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Abstract 

'The Our protein of bauteriophage T7 is a small. dinieric protein which inhibits 

the cleavage of the pliage DNA by type I restriction enzymes in the infected host 

cells. I have studied the structure and the stability of Ocr and analysed its 

binding to the EcoKI type I restriction-modification enzymes. Ocr has an unique 

Trp residue in position 94 which is solvent exposed and important for protein 

stability but not activity. The protein has a melting temperature of 72.2 ± 0.01 

°C and a molar extinction coefficient of 32095 M' cm' when studied in 20 

mM Tris, 20 mM NH1 0, 6 mM MgC12, pH 8 buffer. Asn4 residue from one 

iiioilonier is in close proximity to Asn4 in the other monomer. Ser68 residues 

are also at the monomer-monomer interface. Six surface exposed amino acids 

were substituted to cysteine and labelled with cysteine-specific fluorophores. The 

interaction between labelled Ocr(Cvs) proteins and EcoKI methylase revealed a 

huge surface area buried al the interface of the two proteins. Our binds tightly 

to the H and S subunits and weakly to the M subunit of the EcoKI enzyme. One 

Ocr dmier binds to EcoKI inethylase and two climers to EcoKI nuclease. Both 

Ocr-EcoKI methvlase and Ocr-EcoKI nuclease complexes have a Kd of about 

10 1 1  -Ni. 
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Chapter 1 

Introduction 

1.1 Type I Restriction-Modification enzymes 

Restriction and modification (B-M) systems are often regarded as primitive bac-

terial immune systems (King and Murray, 1994). They protect bacteria against 

phage infection by restricting (cutting) the viral DNA that enters the cell, a func-

tion fulfilled by a R-M endonuclease. R-M systems are able to distinguish between 

clf and nun-self DNA. ilicir own D'NA is pi'oterted at the recognition site 

by nietlivlation. a fhnctiou fulfilled by a methvltransferase. The absence of the 

methyl group at the recognition site triggers the endoni.iclease activity resulting 

in a double strand cut of the foreign DNA (Meselson and Yuan. 1968). 

R-1 svstenis were classified lit three (lasses based on enzvnie complexity, co-

factor requirement and position of DNA cleavage (Yuan. 1981). Type II R-M 

systems have played an important role in the development of recombinant DNA 

technology. They are the simplest of the R-M systems and have separate restric-

tion and modification enzymes (Bickle and Kruger, 1993; Barcus and Murray, 

1995). 	ia 11 v. 111( ,  ( IldoiilI(lease is a diner which recognizes and cuts dsDNA 

within a rotationally svnimetric target sequence, and the methvlase is monomeric 

(with a few exceptions) and modifies the same target sequence. 

Type III R-M systems contain only four members: EcoPl, EcoP15, Hirif III 

and StyLT1 and are intermediate ill complexity between type I and type II R-

M systems (Bickle and Kruger. 1993). Type III enzymes are multi-functional 
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hsdR 	 hsdM 	 hsdS 

I 

 res 

Figure 1.1: The organization of the EcoKI hsdR. hsdM and hsdS genes. 

proteins able to both cleave and niethvlate unmodified DNA. They are composed 

of two different subunits: the mod gene product which can function alone as a 

modification rnethvla.se  requiring AdoMet and Mg2+ and the res gene product 

which has no enzymatic activity and requires .;-UP and Mg2+ for endonuclease 

activity. Although S-adenosvl-inethionine (AdoMet ) is required for restriction 

by type I enzymes, it only stimulates the restriction by type III enzymes (Yuan, 

1981). 

Type I R-M systems were the first studied in detail and the most complex 

u fai (lis(oVcrcd. lucy are cuiiiplvx, multi-functional proteins which exhibit 

three enzymatic activities: an endonuchease activity specific for unmodified DNA 

requiring ATP, AdoMet and Mg2+,  (Meselson and Yuan, 1968) a methylation 

activity that requires AdoMet (Haberinan et at., 1972; Hadi et at., 1975) and an 

ATP-ase activity that iS coupled to restriction (Bickle et at., 1978). 

Type I R\I systems have been divided into four families (IA-ID) based on 

genetic conipiernentation tests, antigenic cross-reaction and DNA hybridisation 

(Murray et at.. 1982: Barcus and Murray. 1995: Titheradge et at., 1996). Table 

1.1 shows a list of the members of all four families. 

Fin hesl St lid led iileIlii)er of the type I svsteiris is EcoKI. This enzyme corn-

prises three kinds of polvpeptides: R (restriction), M (modification) and S (speci-

ficity) (Yuan, 1981), encoded by hsdR, hsdM and hsdS respectively. The hsd 

genes are transcribed in the same direction from two promoters (Fig 1.1), Pres sit-

uated upstream of hsdR gene and p?7od  between the hsdR and hsdM genes (Sam 

and Murray, 1980; Loenen et at.. 1987) 

The STOP codon of the h,iM gene overlaps the initiation codon of the hsdS 

2 



Table 1.1: Type I R-M s.Nllstenis identified in Eiiterohacteriaceae 

Family Enzyme Target sequence Reference 

IA 

lB 

EcoKI 

EcoBJ 

EcoDI 
StyLTIII 
Sty S PT 

EcoR5I 
EcoRlOI 

Eco R231 

E 	A I 
EcoEI 
CfrAI 
Sty SKI 

StySTI 
EcoR 171 
EcoR42I 

AAC(N6 )GTGC 

TGA(N8)TGCT 

TTA(N7)GTCY 
GAG (N6 ) RTAYG 
AAC(N6 )GTRC 
not done 

not done 
not clone 

GAG (N 7 )GTCA 
GACI(N7 )ATGC 

GCA(N8 )GTGG 

CGAT(N7 )GTTA 
not (10110 

not (10110 

not rloiie 

(Kan et at.. 1979) 
(Ravetch ci at., 1978) 
(Nagaraja et at., 1985c) 
(Nagaraja ci at., 1985b) 
(Nagaraja et at., 1985b) 
(Barcus et at., 1995) 
(Barcus et at., 1995) 
(Barcus et at., 1995) 

(Snrl ct at., 1984) 
(Cowan et at., 1989) 
(Kannan ci at., 1989) 
(Thorpe et at., 1997) 

(Barcus and IVlurrav, 1995) 
(Barcus ci at., 1995) 
(Barcus ci at., 1995) 

IC 
	

EcoRl 241 GAA(N6 )RTCG 
	

(Price ci at., 1989) 
Eco DXXI TCA(N7)RTTC 

	
(Gubler et at., 1992) 

Ecop rn 
	

CC-(N7 )RTGC 
	

(Tyndall ci at. 1994) 

ID 
	

Sty SB LI 
	

CGA(N1 )TACC 
	

(Titheradge ci at.. 1996) 
EreIi9I 
	

not (10110 
	

(Barons et at., 1995) 
Kp 71 Al 
	

not done 
	

(Lee et at., 1997) 
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gene (Gough and Murray. 1983), suggesting a translational coupling of the two 

genes (Oppenheim and Yanofskv. 1980). 

M and S subunits are sufficient to form a functional DNA methyltransferase 

(also called methvlase). The ratio between M and S subunits is 2:1 for both 

EcoKI and EcoR124I. a member of type IC systems (Dryden et at., 1993; Taylor 

et at., 1992). During purification of EcoKI inetliviase an MIS, inethylase was 

also identified but this form has been proven to be inactive (Dryden et at., 1993). 

It appeals tilaf forin~it ion of the M I S, dimer is the initial step in the assembly 

1 E aNT (Drvdl I / ii.. 1997). Two f subunits hind i iglitiv to the methylase 

forming an active endonuclease with a stoichiometry of R2 M2S1 (Dryden et at., 

1997). 

Based on detailed studies in vitro, Bickle et at. (1978) and Yuan (1981) pro-

posed the following scheme for the mechanism of EcoKI enzymes (Fig.1.2). First, 

EcoKI hinds rapidly to AdoMet in a non-covalent manner. AdoMet acts as an al-

losteric cofactor. allowing the enzyme to undergo a slow transition to an activated 

form, EcoKI* (Hadi et at.. 1975). EcoKI* is able to bind any DNA regardless of 

thy piesenv or the absence of the specific imognition sites. However, after the 

iii t ia I hi rid ng. the art iva ted riizvine seeks arid hinds to recognition sites (Powell 

et at.. 1998h). 

Depending on the methvlation state of the recognition site, the oligomeric 

complex acts as a methvltransferase or endonuclease (Meselson and Yuan, 1968). 

If the DNA is hemimethvlated the activated enzyme switches to the methylation 

mode and inethvlates the unmetlivlated strand. 

Uninethvlated DNA will be regarded as foreign DNA and will trigger the 

endonuclease activity. In the presence of ATP. AdoMet dissociates froin the 

complex AlP acts as an allosteric cofactor inducing conformational changes 

that lead to a new activated form. EroKJ+ . The activated enzyme translocates 

DNA in an ATP-dependent manner. then cleaves the target DNA up to several 
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EcoK 

VAdoTMel  
EcoK AdoMet 

 

EcoK 
DNA 

 

EcoK -DNA initial complex 

H4) 

	

EcoK - K:K DNA 	 EcoK - 0:K DNA 

	

I ATP (5) 	 ATP 

r- 
AdoMet (9) 

AdoHcy 

	

EcoK + K:K DNA 	 EcoK + K:K DNA 

(4) 

EcoK 	- 0:0 DNA Recognition 

ATP Complexes 

AdoMet 

EcoK+ - 0:0 DNA Filter 
Binding 

P 	

(7) 
Complex 

 ADP + Pi 

DNA translocation 

(8) 

DNA Cleavage 

Figure 1.2: The reaction mechanism of the EcoKI methylase and nuclease. The 
first three steps (AdoMet l)inchrlg, activation to EcoKI*,  and formation of the 
initial complex with DNA) are common for both EcoKI rnethylase and nuclease. 
K:K represents DNA methvlated in both strands, 0:1< hemimethylated DNA and 
0:0 unmethvlated DNA. AdoFlcv is S-adenosyl-L-homocysteine. From reference 
Burckhardt et al. (1981h) 
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thousands base-pairs away from the recognition sequence (Horiuchi and Zinder, 

1972: Rosamond et al.. 1979: Studier and Bandvopadhvav. 1988) . If the DNA is 

fully methylated at the recognition site (methylated in both strands) the activated 

enzyme dissociates from DNA without any enzymatic activity. 

The S subunits of type I R-M systems dictate DNA sequence specificity. They 

recognise two asvinmetrical bipartite sequences. each of 3 to 5 nucleotides, sep-

arated by a spacer of 6-8 non-specific nucleotides. For EcoKI. the DNA target 

sequence is .5' - AAC(N6)GTGC - 3' (Kan et al., 1979). 

Sequence alignments of hbdS genes identified two long variable target recog-

nition domains (150-180 amino acids each) flanking a central conserved region 

(Gough and Murray, 1983; Bickle and Kruger, 1993; Barcus and Murray, 1995). 

The N-terminus target recognition domain (TRD) recognises the AAC trinu-

cleoticle and the second TRD recognises the GTGC sequence (Fuller-Pace and 

i\Inrrav. 1986: Cuhler c/ al.. 1992). 

Domain swapping experiments in which TR Ds train members of the same 

family were combined, resulted in novel specificities, indicating that each TR.D 

functions independently of the other (Fuller-Pace and Murray, 1986; Nagaraja 

et al., 1985a; Cowan et al., 1989). 

The hsdS genes of EcoR 1241 and EcoR124II enzymes are identical except for 

a central conserved sequence of 12 bp which is repeated twice in EcoR124I and 

three time,,; in EcoR.1 2411. Their DNA target sequences are identical except for the 

length of the nonspecific nucleotide sequence which is 6 bp for EcoR124I and 7 bp 

for FeaR 12411 (Puce e/ (i!.. 99: (4ubleu and Bickle. 1991). The central conserved 

domain seems to act as a spacer between the two TRDs and thus controls the 

length of the nonspecific base sequence (Price c/ (1.1.. 1989). It was also suggested 

that the conserved region is involved in forming contacts with the other subunits 

of type I R-M enzymes (Sharp et al.. 1992; Cooper and Dryden, 1994; Weiserova 

and Fii'man. 1998) 
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In addition to the regions conserved between members of the same family, 

there are regions of similarity within each S subunit (Argos, 1985). For type IC 

systems, a central conserved region was repeated at the carboxyl end (Tyndall 

et at., 1994). Further investigations revealed that the repeat at the carboxyl ter-

minus is incomplete but the missing part could be identified at the N-terminus 

(Kneale, 1994). This "split repeat' led Kneale to propose a "circular" orga-

nization model of the S (lolnaills I hat allows two M subunits to interact in a 

symmetrical \va.v (Figure 1.3). 

