA (kaif) is
much fastefor BsoBl compared to EcoRV. tiie dwell time of BsoBl is shorter than that
of EcoRV,BsoBI has to move much fasiarorder to scan the same amount of base pairs
within in one binding eventA third possibility isthat thelow binding affinity (and
thereby the short dwell timé&3 only valid for short substrates (for the detenaiion of

Kp a 16bp oligonucleotide was used) and would be much higher for long substitate
theoryis consistent with the finding that BsoBI could be trapped nheatteron long
substrateshan on short ongsee3.2.3.). It would also explain why no conformational
changes could be observed in the presenaaofitspecific 16mer but in the presence of
a nonspecific 39mefl105]. Since BsoBI presumabfgrms a tunnel aroundon-specific
DNA, it is more likely that it fali-off the ends (which would happen faster if the substrate
is short) rather thaopening the DNAbinding cleft. However, in order telucidatewhich

of the three options is therrectone, further experiments are necessargetermindor
examplethe assciation rate constankdy,), the onedimensional diffusion cefficient(D1)

and the dwell tim¢ toh longerDNA substratesor BsoBl But, regardless of what the
correct explanation jst remainsthe fact thathe sliding length of BsoBI is longer than

that of ECORV and Pvulindicating that BsoBI s linear diffusion most effectively
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Salt dependence

In early studies with EcoR#0,42,43] and EcoR\[31,45] it was shown that the effect of
facilitated diffusion on target site location is salt dependent. To find out whether the salt
dependencesisimilar for the three enzymegmpetitive cleavage experimemisre car-

ried outin the presence &0, 50, 100 and @ mM NaCl under otherwise identical con-
ditions.

The salt dependence of linear diffusion cam$éeibedo the fact thasalt influences both
the nonspecific binding constanp) and the ona&limensional diffusion cefficient
(D1). Both parameters infliee the sliding length (sd@gure66) and thereby the effi-
ciency of linear diffusion. High salt concentratcare expected to increake, mainly
by increasingf since the rate of associatigkvn) is only moderately affectely salt
[38]. A highkott leads to a shorter interaction tirbetwjth the DNA, which reduces the
sliding length( Aahd thereby the efficiency of linear diffusiorhe effect of salt othe
onedimensional dfusion coefficient () is controversiallt wasfirst assumed that D
would be independent of the salt concentration, since the protein remeargant with
the DNA hopping instead was expected to be dependent, since dissociatioragaad-re
ciation events are involved the mechanisrfi71]. However, it could be shown imgjle-
molecule experimenis7] as well as in bulk ensemble measuremg&b@d] that D in-
creasedvith increasing salt concentratidn.the first instancehis suggests that increas-
ing the salt concentration would increase the efficiency of linear diffusiore aimgh
D: increass the sliding lengthNevertheless, thexperiments alscevealedhat in total
thesliding lengthand thereby the efficiency of linear diffusiasas reducedith increas-
ing salt concentratiof67,101], whichimplies that thenegativeeffecton the interaction

time was much more pronounced than plositiveeffecton Ds.

The resultsn Figure58 showedthat only thekiong/kshort Values for ECORV continuously
decreased witlincreasingNaCl concentrationhoweverJelsch et al[31,45] found a
maximum for EcoRV at 50 mM NaCT.he kiong/kshort Values for Pvullonly initially de-
creased (when increasing tNaCl concentration from 20 to 50 mMind then remaged
approximatelyat the same levgindicating that alreadilaCl concentrations 50 mM
reducethe efficiency oflinear diffusionconsiderablyIn contrastsuch a low efficiency
of linear diffusion(kiong/kshort = 1.8) was seen with EcoRV and BsoBhly at aNacCl

concentration 200 mM.
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Thekiong/kshort Values for BsoBl initially increased (when increasingNa| concentra-

tion from 20 to 50 mM) and then continuously decreasel wwitreasingNaCl concen-
tration,indicating thathe efficiency ofinear diffusion iseducedat NaClconcentrations

<50 mMand > 150 mMLow salt concentratiosshould normallyncrease the efficiency

of linear diffusion On the other handyne has to consider thsalt has the functioof
balancingelectrostatic interactions or hydrogen bonds between the protein and the DNA.
If they are unbalanced, bindirmgetween protein and DNBAecomegoo strongandin-
creases the friction. In order to mowa, interactions have to be broken whiclduees

the rate ofinear diffusion[31,45].