In the absence of any crystal structure of type I R-M enzymes, little is known 

about the amino acids within TRDs involved in binding the target DNA. Sequence 

alignment between HhaI methylase and 51 type I TRDs suggested that type I 

TRDs contain a tertiary structure similar to the HhaI methylase TRDs (Sturrock 

and Dryden, 1997). The (0-crystal structure of HhaI methylase with its target 

DNA shows that the region involved in DNA binding has a loop-a strand-loop 

structure (Klimasauskas et at., 1994). 

Most of the 101 random mutations introduced in EcoKI TRDs did not impair 

either the restriction or the modification activities (O'Neill et at., 1998). Only 

seven mutations confered an rin phenotype. They are not randomly distributed 

but clustered between residues 80 and 110 a region predicted to he loop-3 strand-

1001) according to Sturrock's model (Sturrock and Dryden, 1997). Based on the 

tertiary structure of HhaI methylase bound to DNA, a model for EcoKI methylase 

bound to its target DNA was proposed (Figure 1.4). 

The subunit responsible for inethvlation of the host DNA is M. The recognition 

sequence of EcoKI enzyme. AAC(N)6 GTGC. is methylated at the adenine shown 

in bold or the adenine on the complementary strand, opposite the thymine shown 

in bold (Burckhardt (t al.. 1981a). The methyl group is transferecl from AdoMet 

which plays a dual role. cofactor and methyl donor. The prefered substrate for 

methvlation is hemiinetlivlated DNA (Vovis et al.. 1974; Burckhardt et at., 1981b; 

ij 
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Figure 1.3: HsdS subunit of EcoRI24I enzyme. (a) Organization indicating the 
two TR Ds and the conserved sequences for type IC family. (b) Model of Kneale, 
in which the repeated sequences form linkers joining the TRDs in a rotation-
ally symmetrical configuration. (c) Model of the EcoR124I met hyltransferase, in 
which the two HsdM subunits bind to the linker region imposing a pseudo-dyad 
symmetry on the FIsdS subunit. From reference Murray (2000). 



Figure 1.4: A model of EcoKI methylase bound to DNA bsed on the tertiary 
structure of HhaI methylase. -helices, fl-strands and AdoMet are colored ma-
genta, yellow and blue respectively. The target bases are flipped out of the DNA 
helix and project into the methylation catalytic site. The grey space filled struc-
tures are the two TRDs of the S subunit. From reference Dryden et al. (1995). 
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Suri et (LI., 1984). 

The binding affinity for urirnethylated and heniimethvlated DNA is the same 

even in the presence of AdoMet. suggesting that the preference for hemimethy-

lated DNA is exerted mainly at the level of catalysis (Powell et al., 1993. 1998a). 

The affinity of methvlase for both specific and non-specific DNA increases in the 

presence of AdoMet but the effect is more evident for non-specific DNA. 

Comparative analysis between sequences of different type I hsdM genes (Sharp 

t at. 1992) revealed a high intraspecific divergence (no niore than 32 % identity). 

This is surprising because within the same fanulv the level of similarity can be 

as high as 94 W. 

All cytosine and adenine niethivitransferases have in common a sequence sim-

ilar to (D/E/S)XFNGXC (also called motif I) responsible for AdoMet binding 

(Posfai et at., 1989: Kumar et at., 1994; Kliinasauskas et al., 1989). In type I 

systems, the F residue is not so well conserved, the sequence of motif I being 

DPAXGXA for EcoKI and DPAXGXG for EcoR124I (Sharp et at., 1992). Sub-

stitution of the C shown in hold EcoKI led to a rnethylasc unable to bind AdoMet 

(Willcork (/ (Ii.. 1994). 

M subunits of M-adeline DNA metliyltransferases also contain a conserved 

motif II. (D/N)PP(Y/F) which could be aligned with the PC motif of C5-cytosine 

rniethvltransferases. responsible for methylation activity (Klirnasauskas et at., 

19891-  Posfai (1 al.. 1989). Indeed, mutations in DPPY motif of T4 Dam methylase 

and Escherzchzu Co// j Dann inethivla.se  abolished the methylation activity (Kossykh 

et at.. 1993; Guyot ut at., 1993). For EcoKI methylase, a N6-DNA methyltrans-

ferase, the conserved motif II was identified as being NPPY (Loenen et at., 1987). 

Amino acid substitutions in this motif abolished methylation activity but not the 

affinity for AdoMet (\Villcock et at.. 1994). 

The circular organization model of S subunit proposed by Kneale, imposes 

svinnietry on the two \I subunits positioned on either side of the S subunit. 
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Figure 15: DEAD-box inot ifs in hsdR 

(Kneale. 1994: Drvden (1 at.. 1995). The M subunit does not hind DNA by itself 

but asists S to hind (Powell et at.. 1998a). 

Methvlation interference experiments have shown that EcoKI inethylase inter-

acts with its DNA recognition sequence via contacts in the major groove (Powell 

and Murray. 1995). Methylation is presumed to occur via a base-flipping mecha-

nism which was proposed to he common to all cytosine and adenine methyltrans-

ferases (Kliniasauskas et al. 1994; Roberts and Cheng, 1998; Mernagh et at., 

1998). 

The endonuclease. ATPase and translocase activities are specified by the B, 

subunit. The level of sequence similarity of the R subunit among members of the 

type I R-M nucleases is quite limited, only 20-30 % identity (Titheradge et al., 

1996). However. all of them include inotifis similar to those identified in ATP-

dependent hehicases or putative helicases (Gorhalenva and Konin, 1991). One of 

these helicase motifs Asp-Gin-Ala-Asp (or DEAD in a single letter code), gave 

its name to this family of proteins (Linder et at., 1989). A conserved motif (called 

N in EcoKI). similar to motifs found in the active sites of other endonucleases was 

also Ident ified at 111c N termillijus (Titheradge et at., 1996). Mutations in motif 

N abolished restriction and nicking activities but had no effect on DNA binding 

(Davies et at., 19991)), suggesting that this motif is part of the endonuclease 

catalytic domain of the B subunit (Fig 1.5). 

Two R subunits bind to the EcoKI methvlase forming a R2 M2S1  endonu-

clease, which is a inultimeric complex of about 440 kDa (Dryden et al., 1997). 

Exonuclease III foot printing experiments have shown that EcoKI mnethylase, in 
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R MTase R 
NA  

Figure 1.6: An outline of the interaction between EcoKI nuclease and DNA show-
ing the effect of the cofactors on binding. (a) Complex formed with non-specific 
DNA in the absence of ATP. AdoMet does not affect the binding. (b) Com-
plex formed with specific DNA in the absence of AdoMet and ATP. (c) Complex 
formed with specific DNA in the presence of both cofactors. From reference 
Powell et at. (1998b). 
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the presence of AdoMet, protects a region of DNA of about 30 bp (Powell et al., 

1998a). In the absence of AdoMet and ATP, EcoKI nuclease protects a DNA 

sequence of 42-46 hp, implying that the R subunits project along the DNA heli-

cal axis making contacts with it. When both ATP and AdoMet are added, the 

legion protected by the EcoKI nuclease is only 30 bp long (Powell et al., 1998b) 

suggesting that the R subunits have adopted a conformation that allows greater 

cleavage by exonuclease III. It is possible that this new conformation of the R 

subunits is a prerequisite for translocation on unmethvlated DNA (Fig 1.6). 

The iileclalniHln nf ietiict ion i a complex process \vliicll is not fully un-

derstood. One iiiodel (Studier and Bandyopadhyav, 1988) proposes that two 

endonuclease molecules bound to two neighboring recognition sites translocate 

DNA towards themselves At the meeting point, usually half distance between 

two recognition sites, they cleave the DNA. However, atomic force microscopy 

experiments have shown two endonucleases dirnerize prior to translocation (El-

lis et at., 1999). Translocation needs ATP hydrolysis, a process that continues 

long after the cleavage reaction has stopped (Yuan et at., 1972; Eskin and Linn, 

19 72a , b). 

The oeence of DEAD-box inot i f. led tospeculatiou that translocation could 

occur by a helicase mechanism (Murray et. at., 1993). In order to load on the DNA 

and start unwinding, a helicase needs either free ends or regions of single strand 

DNA. In addition, since EcoKI remains bound to its target site during translo-

cation (Bickle et at.. 1978; Rosamond et at., 1979; Yuan et at., 1980; Studier 

and Baiidvopadlivav. 1938: Dreier et at.. 1996; Janscak et at., 1996; Szczelkun 

ct at.. 1996, 1997) 7  a nicking activity is required in order to relieve the topolog-

ical constrain that may appear. However, contrary to these suggestions, Davies 

et at. (1999a) have shown that the nicking activity is not necessary either for 

translocation in vivo or for ATPase activity in vitro. 

I he lleliuithc aut lvi (V !iii iio heeu proven beyond doubt, hut some experiments 
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Figure 1.7: The niodel of the structure of a type I restriction enzyme. The S 

subunit (heavy shading) comprises two TRDs and two spacer regions. The M 

subunits ())old outline, no shading) comprise a methylase catalytic domain, an 
N-ternunal doniaiii illvolve( I in recognition of DNA methi lation and a C-ternnnal 

doinaii required for binding to the S subunit The R subunits (light shading) 

comprise an N-teinunal endonuclease domain, two DNA hehicases domains and 
a (-ternunal donmin involved in binding to the 	and S subunits. Froin Davies 
et (LI. (19991)) 
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plead in favor of a helicase-lik(' tiaIislo(atiofl. Mutagenesis in all seven DEAD-box 

motifs have been shown to impair both restriction and ATPase activities (Webb 

et al., 1996; Davies et al., 1998). They also impair translocation in vivo (Davies 

et al., 1999a). 

Limited pr teolvsis expeiiinrnts supplied useful information concerning the 

structure of R subunit (Davies et al.. 19991)). From these assays, it seems that 

C-terminus region of the R subunit is required for binding to the S subunit. 

Based on Hie accumulated structural iiforii lilt 1011 about R, M and S subunits, 

Davies ci at. (I 999b) proposed the lollowiiig st ruci ural model of the type I re-

striction enzymes (Fig. 1.7) However. the real breakthrough in understanding the 

structure of the type I R-M enzymes will be made when X-ray diffraction data 

become available. 

1.2 Phage antirestriction 

Many bacteria have developed Restriction-Modification systems as a defensive 

mechanism against bacteriophage propagation. R-M systems exert a selection 

piessiire on 1 act ('10 phlag(' gciiouos. In lesponso. bacteriophages have evolved 

strategies to avoid the hos( R-M .svstenis. 

Some bacteriophages encode enzymes able to mriodify their own DNA. For ex-

ample bacteriophages SP3. SPR. 3T and p11 (Cregg et (it., 1980; Noyer-Weidner 

et al., 1981. 1983) express a DNA methvltransferase which methylates the phage 

DNA. The methylated sequences are recognized by the restriction endonuclease 

BsuRI of Bacillus su.btilis that cuts the sequence GGCC if the central cytosine 

is not methvlated. Due to the methylation at the target sites, all four bacterio-

phages are protected against restriction. 

The resist aiice of bacteriophage Mu to the restriction exerted by EcoKI, 

EcoBI. EcoAJ and EcoPl is due to a viral gene product called mom (stand-

ing for modification of Mu), able to modify the phage DNA. The modification 
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does not consist of niethylation but acetirniclat ion of the N6 position of the ade-

nine residues Approximately 15 to 20 'A of the adenine residues are modified 

in this way. Modification of the phage DNA requires not only an active Mom 

protein but also a host DNA methvlase (Dam) and a phage encoded protein C 

(Hattrnan, 1982; Haitinan et at.. 1985: Sun and Hattrnan, 1998). Dain methylates 

the Anon?, promoter region blocking the binding of another host protein, OxyR, 

which repress mom transcription in dant strains (Sun and Hattman, 1996). 

Phage A is severely restricted immediately after its entry in the bacterial cells. 

However, if the phage manages to survive, a viral gene called rat ( restriction 

alleviation) is expressed (Zabeaii et al., 1980: Debrouwere et al., 1980; Loenen 

and Murray. 1986). Ral protein is efficient against type IA but not type lB 

systems (Loenen and Murray. 1986). Unlike other antirestriction proteins, Ral 

does not inhibit type IA R-M enzymes. The phage is still restricted but a fraction 

of it escapes. This fraction is then protected by Ral protein which enhances the 

methylation activity of type IA methylase. Consequently, the unmodified A DNA 

is niethvlated at a high rate. a process normally very iiieffirierit for type IA systems 

(Suri et at., 1984). Once methvlated, A piiage is protected against any further 

restriction. 