The results shoedindeed that thealt dependence of lineaiffdsion is different for the

three enzymes. This was expected saltenzymes have a different protddNA inter-

face with different hydrogen bondand electrostatic interactions. Betwegth and 100

mM NaCl the efficiency of linear diffusion remained nilgysthe same for each enzyme
Decreasing th&laCl concentration to 20 mNed toeithera higher degree of linear dif-
fusion for Pvullor to a lower degreef linear diffusionfor BsoBIl. At 200 mM NacCl
facilitated diffusion is much less effective than at 4 NaClfor all enzymes, indicat-

ing thationic strength above the physiological value (150 mM) reduces the effectiveness
of facilitated diffuson considerably

Structure dependence

The structure dependenceliokardiffusion can be studied particularlyeWif one intro-
duces structural changes into the same enzyimie has been donalreadyfor ECORV,
where individual hydrogen bond acceptors or donors and positive shaagebeen re-
moved from the DNAbinding cleft of the proteinleading to variants fowhich linear
diffusion was impaired or even abolish&d]. In thiswork the effectof a defined struc-

tural changevas investigate(seeFigure59).

The results inrable40 showed that small aseN as large structural changes influenced

the efficiency of linear diffusion. By fusing EcoRYV to the elongated protein sSCRM6 the
hydrodynamic radius was increak It could be shown in singhlaolecule experiments

that the onadimensional diffusiorcoeffident (D1) of the fusion protein was reduced by

a factor of 4 compared to EcoR¥¥ee3.1.4and[90]). This observation could now be
confirmed by ensemble measurements since the fusion protein showed a lower value of
kiong/Kshort compared to wild type EcoRVhdicating that the efficiency of linear diffusion

wasreduced.
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By connecting théwo subunits of Pvull witha short peptide linker the DNBinding
cleft became more closed (the distance of the symmelayedcysteine residues at po-
sition 125 decreased from 67 A in Pvull to 58 A in scPVi@§. It could be shown that
the kiong/kshort Values for scPvull werkarger than for wild type Pvull, indicating théuig
small change allows scPvull to make bettee oflineardiffusion than the wild typen
addition, this observation confirms thbove mentionetlypothesis.

Final conclusion

The results of the linear diffusion analysss2.3 perfectly fit the results of the confor-
maiton analysis §.2.2 and confirm the hypothesis that restrictionygnes with a rela-
tively open DNADinding cleft make less use of linear diffusion than enzymes with a
more closed DNADbinding cleft.

Pvull was found to adopteopen conformation while sliding along the DNA and showed
the lowest degree of linear diffusio@onformational changes in Pvull are characterized
by rigid body motions in a tongdé&e movement, which are supposed to facilitate fast
associatiorand dissoiation [27]. Additionally, it could be shownfor Pvull that only
small conformational changese neededb associate with adissociate from norspe-

cific DNA (slight closing/opening of the DNAInding cleft). This suggests that the prob-
ability of dissociation is much highéran the probability of linear diffusion, resulting in

a shorter interaction time with napecific DNA (vhich has been confirmeby a high

Kp for Pvull) and consequently in a shorter sliding length and a low degree of linear
diffusion. Additionally, aseach mechanism consisting of mainly association and disso-
ciation events is supposed to mereimpairedby salt than a pure sliding mechanism
This explains why already smathlt concentrations> 50 mM) decreased the interaction

time and consequently tliegree of linear diffusion.

EcoRV was found to adopt a more closed conformation while sliding along the DNA and
showed a higher degree of linear diffusion than Pvull. Conformational changes in ECORV
are characterized mainly by local rearrangements and@nlpy rigid body motions in

a scissotike movementSuch motions areot supposed to facilitate fasssociation and
dissociation. This suggests that the probability of linear diffusion is much higher than the
probability of dissociation, resulting inlanger interaction time with nespecific DNA
(which has been confirmed by a lédw for ECORV) ancconsequentlyn a longer sliding
length and a higher degree of linear diffusiDoie to a different mechanism, the degree

of linear diffusion was affectechty at salt concentrations > 150 mM.
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ForBsoBIl it was assumed thatadopsa c | ose-li ket yunoehf or mati ol
ing along the DNAand showed the highest degree of linear diffusion. The exact confor-
mational changes in BsoBI are not known sg $amce only the crystal structure of the
specific complex is available, but it was assumed that changes appear in a-ikisting
motion[105]. Nevertheless, these kind wfotions are not supposed to facilitatet fas-
sociation and dissociatio®once wraped around the DNA, it seems more likely that
BsoBlI diffuses along the DNA rather changes aghi conformationn order to disso-

ciate from the DNAThis resultsn a longer interaction time with nespecific DNA and
consequentlyn a longer sliding lengt and a higher degree of linear diffusi@gnclose
contact between protein and DNA also explains the finding that linear diffusion was de-
creased for BsoBI at low salt concentratidnsthis case the reducing effect of low salt
concentrations on the omtmensional diffusion coefficient predominates, leading to a

higher friction and a lower degree of linear diffusion.