A different antirestniction strategy is used by phage P1. This phage is rel-

atively Insensit1xv to the type I H -M enzymes. The antirestrict ion function is 

conf'ered by two phage head proteins encoded by the non-essential phage genes 

danA and darB (standing for defence against restriction) that are injected into 

the host cells along with the phage DNA (lida et at., 1987). 

Some bacteriophages srnl liesize ant irestniet ion proteins able to bind and to 

inactivate R-M enzymes. For example 1rH and NR2H phages encode a small 

protein that hinds and inactivates BamNx, a typical type II restriction enzyme 

produced by Bacillus amzloliq'aeuczeus N (Makino et at., 1979, 1980). The direct 

interaction was demonstrated by preincubation of BamNx inhibitor protein with 
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BarnNx enzyme, that resulted in enzyme inactivation. The direct binding was 

also supported by the fact that the protein inhibitor did not reduce the activity of 

Ava II restriction enzyme which recognises and cleaves the same target sequence 

as BamNx. T3 and T7 are examples of bacteriophages that are protected against 

type I svstenis due to a viral protein that impairs both restriction and modification 

activities (Kruger and Bickle. 1983). 

The nucleotide sequences of many phages have been searched for the frequen-

cies of the target sequences recognised by certain restriction enzymes (Schroeder 

el at., 1986: Bickle and Kruger. 1993: Wilkins in et at.. 1996). The number of target 

sites for most of the type II systems is lower than expected. This underrepresenta-

tion of the target sites is not so obvious for type I systems. For bacteriophage 01, 

statistical calculations predict that the sequence recognised by EcoRil enzyme 

should occur 223 times. However, no site for EcoRII was found. This shows that 

selection was directed against these sequences which were considered disadvanta-

geous for phage survival and consequently eliminated during evolution. This is 

not a unique example. Phage SPO1 have five Bs?iRI sites although it would be 

expected to have 	300 sites (Kruger and Bickle, 1983). 

Ior pliage T7, 36 recognition sites for E. colz Dciii and 114 for Dam methylases 

(Schroeder et at., 1986) are expected. However, only two and six respectively were 

identified (Dunn and Studier. 1983). The same mechanism of counterselection has 

drastically reduced the number of recognition sites. 

Strand bias is another mechanism by which bacteriophages fight against host 

restriction enzymes. EcoP15 type III R-M enzyme recognises a short asymmet-

rical recognition site which can be methvlatecl onft in one strand whereas the 

complementary strand remains unniethylatecl (Hadi ci at.. 1979: Schroeder et al., 

1986: Meisel et al.. 1991). During replication. the recognition site in one (laughter 

DNA will be inetlmylated whereas the same site in the other daughter molecule will 

be unmethvlated and ought to be sub ject to restriction (Fig 1.8). In spite of this 
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Restriction Modification 

CAGCAG CAGCAG No Yes 
GTCGTC ------------- GTCGTC 

CAGCAG 
GTCGTC ------------- ------_____ Yes Yes 

CAGCAG-- 
No Yes 

GTCGTC 

053  

CAGCAG —DIDI CAGCAG— 
GTCGTC —DVDV - GTCGTC— 

Replication 

CH  
-OAOAO-0000LO- J.LO3.LO- CACCAG- _CAOOAG-:jiIo-0L0010-CAGCAG_ 

GTCC.TC-0V00v3-  OVODVO- GTCGTC- -GTCGTC-OVOOV3-CVODVD-  GTCGTC- 

Figure 1.8: Substrate requirement for EcoP15 enzyme 

fact, the unmodified strand is not restricted because the only substrate for restric-

tion is represented by two unniethiviated recoguuitioui sequences inversely oriented 

(Meisel et at.. 1992). Bacteriophage T7 has 36 recognition sites for EcoP15 but 

all of them are in the sanie orientation. Consequently. T7 DNA is refractory to 

the restriction activity exerted by EcoPi5 eiidouuclease. The recognition site for 

EcoP15. CAGCAG. could be redefined as CAGCAG(NN)CTGCTG, where x is 

the number of non-specific base pairs that separates the two halves (Kruger et at., 

1995). The length of the spacer is not very important for EcoP15 activity. 

In other cases. the distance between two recognition sites is essential for en-

zymes activities. EcoRli is an atypical type II enzyme that requires simultaneous 

iuiteraction with two recognition sites fhr its activity. The unique EcoRII site of 
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Figure 1.9: lodel of product *% ('  and refractive EcoR II (nzvine-DNA interaction. 
Solid line represent DNA molecule, open boxes represent EcoRII recognition sites 
and hat clued ovals represent EcoR II enzyme. 

T7 DNA as well as the three recognition sites of the T3 DNA are cleaved by BstNI 

(an isoscliizoiiier (if EcoRII) but not by EcoRII (Kruger et at., 1985). It seems 

that the distances between EcoRII sites of T3 were too great for the enzyme to 

function. However, when fragments of' DNA containing recognition sequences for 

EcoRII were added, the enzyme was able to cut T3 and T7 DNA. Figure 1.9 

summarises these observations (Renter et at., 1998; Kruger et at., 1995). 

T-even phage DNAs contain unusual bases which confer resistance to all of 

the H-M systems f hat they encounter in their host. These unusual bases, such as 

(lunC) are further modified by glucosvlation (Kruger 

and Bickle. 1983). In response to the incorporation of hmC bases in the phage 

DNA. bacteria evolved nucleases specific for unusual bases. These enzymes, called 

Mcr (standing for methvlcvtosine i'estrictiug), are active against non-glucosylated 

hmC bases. Unusual bases are also incorporated in phages PBS1, PBS2, SPO1, 
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SP8 and 25 of Baztlij,s .s'ubtilis. Thvmine is completely replaced by uracil in 

phages PBS1 and PBS2 (Hemphill and Whiteley. 1975; Kruger and Bickle, 1983) 

and by 5-hvdroxymethvluracil in SPO1, SP8 or 625. 

Not only bacteriophages but also self-transmissible plasmids are able to encode 

antirestriction proteins. Plasmids pKM101, ColIb and pSa of the incompatibility 

groups N, I and W respectively encode so-called Aid (alleviation of restriction 

of DNA) proteins (Belogurov et at., 1992, 1993, 2000). Ard proteins inhibit both 

rest nctloll aiid i iodi hca t ion artivities of type I .svstenis. have little effect against 

type II and 110 effect against type III enzymes. 

1.3 Bacteriophage T7 

Bacteriophage T7 belongs to the classical T series of bacteriophages. The virion 

consists of a polyhedral nucleocapsid from which a short, noncontractile tail 

projects (Serwer et at., 1997). When T7 attacks a bacterium it adheres to the 

bacterial surface by its tail (Fig 1.10). The tail penetrates the bacterial cell-wall 

and the DNA is ejected into i he cell in a polar fashion, starting with the left end 

of the T7 geuonie. (Pao and Spever, 1973: Saigo, 1975). 

T7 genonie is a linear IsDNA molecule of about 40000bp and codes for about 

30 proteins (Kruger and Schroeder. 1981). Figures 1.11 and 1.12 show an outline 

of the T7 genome organization and the genetic and physical map of nucleotides 

1 to 12,100 of Ti DNA respectively. Positions of cliHrent genetic elements are 

indicated either as bp from the left end or as T7 units (Dunn and Studier, 1981). 

A 17 unit represents about 400 bp. By convention, genes are numbered according 

to their relative positions on the genetic map. Studier (1969) has identified 19 

genes that were numbered from 1 to 19. The new genes discovered afterwards 

were given decimal numbers in accordance with their relative positions. 

E. cuti K- 12 is one of tin permissive strains which allows a productive T7 

growth cycle. After infection, transcription of' the 17 genome is done in several 
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Figure 1.10: A schematic drawing of T7 capsid 

stages. The early genes (class I) are transcribed by E. coil RNA polymerase that 

recognises three strong promoters (A1, A2 , A3 ) located at the left end of the T7 

genome (Pribnow, 1975; Siebenlist, 1979). Transcription of the early genes results 

in 5 mRNAs (0.3, 0.7. 1. 1.1 and 1.3) that code for 9 proteins (Studier, 1979). 

The function of five of them are known. Gene 0.3 protein is all antirestriction 

protein able to 1110(1 ivate type I K-NI systems (Studier, 1975; Bandyopadhyay 

et al.. 198.5). Gpl .2 is a non-essential protein (Studier ci (Li., 1979) responsible 

for the inactivation of host dGTP triphosphohvdrolase (Hither et al., 1988). T7 

ligase encoded by gene 1.3 is involved in T7 DNA metabolism, but its function can 

be substituted by the host DNA ligase (Kruger and Schroeder, 1981; Subramanya 

et ci.. 1996; Doherty et at, 1996: Doherty and Wigley, 1999). 

GpO. 7 is a protein kinase that inhibits E. coii RNA polymerase by the phos-

phorvlation of /1 and fi' subunits (Pai et al.. 1975: Zillig et al., 1975; Robertson 

and Nicholson. 1990: Michalowicz and Nicholson, 1992). Inhibition of E. coil 

liNA pulyiiiirase shuts off' raliscription of the 17 early genes as well as the host 

genes (Kruger and Schroeder. 1981: Miclialewicz and Nicholson. 1992). The host 

RNA polvmerase transcribes only 20 % of the 17 genome. The remaining 80 % 

(class II and (lass III genes) is transcribed by the newly synthesized T7 RNA 

polyinerase encoded by gene 1 (Chamberlin et al., 1970; Kruger and Schroeder, 

1981). 

Besides the Al , A2, A3  promoters mentioned above, three weak promoters for 

host RNA polvmerase have also been identified at the left end of the T7 genome 
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Figure 1 11: Outline of T7 genorne organization 

(Minklev and Pribiiow, 1973; Stahl and Chamberlin, 1977; Studier, 1979) One 

of them. (ailed A0 , is situated upstream of promoter A 1 . The other two, B and 

C, are located just,  before gene 0.5 and gene 1 respectively. The exact role of 

Ilese weak promoters is not very well understood. In, vitro assays showed that 

transcription could he initiated at, B and C promoters if RNA polyrnierase is added 

in such an excess that A promoters are saturated (Stahl and Chamberlin, 1977) 

or if' all A 	)tnls an' (1010 0d ( foifat t and St 11(11(1. 1988) 	Another weak 

l)roliloter for III(' host RNA polylllerase, called F, vas identified at the right end 

of 17 genoine, just ahead of gene 19 (Koller et al., 1978). Transcription from all 

but the A0  promnotem' is from left to right (Studier and Alaizel, 1969). 

The first. 160 bp at the left end of T7 are repeated exactly at the right end 

(Dunn and Studier, 1983). These directly repeated sequences are involved in 

coil catemer formation. Concatemers are tandemly repeated copies of the T7 

genome that appear after replication (Chung et al., 1990; Watson and Hayes, 

1992). 

Transcription of the class I genes terminates either in a rho-independent man-

ner, at the major termination site (TE) at. position 18.9 map units or in rho-

dependent war at termination sites behind genes 0.3. 0.7 and 1 (Kruger and 

Schroeder. 1981: Dunn and Studier. 1983). 

Transcription of' class II genes starts at the Q1.1 A and 01.1 B promoters 
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recognised by T7 H N A polvrnerase. .As easily noticed. there is an overlap region 

(genes 1.1 to 1.3) between class I and (lass II genes which is transcribed by both 

host and T7 RNA polvmerases. Transcription of the late genes begins 4 minutes 

after infctiori at 37 °C or after 6 minutes at 30 °C (Kruger and Schroeder, 1981). 

Most of the class II proteins are involved in DNA metabolism. Recombination 

requires gp2.5. gp3, gp4, gp5, and gp6 . Besides recombination, gp3 (endonucle-

ase) and gp6 (exonuclease) are also involved in the breakdown of the host DNA 

(Araki and Ogawa, 1981; Kruger and Schroeder. 1981). 

Gene 2 encodes an inhibitor protein that inactivates E. colt' RNA polynierase 

by direct interaction. forming an 1:1 complex (Hesselbach and Nakacla. 1977; 

Nechaev and Severinov, 1999). The inhibition is stronger than that exerted by 

gpO.7. In the absence of functional gp2, T7 infection is abortive, probably be-

cause gp2 interferes with the viral DNA packaging and assembly (LeClerc and 

Richardson, 1979: DeWvngaert and Hinkle, 1980). 

At the 17 replication fork three T7 proteins and one host protein are responsi-

ble for the basic reactions: gp5 (DNA polymerase). gp4 (hehicase/primase), gp2.5 

(ssDNA binding protein) and E. coli thiorecloxin (Richardson, 1983; Kim and 

Richardson, 1993; Notarnicola et at., 1997). Gp5 and tluoredoxin form a 1:1 com-

plex able to (at alvze III(' (luplication of the template DNA in a processive manner 

(Bedford t al. , 199). C1p2..J interacts with both gp5-tlnorecloxui and gp4, stim-

ulating their activi ties (Nakai and Richardson. 1986; Kim et at., 1992). There is 

also an interaction between the carboxyl terminus of gp4 and gp5 (Notarnicola 

et el.. 1997). 

Replication of the 17 DNA is initiated at a site near position 14.75 to 15.0 

map units (Saito et at., 1980). This region lies between the 01.1 B promoter 

and the beginning of gene 1.1 and is rich in A-T base pairs (Fig 1.12). The 

sequence contains seven TTAA repeats that allow formation of hairpins and also 

a GGCCC sequence recognised by 17 priniase that, initiates the synthesis of the 
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Figure 1.12: Genetic and physical map of' nucleotides 1 to 12,100 of T7 DNA. 
The open reading frames are indicated by boxes and the non-coding sequences 
are indicated by single lines. 111-116 are the RNase III cleavage sites. Ori stands 
for origin of replication and TR for terminal repetition. 

leading strand (Kruger and Schroeder, 1981). 

A strong pronioter for T7 RNA polvrnerase was found between the A0  and 

A1  promoters (Dunn and Studier, 1981). The role of this promoter was initially 

not obvious, since no mRNA transcribed from this promoter had been identified 

at late times after infection (McAllister and McCarron, 1977). Computational 

searches revealed a very good match with known promoters. It seems that the 

promoter is functional but the RNA synthesis terminates a short distance after the 

mitiation site which can explain the lack of any detectable mRNA. The sequence 

that follows this promoter is very rich in A-T base pairs. Comparative sequence 

analysis between this region and the origin of replication near position 14.75 

suggested that the T7 RNA polvmrrase promoter near position 1.02 plus the 

following A-I rich sequence form a second origin of replication. This promoter 

was named nOL. standing for phage promoter, origin of replication, left (Dunn 

and Studier, 1981). 

17 lysozvnie is a 17 kDa protein encoded by gene 3.5. It functions both as an 

aniidase, cutting the peptidoglycan layer of the cell wall, and as a transcriptional 

inhibitor shutting off transcription of the class II genes (Inouye et at., 1973; Mof- 
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fatt and Studier, 1987: Zliang and Studier, 1995, 1997). The inhibition occurs by 

direct binding to T7 RNA polvmerase at a site remote from the polymerase active 

site (Jenizalmj and Steitz, 1998). Transcription of gene 3.5 is done by T7 RNA 

polymerase. As levels of lysozyme increase, more and more T7 RNA molecules 

are trapped in inactive lvsozvme-RNA polymerase complexes. The remaining 

active polvmerase molecules binds preferentially to class III promoters that are 

niuch stronger than those of class II. Thus, transcription of the class II genes is 

shut, off. Transcription of the class III genes continues until lysis (Studier, 1972). 

Just beyond gene 6 lie the class III genes that are also transcribed by T7 RNA 

polyiiierse. Class Ill proteins are involved in DNA maturation and packaging 

(Kruger and Schroeder, 1981). 

Gp7 and gpi3 (coat proteins) are required for the infectivity of the mature 

phage but are not required for assembly. Gp8, gp9, gplO, gp14, gplS, gp16, gp17 

(head proteins) and gp13 assemble into procapsids. Packaging is initiated in the 

presence of 91)18, gp19 and T7 DNA. Maturation and packaging also require T7 

RNA polymmierase and is stimulated by T7 lysozvnie (Zhang and Studier, 1995). 

Gpi 1 and gpl 2 form the phage tail and gpl 7 the tail fibers (Kruger and Schroeder, 

1981). 

T7 RX.A polymerase Ice ognises at least two types of termination sites. The 

first is typified by the signal found in the late region of T7 genome (T) and 

involves the formation of a stable stem-loop structure in the newly made RNA, 

ahead of the transcription point. The second class of terminators was first iden-

tified in the the cloned human preproparathyroid hormone (PTH) gene and lies 

in the concatemer junction region. This termination site does not generate a 

stern-loop structure in the R NA but contains a conserved sequence ahead of the 

point of termination (Macdonald ci at, 1994; Lyakhov et al., 1997, 1998). 
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1.4 Ocr protein 

Closely related bacteriophages T3 and T7 are not subjected to either restriction 

or modification by EcoIKI and EcoBI R-M systems in vivo (Kruger et al., 1977; 

Kruger and Bickle, 1983). However, EcoBI cuts purified T7 DNA in vitro, demon-

strating that the ability of bacteriophage T7 to avoid restriction is not clue to the 

lack of recognition sites for this enzyme (Eskin et al., 1973). Indeed T7 DNA 

contains U recognition sites for EcoBI and 4 for EcoKI, meanwhile T3 DNA has 

5-7 recognition sites for EcoBI (Kruger et al., 1977; Dunn and Studier, 1983). 

\\hat, prevents the activity of t liese restriction enzymes in. mvo? 

Studier (1975) has demonstrated that in vivo protection of bacteriophage T7 

is clue to the product of gene 0.3. Gene 0.3 is the leftmost gene on T7 DNA and 

the first to be expressed after infection. The antirestriction protein was called 

either gene 0.3 protein according to its position on T7 map or Ocr (standing for 

overcome classical restriction) due to the phenotype associated with the gene 

(Studier, 1975; Kruger et al., 1977). 

The eiiilv region of 13 DNA is organized in the same way as that of T7 

DNA. Five early mnRNAs, numbered 0.3, 0.7, 1, 1.1 and 1.3, were identified in 

both 13 and T7 Proteins translated from these mRNA have similar functions 

in both bacteriophages. Gene 1 codes for RNA polymnerase in T3 as well as in 

17, gene 0.7 for protein kinase and gene 1.3 for ligase. Gene 0.3 of T3 codes also 

for an antirestriction protein that protects T3 against host restriction. However, 

homologous proteins in T3 and 17 migrate slightly different on SDS-PAGE gel, 

suggesting that they have different sequences (Studier and Movva, 1976). 

Gene 0.3 is located at the left end on T3 DNA and is the first to be expressed 

after infection. Unlike the corresponding antirestriction protein from T7, gene 0.3 

protein of T3 is also a S-adenosvl methionine hydrolase (SAMase) able to cleave 

AdoMet (Gefter et ci.. 1966). Since AdoMet is one of the essential cofactors 

i equired for EcoKI and EcoBI restriction enzymes, the antirestrictioii function 
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of SAMase could be due to the AdoMet hydrolysis. This explanation is not 

satisfactory since T3 sam and T7 (which is SCL7Ti) are also protected in vivo 

against type I R-M svst ems. T7 and T3 barn retain their Ocr function despite 

the lack of any SAMase activity (Kruger et at., 1977). Further studies confirmed 

that. T3 SAMase and F3 (hr ?l(l ivit 'es are distinct, functions of the same protein 

and 	is nol ii ervssnv Li >liage J)rotectioli (Spoerel et at., 1979). 

Despite their common ant.irestriction function, T3 and T7 Ocr proteins have 

little if any homology. The unrelatedness is shown 1w the following observations: 

antibodies raised against 13 Ocr (10 not crossreact with T7 Ocr (Spoerel et at., 

1979). T3 Ocr is less acidic than T7 Ocr (Mark and Studier, 1981) and their DNA 

sequences have little if any homology (Davis and Hyman, 1971). 

The mechanism by which Ocr manages to inhibit type I R-M enzymes is not 

well understood. Ponta et at. (1976, 1977) suggested that Ocr alters the perme-

ability of the E. col i so that the intracellular environment is changed and becomes 

optinuiin for the svnt heis and function of phage-indured enzymes. Herrhich et at. 

(1974) ascribed a. translational repressor function for Ocr protein, able to shut off 

the synthesis of host proteins after infection (in fact gp0.7 and gp2 shut off the 

svìithesis of the host proteins). None of these proposals were confirmed. Later 

on, Mark and Studier (1981) have shown that inhibition of EcoKI requires sto-

ichiometric rather than catalytic airlounts of T7 Ocr, suggesting that inhibition 

occurs by direct binding to one of the enzyme subunits (Bamidyopadhyay et at., 

1985). T3 Ocr inhibits restriction enzymes in a similar mariner, by direct binding 

to the EcoKI rather than by hydrolysis of AdoMet (Spoerel et at., 1979). 

T7 Ocr protein was purifu-d and its amino acid sequence accurately deter-

mined (Mark and Studier, 1981; Dunn et at., 1981). The amino acid sequence 

corresponds to the sequence of the mRNA, except for the first rnethionine which 

is missing in the purified protein (Fig 3.2). 0.3 mRNA, the first mRNA that ap-

pears after infection, codes for two proteins: Ocr and gp0.4, a small viral protein 



of unknown function. The STOP codon of the ocr gene overlaps the START 

codon of gene 0.4, suggesting a translational coupling of the two genes (Dunn 

Pt al.. 1981). 

Ocr protein from T7 is a dimer with a molecular weight of 27,356 Da, each 

monomer coiitaiiiing 116 amino acids (Mark and Studier. 1981). Ocr is very 

acidic, 34 of its aniino acids are either Asp or Clii and only 6 are Arg or Lys. An 

0(1 inUti1It \VlIicli (uritajns the first 87 anuno acids has no anti rest rjction activity, 

one with 93 amino acids has a weak activity, whereas one containing 94 amino 

acids is able to prevent host restriction in vivo. The key amino acid for activity 

seems to be Trp94. If Trp94 is present, the last 22 amino acids at the carboxyl 

end are not required for antirestrictiori activity in vzvo (Dunn et at., 1981). 

Purified Oct binds tightly to one of the small EcoKI subunits specified by 

h$dM or hdS genes (Bandyopadlivay et at., 1985). Once formed, the Ocr-EcoKI 

complex is essentially irreversible under physiological conditions and EcoKI is no 

longer able to bind DNA. The large excess of acidic residues raises the possibility 

that Ocr conid act as a polvanion and compete for the DNA-binding site of the 

restriction euzynie. Since the subunit responsible for binding the DNA target 

Sequence is HsdS, it is very likely that the same subunit interacts with Ocr. 

Keeping in mind that both nuclease and methylase have only one HsdS subunit, 

a 1:1 stoichiorrietry for Ocr-EcoKI is very possible. Data obtained so far are 

quite contradictory. Banclvopadhvay et at. (1985) reported that one or two Ocr 

molecules are enough to inhibit EcoKI enzymes, meanwhile Kruger et at. (1985) 

have shown that 4 or more Ocr chimers are required for complete inhibition. 

EcoKI hinds either Ocr or specific DNA in vitro, but not both at the same 

time. If Ocr binds first, the complex is irreversible and the enzyme is completely 

inhibited. If EcoKI-DNA complex is allowed to form first, EcoKI is trapped 

by the Ocr molecules upon dissociation from DNA. The possibility that Ocr 

hinds EcoKI-DNA complex and subsequent conformational changes decrease the 
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affinity of EcoKI to DNA is unlikely since no binding of Ocr to EcoKI-DNA 

has been detected (Bandyopadlivay et at., 198.5). If the dissociation-trapping 

model was true, the rate of binding of Ocr to EcoKI should depend on the rate of 

EcoKI dissociation froin DNA. Indeed. EcoKI enzymes bound to heirumethylated 

DNA were more easily trapped by Ocr than those hound to unmethylated DNA 

(Bandvopadhyay et at., 1985). It is known that EcoKI dissociates less readily 

from unmethylateci DNA than from methylated DNA (Yuan et at., 1975). 

The mechanism by which EcoKI enzyme cuts foreign DNA is very complex and 

occurs in ilianv steps (Yuan, 1981). The question is: at which of these stages does 

Ocr interact with EcoKI and inhibit activity? The activation of EcoKI by AdoMet 

seems not to be important sice Ocr binds EcoKI molecules whether or not they 

were previously activated by AdoMet (Bandyopadhyay et at., 1985). Low amounts 

of' Ocr added to an EcoKI-uumodjfied DNA complex before adding ATP, did not 

prevent ATPase but were enough to prevent nuclease activity. When ATP was 

added before Ocr, even large amounts of Ocr could not prevent ATPase activity. 

Once ATPase activity has started, it is no longer sensitive to Ocr inhibition. Since 

low levels of Ocr ale able to prevent nuclease but not ATPase activities, it seems 

that 0(1' inliilijts ECoI\J after I lie onset, of ATPase and after DNA translocatjon 

hut before cleavage (Bandvopadhvay et at. 1985). 