Pvull EcoRV BsoBI

Relation
between
structure
and
linear diffusion

Conformation Open Partially closed Closed
Interaction time (1) Short Intermediate Long
Sliding length (A) Short Intermediate Long
Efficiency of linear diffusion Low Intermediate High
Influence of salt NaCl > 50 mM NaCl > 150 mM NaCl < 50 mM and NaCl > 150 mM

reduce effciency reduce efficiency reduce efficiency

Figure 67: Summary of the properties of structurally different restriction enzymes.

It has been proposed that gteuctural basis for linear diffusion is that the enzyme partly
wraps around the DNA and that both components are hold together by electrostatic inter-
actions and hydrogen bonfl]. By the comparison of structurallyftérent restriction
enzymes, it can be further assumed that the wrapping around the DNA might be a strategy
of the enzyme to stay longer contact with the DNAThe more pronounced the wrap-

ping, the longer the interaction time and the higherctmributon of linear diffusion to

the mechanism of target site location.



5 Summary 152

5 Summary

Many biological functions depend oimteractions between DNA andestpecific DNA-
binding proteinswhich must locate their specific targate within a high excess of nen
specific sitesSeveral proteinmake use ch processalled facilitated diffusiopwhich is
based on translocations of the protein alongseific DNA and accelerates targsite
location.Differentmechanisminvolved in facilitated diffusionsuch as slieig, hopping
or jJumping and intersegmetransfer have been discusseblype Il restriction enzymes
are model systems fatudyingproteinDNA interactions and their target searoecha-
nismhas beernvestigatedntensivelyby buk ensemble as well as byngiemolecules
experimentsTwo openquestions related tine sliding (linear diffusion)mechanisnof
Type Il restriction enzymesave been addressed in this work.

The first aim of this work was to investigate whether the sliding mechanism of Type Il

restiction enzymes is coupled to rotation. To this etifferent variants o n el ongat e
restrictionenzyme consisting of ECORV and the qudisiear protein scRM6have been
prepared Two importantprerequisitegor the visualization ofotationalmotion are: a
preserved activity and a correct spatakntation Binding- and cleavagexperiments
demonstratethat the activitycould be preserved, although beneglucedoy one totwo
orders of magnitudeompared to EcoRV alonERET measurementsoweverrevealed
that theextension component sScCRM6 is not maximally stretchedmditencethe spatial
orientation is not optimalRotational movement of the fusion protein scRE&®RYV
could successfully be demonstrated indigebly measuringhe linear diffusioncoeffi-
cient O1) usingsinglemolecule experiments and comparindoitheoretical models
However directvisualization of rotational movemeunsing superesdution microscopy
has not beepossible due teuboptimakpatial orientatiof the fusion prteinandspeed

and randomness of the diffusional motion

The second aim of this work was to investigate whether the structure of a restriction en-
zymeinfluences the degree of slidingo this end, lte structurally different Type Il re-
striction enzyme®vul, EcoRV andBsoBIl were compared regarding their conformation

in complex with DNAand their ability to make use of linear diffusidhwas hypothe-

sized that the ore open the enzyir@NA complex the less linear diffusion is used by

the enzymeFRET measrements were performdd elucidatehe conformatiorof the
restriction enzymé complex with norspedfic DNA (sliding conformation)especially

the extent of opening of the DNBinding cleft. The measuwements revealed that Pvull
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adops and open conformah for sliding whereas EcoRV and BsoBl adopt a more
closed conformationConventional kinetic methods were performed to investidege t
linear diffusion behavioand revealedhat linear diffusion is usethost effectively by
BsoBI to speed up targeaite locationand lessffectively by EcoRV and PvullAddi-
tionally, it could be demonstrated that tloaic strengtidependence of linear diffusion is
different for the three enzymeSnzymes with an open conformation (Pvidle more
affected by salt thaerzymeswith a more closed conformation (EcoRV, BsoBlhe
results of the conformation analysisuld beperfectlycorrelated withthe results of the
linear diffusion analysis and confirmed the hypothesis that restrictiopmaszwith a
relatively open DNAbinding cleft make less use of linear diffusion tlesiaymes with a
more closed DNAbinding cleft.The hypothesis could be further confirmedstydying
the linear diffusion behavior @nzymevariantsin which a defined structural change had

been introdued.
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6 Zusammenfassung