Restriction enzymes usually cleave foreign DNA immediately after its entry 

into the cell. It was not clear initially how Ocr confers such an instantaneous 

protection of 17 DNA, taking into account that the first Ocr molecule has been 

detected only 2 to 4 minutes after phage injection (Studier, 1972; Moffatt and 

Studier, 1988: Garcia and Molineux, 1995). The answer came when the mech-

anisrn of T7 DNA entry into E. coil was elucidated (Zavriev and Shemyakin, 

1982). 

The entry of T7 genome is a polar, multistep process, dependent on both 

E. coiz and 17 RNA polmerases. The left end of' the T7 genome (about 850 
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bp) is ejected into the cell by a transcription-independent mechanism (Zavriev 

and Shemyakin, 1982 Garcia and Molineux, 1995, 1996). Within this 850 bp 

sequence lie three strong promoters for E. coli RNA polynierase. The host RNA 

polyiiierase attaches to these promoters and starts transcription at a rate of 40 

bp per second (Garcia and Molineux, 1995). By transcription, E. coli RNA 

polvmerase mechanically pulls T7 genome into the cell (Zavriev and Shernyakin, 

1982). About 7 kb of the T7 geriotne enters via a transcription-dependent process. 

GpO.7 and gp2 inhibit host RNA polynierase (Michalewicz and Nicholson, 

1992; Nechaev and Severinov, 1999). Transcription and translocation of the re-

rnaining T7 genorne is done by the newly synthesized T7 RNA polymerase at a 

rate of 200 to 300 bp per second. 

The fact that translocation of T7 DNA is a, transcription-mediated process 

was confirmed by using rifarnpicin, an antibiotic that inhibits host polyrnerase 

but not the T7 RNA polvnierase. In the presence of rifarnpicin, the entrance of 

T7 DNA was blocked (Zavriev and Shemyakin, 1982). 

The leading 850 bp sequence is not restricted probably because no EcoKI 

recognition sites lie in this region (Zavriev and Shemyakin, 1982). According 

to Studier's model, linear (IsDNA needs at least two EcoKI recognition sites 

for restriction to occur (Studier and Bandyopadhyay, 1988). However, even a 

single EcoKI site on 17 genome leads to restriction in vivo, because replicating 

concatemers contain multiple recognition sites (Garcia and Molineux, 1999). The 

first EroKi recognition site (located at. 15,173 bp Floin the left end) enters after 7 

mimutes and the second (located at position 26.603 bp), 4.5 seconds later (Dunn 

and Studier. 1983). By this time, all the EcoKI molecules are already inhibited 

by the large amount of Ocr produced. 

However, the lack of the lust rid ion sites is not the real reason for the leading 

sequence resistance to EcoKI cleavage. Moffatt and Studier (1988) artificially 

introduced EcoKI recognition sites ahead of gene 0.3 (in position 836 bp), behind 
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it (1.379 hp) ((I Oil I lie 1)0! Ii sides of it but the iiiiitaiit phage grew normally. 

Thus, they proved that the ability of T7 to avoid restriction by EcoKI is not 

due to the absence of the recognition sites ahead of gene 0.3, but because the 

leading sequence is somehow protected against EcoKI for a limited period, long 

enough to allow Ocr expression. Further studies have confirmed the model sug-

gested by Moffat and Studier. in which 17 DNA initially enters a compartment of 

the cell which is accessible to E. coli RNA polvmerase but not to the restriction 

enzymes. Protection against restriction enzymes could he clue to bacterial com-

ponents and/or phage proteins injected into the cell along with 17 DNA (Garcia 

aiid \iO1i)eUX. 1995. 1996). The 836 hp sequence is also temporally inaccessi-

ble to Dam methylase and EcoPl restriction enzyme (Moffatt and Studier, 1988; 

Garcia and Molineux, 1996). 

Garcia and Molineux (1996) have isolated mutant virions able to translocate 

the entire genome by a transcription-i idepenclent mechanism, at a constant rate 

of 75 1)1) per 	1. .11 ullitmits preseiited niiitations in gene 16. Gp16 is a 

phage head protein that seems to function as a clamp to prevent transcription-

independent DNA translocation. In wild type T7, gp16 does not allow more 

than 836 bp to he ejected tit a transcription-independent manner (Garcia and 

J\ lolineux. 1996: Struthers-Sehlinke ei (1,1.. 2000). 

When T7 DNA was packed in a bacteriophage \ head, then ejected into E. coli 

K-12 cells, the DNA was immediately degraded. Ejection from ,\ head was fast 

and EcoKI nuclease had immediate access to its recognition sites, before any Ocr 

was expressed. This experiment proved once more that the entrance of 17 genome 

into host (elk 15 a (lelaved. umitisi ('p process (Garcia and Molineux. 1999). 

Ihe impaired growth of 13 and 17 on P1-lvsogenic cells has been known for a 

long time. The viral DNA 15 mitt by EcoPl, a type III R-M enzyme. which is not 

inhibited by either 13 or 17 Ocr proteins (Moffatt. and Studier. 1988). Another 

type ITI enzviiie. EcoPlS. cuts T3 but not. 17 DNA. The resistance of T7 DNA is 
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lint (' IlfelNI by Ocr protein but by the fact that EcoP15 needs for cleavage two 

recognition sites inversely oriented. T7 DNA has 36 sites for EcoPlS but all of 

them are in the same orientation (Kruger et al., 1995). 

Purified T7 Ocr is ineffective against type II restriction enzymes HpaI, HpaII, 

HincII and HaeIII, even at concentrations 100 times higher than needed to in-

hibit EcoBI (Mark and Studier, 1981). T3 and T7 Ocr also have no effect against 

EcoRV, another type II restriction enzyme (Kruger et al., 1983). T3 DNA con-

tains 5 recognition sites for EcoRV and is restricted either in the presence or in the 

absence of T3 Ocr protein. T7 DNA and its ocr derivatives are not restricted by 

Eco R\' because they do not contain auiv recogilition site for this enzyme (Dunn 

and Studier, 1981; Stahl and Zinn, 1981; Dunn and Studier, 1983). 

The finding that Ocr protein overcomes host restriction does not exclude other 

possible roles for it. Analysis of' protein-protein interactions by the yeast two-

hybrid system identified 25 interactions among T7 proteins expressed after infec-

tion. One of these interactions is between Ocr and gp4.5, a T7 late protein of 

unknown function. The significance of this interaction has not been yet identified 

(Bartel et al.. 1996). 

1.5 Protein-protein interactions 

Protein-protein interactions are fundamental to a diversity of biological processes, 

from replication, transcription, translation to secretion, cell cycle control, signal 

transducing or intermediary metabolism (Phizickv and Fields, 1995). Binding 

affinities of different protein-protein complexes range from millimolar for respi-

ratorv electron transfer proteins to femtomolar for nuclease-inhibitor complexes 

(Fig. 1.13). 

There is an interesting parallel between the Ocr-EcoKI complex and the in-

teraction between Uracil-DNA-Glycosylase (LTDGase) and its inhibitor (UGI). 

PBS-I and PBS-2 bacteiiophiaru,es of Buciiiu. .suihtiiis contains uracil instead of 
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thymine in their genornes. To survive in the host cell, they need to inactivate the 

host UGDase, which is the first enzyme in the pathway responsible for uracil exci-

sion and repair. This inactivation is carried out by UGI, a small, monomeric and 

\CiV a(i(li( plin 	)I() iii \\'lLi(L lucius a tight couiplex with UGDase, completely 

inactivating the enzyme (Cone et al., 1980; Bennett and Mosbaugh, 1992). 

UGI also inactivates UGDase from other biological sources, including human, 

herpes simplex virus type-i (HSV-1) and E. colz (Mol et al., 1995; Bennett and 

Mosbaugh. 1992; Bennett et al., 1993; Savva and Pearl, 1995, Putnam et al., 

1999). The co-crystal structure of HSV-1 UDGase-UGI complex reveals an cm—B—

(1 structure for UGI, which interacts with enzyme residues involved in substrate 

binding. The electrostatic contacts between cm - - cm structure of UGI and 

UGDase appear to mimic the enzyme-DNA contacts previously observed in the 

TTGDi1s(o i goml1cle t ide complex (avva ct ui.. 1995). Ocr is a very acidic dimer 

protein \Vliicli probably also acts as a DNA mimic. The UGI monomer only has 

to block one active site, whereas the Ocr dimer has to block two sites, one in each 

part of the type I recognition sequence. 

Colicins are protein toxins produced by bacteria under stress conditions. They 

are released ii ii 0 (lie extracellular medium in order to protect the producing bacte-

ria against other bacteria. Colicin-producing bacteria protect themselves against 

the toxic effect of the colicins by coexpressing a small inhibitor protein called 

immunity (liii). Each immunity protein protects cells against its cognate colicm. 

For example Colicin E9. a 61 kDa nonspecific DNase. is inhibited by Imn9, a 9.5 

kDa acidic protein. The inbition occurs by direct binding between the 1m9 and 

the C-terminus of Colicin 9 (Wallis et ui.. 1995a,b. 1998). 

For tight binding complexes like Coliciii9-1m9, a direct estimation of the equi-

librium dissociation constant (Kd) is very difficult. In such cases, the Kd is 

determined froni Hie ratio of the dissociation (k) and association (k0 ) rate 

constants (Lee et al. 1989; Longstaff et al., 1990; Schreiber and Fersht, 1993; 
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Figure 1.13: Coni l)ari)l1 of (ii 	(lilt ion constants fhr different protein-protein 

complexes. From reference vVa11is ct at. ( 1995a) 

Wallis et at., 19951)). kor, was determined by stopped-flow fluorimetry and k, ff  

by subunit exchange. 1m9 was labeled with [3  HIthen incubated with the Colicin9 

to form a stoicliionietric complex An excess of unlabelled 1m9 protein was added 

to the pi'eloi'ineol 	 4-,, jl ,  was followed by monitoring the dissappeararice 

of [3H]I1119 from the complex with time. Complex was separated from unbound 

1m9 by gel filtration According to the Kd determined for Colicin9-1m9 complex 

(i0 	M) this is one of the tightest complexes ever characterized (Wallis et at., 

199Th). 

One of the best characterized nuclease-inhibitor complexes is barnase-barstar 

(Schreiber and Fersht, 1993; Frisch et al., 1997; Vaughan et al., 1999). Barnase is 

an extracellular RNase of Bacillus arniloliquefaciens, which consists of 110 amino 

acids and has a molecular weight of 12,832 Da. Barnase is inhibited by barstar, 

a small intracellular inhibitor of 89 amino acids and the two proteins form a 

very tight complex. The 1x11  of the complex is 10"  M. which corresponds to an 

energy of binding of -18.9 kcal/mol (Schreiber and Fersht, 1993). The interaction 

is mainly electrostatic, with barnase having positive electrostatic potential and 
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barstar negative (Buckle et al.. 1994). 

Three mutants of the harnase-barstar complex have been crystallized. In each 

mutant either a van der Waals, long range charge-charge or hydrogen bond inter-

action have been deleted by simultaneous mutation of both residues involved in 

the interaction. Despite each of the double mutants being destabilised compared 

to the wild tYpe, only local rearrangements were detected. In the crystal structure, 

the cavities created by the mutations were filled by water molecules (Vaughan 

et al. 1999). The ability of the water molecules to mimic the deleted side-chains 

has also been noted in the case of lysozyme-antibody interaction (Chacko et al., 

1995). 

Water niolecules buried at the proteiii-profeiii interface mediate iiianv inter-

molecular hydrogen bonds and increase the shape complementarity. Perona et al. 

(1993) have shown that water-mediated interactions have the same effect on bind-

ing affinity as direct hydrogen-bonding electrostatic contacts. 

Tight binding protein-protein complexes usually involve a large surface area 

(more than 600 A2  of each protein) buried at the interface (Janin and Chothia, 

1990; Janin, 1995). Chothia and Janin (1975) have suggested that the surface 

area involved in binding is proportional to the binding affinity of the complex. 

However, there are many exceptions. For example the binding surface between 

actin and DNase I is greater than that of barnase-harstar, however the binding 

affinity is five orders of magnitude higher for the latter complex (Mannherz et al., 

1980; Schreiber and Fersht, 1993). It seems likely the surface area involved in 

binding is not the only determinant of affinity. 

Probably a limited number of amino acids (10-30) from each protein con-

tribute substantially to the stability of the complex (Cunningham and Wells, 

1991; Hawkins et al., 1993; Kelley and O'Connell, 1993). The neighboring amino 

acids may also be important in determining the specificity of interaction by elec-

trostatic or steric effects (Clackson and Wells, 1995). 
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Chapter 2 

Materials and Methods 

2.1 Media and buffers 
L-Broth 	I Og Difro Bacto t rvptone 

5 g Difco Bacto yeast extract 

5g NaCl 
dH2 0 to 1 liter 

pH adjusted to 7.2 with NaOH before autoclaving 

L-Agar 	10 g Difro Bacto trvptorie 

15 g Difio Bacto yeast extract 

15 g Difco agar 

5 g NaCl 

pH ad]nste(l to 7.2 with Na( )T 1 before autoci eying 

BBL-gar 	lOg Baltimore Biological Labs. Trypticase 

5 g NaCl 
10 g Difco agar 

dH2 0 to 1 liter 

BBL-Top Agar lOg Baltimore Biological Labs. Trypticase 

5 g NaCl 

6.3 g Difco agar 

(IH9O to 1 liter 

Phage buffer 	7 g Na2HP0 1  

3 g KH2 PO 
5 g NaCl 
10 ml 0.01 i\l MgSO 1 .7H90 

10 ml 0.01 M CaC19 
1 ml 1 % (w/v) gelatin 

(1H2 0 to 1 liter 
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Antibiotics 	Ampicilhii at 100 pg/mi 
Chlorarnphenicol at 25 /tg/ml 
Tetracycline at 100 pg/mi 

TE buffer 	10 mM Tris-HCl pH 8.0 
1 mM EDTA pH 8.0 

Adjusted to appropriate p1-I with HC1 

lOx TBE buffer 108 g Tris base 
55 g boric acid 
40 nil 0.5 M EDTA, pH 8.0 
(1H70 to I liter 

2.2 Plasmid construction 

The pAR2993, pAR3786 and pAR3790 vectors that contains the T7 ocr gene 

were kindly provided by Alan H. Rosenberg and William Studier (Brookhaven 

Laboratory). The pET-i plasnud derives from pBR322 in winch the 010 pro-

moter of T7 RNA polymerase was inserted at the BarnHI site. The orientation 

is such that transcription is directed counterclockwise, opposite to that from the 

tet promoter (Studier et (1i.. 1990). The full-length Ocr clone pAR2993 has Am 

fragment of T7 DNA (bp 837-1379) inserted into the BamHI site (GGATCC) of 

pET-i using BaruHI linkers (CCC GATCCGG). The truncated clones were made 

from the full-length clone. The plasmid pAR2993 was cut with RsaI enzyme 

at T7 bp 1258 or with Hqal enzyme at T7 hp 1222 Appropriate palindromic 

linkers were added to supply a TAA termination coclon and a BamHI site. The 

newly obtained plasniids were termed pAR3786 and pAR3 790 respectively. The 

linker attached to the RsaI site, ACTAAGGATCCTTAGT, defines the right end 

of the T7 DNA in pAR3786 (hp 837-1260) and the linker attached to the HgaI 

site. TA.-\GCTCCTTA. defines the right end of the T7 DNA in pAR3790 (bp 

837-1227). 
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2.3 Plasmid purification 

A Quiafilter Midi Kit from Qiagen was used for plasmid purification. Plasmids 

used in this thesis are derivatives of pBR322, a high copy number plasmid. Usu-

ally a 5 ml LB medium bottle containing suitable antibiotics was inoculated with 

a single (0101w. The culture was grown over night at 37 °C on shaker. Next day 

100 ji over night culture was inoculated in 50 ml LB medium (plus antibiotics) 

and the culture was grown up at 37 T. About 25 ml over night culture was cen-

trifugated for 15 minutes at 8000 rpm. The supernatant was removed and the 

bacterial pellet was resuspended in 4 ml resuspension buffer from the Quiafilter 

kit. ili(,  buffer contains RNase A that digest the bacterial RNA released. The 

f >llmvi iie J)lilificat loll steps wili' (1010 dc(01diuiO to the Quiafilter Midi Kit man-

ual. The resuspended bacterial cells were lvsed with a buffer containing NaOH 

(5 minutes at room temperature), then the solution was neutralized with a buffer 

that contains sodium acetate A Quiafilter cartridge barrel was used in order to 

separate the soluble fraction that contains the plasmid DNA from the insoluble 

fraction. For further purification steps a Quiafilter column was used. The column 

contains a resin that retains time plasmid DNA and allow the other lvsate contam-

inants to flow through. The plasmid DNA was then eluted with 5 ml Tris buffer, 

Il *0 md pn(ipit ated nil 0 	iid isopropaiiol followed iumiiiieciately by centrifu- 

Oil 00 	30 nunutes at 10000 rpm. The DNA pellet was washed with 2 ml 70 

% EtOH After another cent rifigation for 2 min at 10000 rpm, the supernatant 

was removed and the DNA pellet air-dried for 10 minutes at room temperature. 

Finally tIme pellet was resuspended in 200 /l TE buffer and stored at 4 T. 

2.4 Plasmid sequencing 

The sequencing was done using the Sequenase Version 2.0 DNA Sequencing Kit" 

purchased from Amershani. 
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2.4.1 Alkaline—denaturation 

The Sequenase kit gives good results when the template to he sequenced is a 

ssDNA. However the Sequcuase kit allows direct Sequencing of the double strand 

pluu(l DNA if t lie dsDNA is denaturated in advance. The best denaturing 

method is alkaline denaturation. The denaturing solution contains 10 pl pAR2993 

(stock concentration of 86.5 pg/nil), 5 uI of 21nM EDTA, 5 tl of 2M NaOH and 

30 jil of sterile water. The mixture was incubated for 30 minutes at. 37°C, then 

Ileutdali/,ed l)V adding ) jtl of 3M Sodium Acetate (pH 5.0). The DNA was 

precipitated by adding 100 pl of 96 % EtOH and incubating at -70 °C for one 

hour. A centrifugation at 13000 rpm for 10 minutes was carried out to collect the 

precipitate. The supernatant was removed and 150 i1 70 % EtOH was added. 

After a short centrifugation at 13000 rpm the EtOH was removed arid the DNA 

Pellet was placed in a desiccator for 5 minutes. The DNA pellet was resuspended 

in 7 ,ul dH20. 

2.4.2 Annealing reaction 

For control DNA. 5 pJ M13 ssDNA, 2 lil Sequena.se  buffer. 1 pl Primer (40) and 2 

pl of water were mixed together. The sample DNA was obtained by combining 7 

ui pAR 2993 plasmirl DNA (after alkaline-denaturation), 2 1.d of Sequenase buffer 

and 1 pl primer (50-100 ng). Both sample and control DNA were annealed by 

heating for 2 minutes at 65 °C then cooling slowly to 35-40 °C over 20-30 minutes. 

The samples were briefly centrifuged and kept on ice for further use. While 

cooling, four different ependoi'ff tithes were filled with 2.5 pl of each Termination 

Mixture (0. A. T and C). 

2.4.3 Labelling reaction 

To ice-cold annealed DNA Mixture (10 pl) was added 1 pl of' 0.1 mM DTT, 

2 pl Diluted Labelling Mix (5 times diluted), 0.5 j.tl [355]  cIATP, 2 /21 Diluted 
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Sequenase Polyrnerase. Samples were briefly centrifuged then incubated at room 

temperature for 2 minutes. 

2.4.4 Termination reactions 

First of all, the termination tubes were prewaruierl for 1 minute at 37°C. Then 

3.5 jil of the labelling reaction were transfered to each ternunation tube (G, A, 

T and C), followed by a briefly centrifugation, then incubation at 37 °C for 2 

minutes. 

2.4.5 Stop reaction 

Reactions were stopped by adding 4 jtl of Stop Solution. Labelled samples can 

be stored at -20 °C for a week. 

2.4.6 Denaturing gel electrophoresis 

1)Preparation and pouring the sequencing gel 

A gel-electroplioresis sandwich was made by clamping two glass plates, one washed 

with EtOH and the other with 5 % Repelcote (octarnethyl cyclotetrasiloxane). 

The two glass plates were separated with two 0.4 nun Plastikard spacers. 50 ml 

of deiia Luring acivlaiiiide solution was prepared for each gel by mixing 20 g urea, 

5.6 iii! lOx TBE buffer. 4.7 ml Long Range Acryl/Bisacryamide solution and 22 

ml prewarmned (111-120. The solution was stirred for 3 minutes. After adding 43 

/Ll TEMED and 120 lil 10 	AMPS. the denaturing acrylamide solution was 

poured between the glass plates of the gel-electrophoresis sandwich. When solu-

tion reached the top of the plates, the gel sandwich was laid down and a 0.4 mm 

shark-tooth comb was inserted into solution, 2 min below the top of the plates. 

The gel was allow to set for at least 2 Ii. 
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2)Prerunning 

About 800 ml lx TBE buffer was poured in the top reservoir and 200 ml in the 

bottom reservoir. The shark-tooth Coil!1) was removed and the top of the gel was 

rinsed with lx TBE buffer. After cleaning. the shark-tooth comb was reinserted 

into gel sandwich with points just barely sticking into gel. The gel was preheated 

at 6.5 W for about 30 niinutes until the temperature became 55 T. 

3)Loading and running 

When the denaturing gel was ready for loading, the samples were heated at 75-80 

°C (in steam) for 2 minutes, tiler loaded immediately on the gel. Just before 

loading, the wells were rinsed with TBE buffer to remove the urea that leached 

into them. When sequence of iterest lay close to the pruner, the gel was run at 

40 W for about 2 h until the marker dye reached the bottom of the gel. When 

sequences far a\Vay fro1ii PriIlieI' WOs to be se(Iuenced, the run was continued for 

about 1 h. In this case the power used was decreased to 35 W because the gel 

tenlperat ore tended to increase beyond 5.5 T. 

4)Gel drying 

The gel was transfer to blotting paper. covered with Saranwrap plastic film and 

dried on a vacuum drier at 80 C. The Saranwrap film was removed before 

overnight exposure to aiitoradiograpiiic film. 
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2.4.7 Solutions 
Control DNA 	 0.2 pglpl 

Primer (-40) 	 0.5 pmol/iil 

Sx Labeling Mix 	7.5 M dGTP 
7.5 jiM dCTP 
7.5 tM dTTP 

:1) ddG Termination mix 	80 /il dGTP, 80 jt,l dATP. 80 uI dCTP, 
80 jil (ITTP, 8 jil (IdGTP, 50 mM NaC1 

ddA Termination mix 	80 tl dGTP, 80 il dATP, 80 ,ul dCTP, 
80 ji.l dTTP, 8 ,ul dCIATP, 30 mM NaC1 

chiT Termination mix 	80 jl IGTP, 80 jil dATP, 80 id dCTP, 
80 t1 (ITTP, 8 il ddTTP, 50 mM NaC1 

ddC Termination mix 	80 ji.l dGTP, 80 pJ dATP, 80 jil dCTP, 
80 tl dTTP, 8 ,ul ddCTP, 50 mM NaCl 

5x Seciuenase  buffer 	200 mM Tris-HC1, pH 7.5 
100 mM M9C12  
2.50 niM NaC1 

2x Stop Solution 	95 % Formanude 
20 mM EDTA 
0.05 % Bromophenol Blue 
0.05 V Xvlene Cvanol FF 

Seciuenase  Version 2.0 13 units/l in 
17 DNA Polvmerase 

Enzyme Dilution 
Buffer 

20 mM KPO4 , pH 7.4 
1mMDTT 
0.1 mM EDTA 
.50 V Glycerol 

10 mM Tris-HC1. pH 7.5 
.5 mM DTT 
0.5 mg/ml BSA 

The LuIIc(ntratiuII of t he (I\LP and ddNTP solutiomi are not indicated 
in the "Sequenase Version 2.0 DNA Sequenclung Kit' manual. 
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2.5 Determination of the extinction coefficient 

Wild type Ocr was desalted in 20 mM Tris. 20 mM NH4 C1, 6 mM MgC12 , 7 mM 

3-mercaptoetlianol. pH 8.0 buffer. Then 100 tl buffer was placed in a 0.3 cm 

patlileiigtli (UVCt le and the baseline was set to zero. The buffer was removed and 

100 t.l desalted Ocr (83 pM concentration) was added so that the O.D.280  was 

about 0.8. The uv spectrum was stored in the spectrophotometer memory then 

267 p.I C1nHC1 from 8.25 M stock was added in order to get a 6.0 M GdnHC1 

final concentration. The UV spectrum of the denatured protein was also stored 

and both the native and denatured spectra were scaled to the same concentration 

(the spectrum of the native protein was multiplied with 100/367 = 0.2725). 

It was also necessary to subtract the UV spectrum of the GdnHCl. For this 

purpose 100 pl buffer was added in 0.3 cm pathlength cuvette and the baseline 

was set to zero. Then 267 pl GdnHCi from 8.25 M stock was added. The spec-

trum of the GdnHCI was then subtracted from the spectrum of the denatured 

protein. The corrected spectrum of the denatured protein was subtracted from 

the spectrum of the native Ocr and time difference at \ 280 urn was calculated. 