Viele biologische Funktionen hdngen von Wechselwirkungen zwischen DNAp@zd
fischen DNA-Bindungpoteinen ab, die ihre spezifische Zielsequenz hohenUber-
schussiichtspezifischelSequenzeauffindenmissenVerschieden®roteine hben ei-
nen Prozess namererleichterte Diffusion’ entwickelt, der auéinerTranslokatiordes
Proteinsentlangnicht-spezifische DNA beruhtund das Auffinden der Zielsequoe be-
schleunigt.Verschiedene Mechanismen denteichtert@ Diffusion, wie z.B. Glaten,
Hupfen oder Springen uridtersegmentansfer,wurden diskutiert. Typl-Restrktions-
enzymedienen aldModellsysteme fiir die Untersuchung von PioieNA Wechselwir-
kungen und ihSuchmechanismus wurdeereitsintensiv durch Bulk-Ensemblé sowie
durdh Einzelmolekigxperimenteuntersucht. Zwei offene Fragen Zusammenhang mit
demGleitmechanismu@inear Diffusion) der Typ IFRestriktionsenzyme wurden in die-

ser Arbeitadressiert

Daserste Ziel dieser Arbeit war es untersuchen, ob d&leitmechamsmusvon Typ I+
Restriktionsenzymemit einer Rotationsbewegung verbunden kerzu sind verschie-
dene Vari ant en eRestriktbnsenzys bestehend aus EceRV und dem
quastlinearen Protein scRM@jergestellt wordenZwei wichtige Voraussetingen fur
die Visualisierungeiner Rotationsbewegurgind eine konservierteAktivit at und eine
korrekte rdumliche Orientierung. Bindungsd Spaltegerimente zeigten, dass die Ak-
tivitat bewahrtwerdenkonnte wennsie auchim Vergleich z1 ECoRV alleineum ein bis
zwei GroRRenordnungereduziertwar. FRET-Messungen zeigtehingegendass digEr-
weiterungskomponeritecRM6 nicht maximal ausgestreckt und damit die raumliche Ori-
entierung nicht optimakt. Die Rotationsbewegundes Fusionsproteins scRMEEoORV
konnte erfolgreich durch Messunigs linearen Diffusionskoeffizienté®1) unter Ver-
wendung von Einzelmekilmessungemind demVergleich mit theoretischen Modellen
indirekt nadhgewiesen werden. Allerdingegar die direkte Visualisierundger Rotations-
bewegung mittels superhochauflosendédikroskopie aufgrundler suboptimalendum-
lichen Orientierungdes Fusionsproteinsxdder Geschwindigkeisowie zufélligen Rich-

tungderdiffusenBewegungiicht moglich

Das zweite Ziellieser Arbeit war egu untersuchen, aottie Struktur eines Restriktions-
enzymsdas Ausmal} deSleitensbeeinflussen kanrZu diesem Zwecivurdendie struk-
turell unterschiedlichen Typ-RestriktiongnzymePvull, ECORV und BsoBlinsichtlich
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ihrer Konformationim Komplex mit DNA und ihrer Fahlgit zur Verwendung von li-
nearer Diffusionverglichen. Es wurde angenommen, daseffener derEnzymDNA
Komplex ist destoweniger lineare Diffusion durch das Enzym verwendietl. FRET-
Messungen wurden durchgefubirh dieKonformationdes Restriktionsenmys im Kom-

plex mitnichtspezifischeDNA (Konformationdes Gleiteng insbesondere das Ausmaf}
der Offnungder DNA-Bindungsspalteaufzuklaren Die Messungen ergaben, dass Pvull
eineoffene Konformation zum Gleitesinnimmt wéhrend EcoRV und BsoBI eimhe
geschlossene Konformatioginnehmen Konventionelle kinetische Methodemurden
verwendetum das linearéiffusionsverhalterzu untersucheand zeigten, dass lineare
Diffusion am effétivstenvon BsoBI zu beschleunitenAuffindung derZielsequenz ver-
wenrdet wirdund weniger effektiv durch EcoRV und Pvull. Darlber hinaus konnte ge-
zeigt werden, dass digei Enzymeeine unterschiedlichenenstarkeabhangigkeit Be-

zug auf lineareDiffusion aufweisen Enzyme mit einer offenen Konformation (Pvull)
werdenst&ker in ihrem linearen Diffusionsvermégemn Salzbeeinflusst als Bzyme

mit einerehergeschlossenen Kérmation (EcoRV, BsoBIl)Die Ergebnisse der Kon-
formationsanalyse konmgerfekt mit den Ergebnissen der linearen Diffusionsanatyse
Einklang gebrehtwerden und die Hypothese, dass Restriktionsenzyme mit einer relativ
offenen DNABIndungsspaltenehr Gebrauch von linearBiffusion macherals Enzyme

mit einer geschlossenen DNBindungsspaltebestéatigenDie Hypothese kontedurch
Untersuchungen ddmearen Diffusionsverhaltens von Enzyamianten in denen eine

definierte Strukturanderung eingefiihrt wurde, weitetdigyt werden.
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