The protein was desalted using a. small G-25 gel filtration column. 

Determination of GdnHC1 concentration 

GdnHl is (1llite hygroscopic and is difficult to prepare stock solutions by weight. 

Consequently, the molaritv of the GdnHCl stock solution is based on refractive 

index measurements and the following equation (Nick and Scholtz, 1997): 

Mo1artj = .57.147(AN) + 38.68(N)2 - 91.60(N)3 	(2.1) 

where 

\N 	is the difference in refractive index between the denaturant 
solution and buffer at the sodium D line 
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2.6 Absorbance 

2.6.1 General considerations 

Almost all biological molecules have a distinct absorption in the ultraviolet or 

sometimes, in the visible range so quantization can be (lone easily by measuring at 

one specific wavelength. Proteins absorb light and emit radiation in the UV range 

of the spectrum. The aromatic residues Trp and Tr are responsible for more than 

90 % of the absorption in Hie 270-300 miiii range. To some extent the absorbance 

is also due to the Cvs and Phe residues According to the Beer-Lambert law, the 

absorbance of ii compound has a linear relationship to its absorbance at a defined 

wavelength. 

- cd 
	

(2.2) 

where 

A 	is the absorbance at a defined wavelength 

is the uiolai extinction coefficient (\i - I crn I) 

C 	is the ('011cc nt rat ion (niol/liter) 
d 	is the patlileiigt h (1 (rn) 

2.6.2 Buffers and chemicals 

It is better to avoid butlers that absorb in the UV range of interest. The purity of 

the chemicals used for making hiifiers is of utmost importance because impurities 

may lead to UV absorbance in the range of protein absorbance All buffers used 

were made from ultrapure chemicals and were filtered using a 0.2 iJVI Acrodisk 

filter. Buffers were kept at 4 °C for maximum one week. 

2.6.3 Cuvettes and instruments 

A 0.15 or 0.3 (111 pathlength cuvette was used. depending on the volume of the 

sample. The cuvettes were cleaned using dH2 0 and EtOH and then air-dried. 

From time to time the cuvettes must he washed with chromic acid in order to 
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remove the biological sample that uuiild stick onto the cuvettes walls. All spec-

troscopic measurements were done in a Perkin-Elmer Lambda spectrometer. The 

spectrometer lamp must be switch on at least 10-15 minutes before the actually 

measurements start. The following settings were used: 

Ordinate mode Absorption 

slitwidth 2.0 nm 

Scan speed 240 nm/mm 

Response 0.5 s 

Lamp 332.8 nm 

Cvcle/Tinme 1/0.05 mill  

axis (O.D.) 
mininiumn 0 
maximum 1 

axis (wavelength) 
mini mum 240 nm 

maximum 340 nm 

Depending on the absorbance values, the Y axis could be set at different values. 

2.6.4 Calculations 

For proteins 

A suitable buffer was placed in a 0.15 or 0.3 cm pathlegth cuvette and the baseline 

was set to zero. The cuvette was air-dried and the protein sample was added. 

The spectrum was recorded and printed out and the distance between the baseline 

and the spectrumri at /\ 280 nimi was measured. 

In the Beer-Laimiheit equmt loii I he patlmlengtli (d) is 1 cm. II different path-

length are used. a correction must be made. The molar concentration would be 

obtained dividing the corrected absorbance value to the molar extinction coeffi-

cient of the protein. 

For nucleic acids 

The same settings as for proteins were used. The only difference was that the 

X axis was set at minimum 200 nm and maximum 300 nm. First the buffer 

baseline was set to zero with TE buffer. Then buffer was removed from the 

cuvette, DNA sample was added and 11)(,  spectra recorded. The absorbance was 
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measured at \ 260 nut making corresponding corrections for using a 0.15 or 0.3 

(-in pathlength cuvette. The concentration of the nucleic acids was calculated 

assuming that 1 O.D.26°  unit correspond to 	50 rg/rn1 (Sambrook et al., 1989). 

This approximation is accurate enough for the experiments done in this thesis. 

2.7 Site Directed Mutagenesis 

2.7.1 Protocol 

Site-specific mutations lit the coding sequence of the T7 Ocr gene were created 

lv PCIi III lit 	enesi iiiiig it Qui(kCha.ngelM Site-Directed Miitagenesis Kit" 

froni Stratagene. PIb DNA polytiierase, that has 12-fold higher fidelity in DNA 

synthesis than Taq DNA polymerase, was used to replicate both strands with 

high fidelity. For replacing the chosen amino acids with cysteine, it was neces-

sary to replace one or two base pairs Two oligonucleotide primers (one for each 

strand) containing the desirable mutation were (1105(01 for each mutation. Fol-

lowing temperature cycling, the reaction riuxture will contain both the mutated 

and parental plasnuds. Iii order to remove the parental plasmnid DNA the reac-

tion mixture was treated with DjniI emidonuclease, a restriction enzyme specific 

for met hvl a ted and heniiniethvlat ed DNA. The parental DNA from almost all 

Eseherichia coli strains is darn methylated at the recognition site for DpnI (5'-

Gm6 ATC_3') .  However. the miewlv svmithesized DNA will not be methylated and 

will be protected against DpnI enzyme. The mutated plasmid is then transformed 

into Epienrian Coli XL1-Blue supercompetent cells. 

The following considerations should be taken into account when designing 

oligonucleotide primers: 

both primers must contain the desired mutation and anneal to the same 

sequence on opposite strands of the plasmid. 

the primers should be between 25 and 45 bases in length 
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Table 2.1: Conditions fulifileci by the chosen primers 

Mutation primer length GC content (%) base(s) changed 

N4C 44 43.2 A to T, A to C 

D25C 41 43.9 G to T, A to G 

N43C 44 54.5 A to T, A to G 

D62C 39 53.8 G to A, A to G 

S68C 39 53.8 C to G 

W94C 37 45.9 G to T 

. tlic tin CC conloill to Un iiiiiiiiiiuiii 40 % and should he terminated in one or 

niore G or C bases 

. the desired mutation should be in the middle of the primer with about 10-15 

correct bases Ofl both 5i(le5. 

All of these characteristics arc summarized in table 2.1 

Table 2.2 shows the primer sequences for all six mutation. 

2.7.2 Setting up the reactions 

(010 iol inaction 	5 /11 of lOx reantioii hiiflnr 

2 jil (10 'ig. 0.003 nM) of' 	\'hitescript 5.7 control plasmicl 

1.25 Itl (125 ng, 22 uM) of oligonucleotide control primer #1 

1.25 iJ (125 ng 22 nM) of oligonucleotide control primer #2 

1 p.l of' 10 uM 4NTP mix (2.5 mM each NTP) 

dH2O to a final volume of' 50 p.l 

Then add 1 i.l of native Pfu DNA polymerase (2.5 U/ALl) 

2) sample reaction 5 jil of lOx reaction buffer 
1 p.l (86 ng) of dsDNA template 

1 j14 (125 ng) of oligonucleotide primer #1 (forward strand) 
1 pJ (125 ng) of oligonucleotide primer #2 (reverse strand) 

1 pI of 10 mM dNTP mix (2.5 mM each NTP) 

cIH90 to a final volume of 50 pi 

Then add 1 /11 of native Pfli DN\ Poivnierase (2.5 U/1i1). Overlay each reaction 

with 30 pI of mineral oil. 

The primers were purchased from Oswel. 
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Table 2.2: The oligonucleotide sequence of the primers used for Site-Directed 
Mu tagenesis 

Protein Strand  Sequence 

Forward 5-CAAGATGG('TXl0TCTTGCATGAC'N'ACA ACA ACGTTTTCGACC-3' 
4C Reverse 3-GTTCTACCGATACAGAACGTACTGAATGTTGTTGCAAAAGCTGG-5' 

Forward 5-GCTGAAAGAAAACATCCC1T['AT7'G7-GACATCCGTGACACTG-3' 
D25C Reverse 3 -CGACTTTCTTTTGTAGGCAN1'A.4CACTG TAG GCACTGTGAC-5' 

Forward 5'-GCTATTCACATGGCTGCCGATTCTGCAGTTCCGCACTACTACGC-3' 
43C Reverse :3'-CGATAAGTGTACCGA000CTAACACGTAACGCCGTGATGATGCG-5' 

Forward 5-G0CAAG1'0AGGGCXFfTGCC1'TGAGTTCGAAGACiCTGG-3' 
D62C Reverse 3'-CCGTTCAcTCCCGTAAACGGAACTCAAGCTTCTGACACC-5' 

Forward 5'-GACCTTGAGTTCGAAGACTGTGOTCTGATGCCTGACACC-3' 
S68C Reverse 3'-CTGGAACTCAACCTTCTGAC,4CCAGACTACGGACTGTGG-5' 

Forward 5-GCAATTAACGATTGACCTCTG7'CAAGACGCAGAAGAC-3' 
W94C Reverse 3-ccTTAA1mcrAAc'ruGAGAcAcrTcTc;ccTcTTcTG-5' 

2.7.3 Cycling the Reactions 

The niutageruc conditions recommended by the QuiekChange Site-Directed Mu-

tagenesis Method protocol were optimized to the following values: 

Segment Cycles Temperature Time 
1 1 95 °C 30 seconds 

95 °C 30 seconds 
2 12 58 °C 2 minutes 

68 °C 12 minutes 

Following temperature cycling, the samples were kept on ice for two minutes to 

(001 the reaction to :37°C. 

2.7.4 Product digestion 

1lil DpnI enzyme (10 U//Il) was added. Each reaction sample was gently mixed 

bY pipetting the solution up and down. The reaction mixture was spanned down 

for 1 mill at 10000 11)111 then incubated at 37 °C for 1 hour to digest the parental 

supercoiled DNA. 
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2.7.5 Transformation 

One p.l of DpnI treated DNA was added to 50 /ii Epicurial Coli XL-Blue su-

percornpetent cells. After incubation on ice for 30 minutes, the transformation 

reaction was heat pulsed for 45 seconds at 42 T. Then 500 ,ul of NZY + broth 

(preheated to 42 °C) was added and the mixture was incubated for 1 h at 37 T. 

250 il control reaction was plated on LB-ampicilliu-rnethycillin agar plates (the 

plan alu (ulinuli 20 lil of 10 / X-Gal and 20 pt of 100 iul IPTG). The entire 

volume of each sample reaction was plated on the LB-ampicillin plate. All plates 

were iiiciihated overnight, at 37 T. 

2.7.6 Isolating and sequencing of the mutated plasmid 
DNA 

After colony purification, 50 ml LB-ampicilin medium was inoculated with a single 

colony and incubated at 37 °C over night. From this overnight culture the plasmid 

DNA was isolated using the "Quiafilter Midi Plasinid Kit" from Quiagen. The 

iiewlv-oht ained plasmid DNA was sequenced using 'Sequenase Version 2.0 DNA 

Sequencing Kit" purchased froin Ainershain following the same strategy as for 

pAR2993 J1)1aS1id. 

2.7.7 Solutions 
1) NZY + Broth lOg NZ (casein hydrolysate) 

5 g yeast extract 
5 g NaCl 
Autoclave 

Prior to use add: 

12.5 ml 1 M M9Cl2  

12.5 ml 1 M M9SO4  

20 ml 20 4 (w/v) glucose 
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2)10x Reaction Buffer 100 mM KC1 
100 mM (NH4 ).2SO. 
200 mM Tris-HCI (pH 8.8) 

20 inM MgSO, 
1 % Triton X-100 
1 mg/ml nuclease-free bovine serum alburriin (BSA) 

2.8 Labelling of Ocr(Cys) proteins 

2.8.1 Labelling with 1,5 1-AEDANS 

100 ,ul of Ocr(Cvs) proteins of 50 iM concentration were incubated overnight 

at 4 °C, in the dark. with 50-fold molar excess of N-(iodoacetylaminoethyl)-5-

naplitylamnine-1-sulphonic acid (1,5 1-AEDANS) in 20 mM Tris . 20 mM NH4 C1, 

6 mM MgC12  pH 8 buffer. The incubation was stopped by adding fi-mnercaptoetha-

nol to 100 mM concentration. The unbound 1,5 1-AEDANS was removed using a 

PD-10 Sephaclex G50 gel filtration column. The PD-10 column was equilibrated 

in the same buffer phis 7 mM d-mnercaptoethanoi. The two cysteine residues in 

Ocr(N 4 C) protein (on(,  iii (anli niolionler) form a disulphide bond (as showed in 

the Results chapter) so that it was necessary for the labelling buffer to also con-

tain /-mercaptoethanol to keep the cysteine residues in the reduced state. The 

,!'l-mnercaptoetliaiiol also contains -SH moieties that will react with 1,5 1-AEDANS 

so that it was necessary to add the fluoropliore in a huge excess to be sure that the 

final 1.5 1-AEDANS concentration is higher that the final /-mercaptoethanol con-

centration. I used a molar ratio of 50:1 excess fluorophore (calculated as the differ-

ence between the final 1,5 1-AEDANS concentration and the 3-mercaptoethanol 

concentration) to protein. 

\1easimreineiits of the fluorescence intensity in the steady state were performed 

on a Perkin Elmer LSSOB spectrofluorometer using an excitation wavelength of 

330 nm and emission at 480 11111. The concentration of 1,5 1-AEDANS hound to 

proteins was calculated frorn the absorption spectrum, using a molar extinction 

coefficient (,') of 6100 at 337 mini (Hudson and Webb, 1973). 
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The concentrations of all Ocr(Cys) except Ocr(W94C) proteins were calcu-

lated from the absorption spectrum using the E A,j of the wild type Ocr (32095 

M 1  (-iri ' at 280 urn). For Ocr(\V91C) protein I used a theoretical Em (calcu-

lated from the amino acid sequence) ()f'20600 at 280 urn. The concentration of the 

labelled protein was calculated from the absorbance at 280 nm after subtracting 

the absorbance of 1.5 I-AEDANS at 280 nm (the , of 1.5 1-AEDANS at 280 nm 

is 1060 M 1  (.111 -1.  

2.8.2 Labelling with Pyrene Maleimide 

N-(1-pyrene)rnaleimide (PM) was purchased from Molecular Probes. A PM stock 

solution was made by dissolving PM powder in Dimethyl Suiphoxide (DMSO) due 

to the high PM insolubility in water. The labelling reaction was done by using a 

100 mM phosphate. pH 7.0 buffer instead of Tris buffer. Ocr(Cys) proteins (100 

R1  of 50 1iIVI) were incubated over night at 4 °C in the dark, with PM (molar 

10110 .50:1). The Lihelliiig reaction was stopped by adding /3-nwrCaptoethanol 

to 100 mM final concentration and the unbound fluoropliore was removed us-

ing a PD-10 gel-filtration column equilibrated in 100 mM phosphate, 7 mM - 

niercaptoethanol, pH 7 butler (Strasburgh et al., 1985). 

The labelling of the Ocr(N4C) protein was (lone in 100 mM phosphate, 7mM 

/-u1ercaptoethanol, pH 7.0 buffer using a molar ratio of 50:1 excess PM to protein 

concentration.The degree of labelling was determinated spectrometrically using a 

value of F,11 = 40000 M cirr for PM at 345 nm (\Vu et al., 1976). The protein 

concentration was calculated froni the absorbance at 280 rim after subtracting 

the absorhance of PM at this wavelength (r 	25000 M' cm' for PM at 280 

urn). 
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2.9 Transformation and overexpresion 

One /11 pAR2993 plasinid (86.5 jig/i1 stock concentration) was added to 100 pl 

BL21(DE3)pLysS competent cells. The mixture was heat-shocked for 45 seconds 

at 42 °C, then 1 ml LB was added, followed by an incubation at 37 °C for 1 h. 

After incubation, 10 ul mixture was platted on a LB-Ain-Ciii plate and incubated 

overnight at 37 T. Next clay, 200 ml LB-Am-Cm were inocculated with a single 

colony and incubated overnight at 37 T. Eight 2 1 flasks, each containing 500 ml 

fresh LB-Ani-Cm inoccitlated with 25 ml overnight culture, were incubated at 37 

°C for about 3 Ii (on a shaker) until the O.D.60°  became 	0.5, then IPTG was 

added to a fi ma! concentration of 0.5 mM. After addition of IPTG the cells were 

iicnbatecl for another 2 Ii at 37 T. The cells were then pelleted at 6000 g for 30 

minutes. The obtained cell pellet ( 5 g) was kept at -20 T. 

As an expression strain, BL21 has the potential advantage that it should be 

deficient in the tori protease and the o'mp T outer membrane protease that can 

degrade proteins during purification (Grodberg and Dunn, 1988). 

Bacteriophage DE3 is a A derivative that has the immunity region of phage 21 

Mid carries a DNA fragment containing the lacl gene, the lacUV5 promoter, the 

beginning of the lacZ gene, and the gene for T7 RNA polymerase. Sometimes 

the target gene codes for a protein that is toxic for the BL21 cell. When this 

problem occurs it is necessary to reduce the basal level of T7 RNA polymerase 

that is responsible for the transcription of the target gene in the uninduced cells. 

The T7 RNA polymerase is inhibited by the T7 lysozyme that is expressed 

by time pLvsS plasumid. Time plasmid contains the 03.8 promoter for T7 RNA 

polymerase situated upstream to the lysozyme gene. The lysozyme provided by 

pLVSS plasnii(l will not iiimpaii the expression of the ocr genie because the 010 

promoter is stronger than ç3.8  promoter. 
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2.10 Protein purification 

2.10.1 Cell lysis 

The cell pellet obtained after overexpresion was taken out from the freezer and left 

for 15 minutes to defrost. The defrosted pellet was resuspended in the purification 

buffer (usually I added about 5 ml buffer per gram of cell pellet). Benzaminidine 

and PMSF were also added to a final concentration of 10 mM, in order to inhibit 

the proteases released after the cell lysis. The obtained solution was ultrasoni-

cateci for a number of minutes equal to the grams of cell pellet, with intermittent 

cooling on We after each minute. Cell debris was removed by centrifugation at 

12000 g 101 3 h. 

2.10.2 Ion-exchange chromatography 

The superliat ant that, cold iii 1 the protein of interest \VL5 applied to a DEAE-

Sephai'ose column. The column was first regenerated witti 20 mM Tris, 300 mM 

NH,1 Cl, 4 % glycerol, pH 8.0 buffer for 3 h at 48m1/h flow rate. The protein 

sample was loaded to colunimi at the same flow rate. After all the protein sample 

was loaded, the ('01110111 was doted with buffer for about 2 h at 48 mi/h in order 

to remove the proteins that did not stick to the column. Five fractions were 

collected per hour. Ocr was eluted with 300 ml 0.3-1.0 M NH4C1 gradient at 24 

nil/li in the above buffer. The fractions containing the protein of interest were 

identified using UV spectroscopy and SIDS-PAGE. 

2.10.3 Gel-filtration 

A Superclex 200 gel-filtration column (3x1 10 cm) was equilibrated with 240 ml 

of 20 mM Tris, 300 mM NH4 C1, 4 % glycerol buffer, pH 8.0 for 10 Ii at 24 ml/h. 

Fractions containing the desired protein from DEAE were pooled and concen- 

trated down to 	3 ml using 10 Kd cutoff centrifugal concentrators (Flowgen). 

The protein sample was applied to Superdex 200 column and the protein was 
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eluted over night at 24 mi/li with about 300 ml of buffer. Four fractions were 

collected per hour. UV spectroscopy and SDS-PAGE were used to identify the 

fractions containing the protein of interest. 

Note 

The above conditions were used for purifying Ocr 2993 (wild type). After two 

purification steps. the wild type Ocr looks pure on UV spectroscopy and SDS-

PAGE gel. For Ocr 3786. Ocr 3790 as well as the Ocr(Cys) proteins a further 

purification step (hydrophobic interaction cliroinatogi'aphy) was necessary, since 

high amounts of contaminating DNA were still present. 

We were not sure if Ocr 3786, Ocr 3790 or Ocr(Cys) proteins would stick on 

DEAE column as well as the wild type so we used a buffer with a lower salt 

concentration (50 niM instead of 300 iriM NH 1 Cl) . The same buffer was used in 

time gel-filtration step. ihe buffer used for the purification of Ocr(Cys) proteins 

also contained 7 mn'\l ;-mnercaptoethanol. 

2.10.4 Hydrophobic interaction chromatography 

A Phenvl Sepharose column was equilibrated with 20 mM Tris, 2.4 M (NH4 ) 2SO4 , 

4 % glycerol, pH 8 buffer for two hours at 48 ml/h. Fractions from Superdex, 

identified as containing Ocr protein were pooled and solid (NH4 )2SO1  was added 

to a final concentration oi2.4 M. The protein sample was applied on the column 

then washed with 2.4 M (NH 1  ))SO.m  for 1 Ii. The Ocr was eluted over night with 

500 nil 2.4-0 M (NH 1 ) 2SO,1  gradient buffer using a flow rate of 24 nil/h. 

The fractions containing time pure protein were pooled and concentrated down 

to about 1 ml. An equal amount of glycerol was added and the purified protein 

was kept at -20 C. 
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2.11 High Performance Liquid Chromatography 

A Rainin Dvnainax 4.6 x 250 111111 Hvdropore-u-SEC column and a guard column 

were used for HPLC gel filtration assay. First of all wild type Ocr and Ocr(Cys) 

proteins were desalted using two PD 10 Sephadex G50 columns. One column 

was equilibrated in 20 mM Tris. 20 niM MES, 200 mM NH.C1, 10 mM MgC12 , 

0.1 mM EDTA, 5 M GdnHC1, pH 6.5 and the other in the same buffer plus 7 

mM d-mercaptoet hail ol. Proteins samples were centrifuged at 10000 rpm for 15 

minutes at 4 C. 50 i1 samples (about 20 jiM) were injected onto the column. 

The flow rate was 0.5 nil/nun and the absorbance was recorded at A 280 nm. 

2.12 SDS-PAGE 

For all experiments a 13 (/ acivlaiiiide gel was prepared 

Separating gel 

Using two glass plates and two 0.75 mm spacers, a glass-plate sandwich was 

assembled. 10 ml solution was niade by adding S ml solution A, 2.5 ml solution 

B. 0.1 solution C and dH2 () to 10 tnT. lake 1 inl from this mixture add 1 pJ 

TEMED. 10 R'  10 / AMPS arid seal the edge of the glass-plate sandwich. In 

the remaining 9 ml mixture, add 9 ,ii,1 TEMED and 90 jil 10 % AMPS. Pour the 

solution between glass plates and allow 15 minutes for solidification. 

Stacking gel 

Make 10 ml solution by mixing 2.0 ml solution A, 2.5 ml solution D, 0.1 ml 

solution C. 10 /11 TEMED, 100 pl 10 % AMPS, II20 to 10 ml. Pour the solution 

in the top of the separating gel, insert a teflon comb and allow to set for 1 h. 
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Sample loading 

Sample protein was mixed with sample buffer (v:v) then the mixture was loaded 

onto time gel. A 25 mA/g(,l was applied for about 1 h until the bromphenol blue 

marker reached time bottom of the gel. The gel was stained for 1 h in Coomassie 

Blue, then destained for 5 h in (lestaining solution. 

Solutions 
A) 30 A acrvlarmde/his acrvlaniide 

1.5 M Tris-HCl pH 8.8 

10 (A SDS 

0.5 \i Iris pH 6.8 

F) Sample 1)11 Pci 

F) Electrophoicsis buffer pH 8.8 

C) Staining solution 

Tris 18.15 g 

H2 0 to 80 ml 
adjust pH to 8.8 

1-12 0 to 100 ml 

10 g 99 % pure SIDS 

H2 0 to 100 ml 

6 g Tris 
1-1 2 0 to 80 ml 
adjust pH to 6.8 with HC1 
H2 0 to 100 ml 

2.5 ml sohit ion D 
2.0 nil solution C 

2.0 nil glycerol 
0.1 nil 0.1 % Brornphermol Blue 

200 p.l -rnercaptoethano1 

112 0 to 10 ml 

6 g Tris 

28.8 g glycine 
10 ml solution C 

H2 0 to 990 ml 
adjust pH to pH 8.8 

H20 to 1000 ml 

1 g Coomassie Blue 13250 

100 ml Acetic Acid 

.500 ml methanol 

H2 0 to 1000 ml 
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H) Destaining solution 100 ml Acetic Acid 
100 nil methanol 

H2 0 to 1000 ml 

2.13 Agarose gel electrophoresis 

One grain of agarose was weighted then added to 100 ml lx TBE buffer. The 

mixture was boiled. cooled down to 35 °C, poured in a sealed gel casting platform 

then a gel colIll) was inserted. EtBr was added to the agarose solution so that 

was 110 need for staining and (lestaining After the gel has hardened, the comb 

was removed and the gel was placed into a electrophoresis tank. lx TBE buffer 

was added until the gel was covered. The DNA samples were mixed with the 

loading buffer and 10 lil of the mixture was loaded onto the agarose gel. The 

electrophoresis was carried out at 10 V/cm of gel, until the bromnphenol blue 

hand reached the bottom of the gel. 

2.14 Restriction assay 

BL21 (DE3)pLvsS cells were transformed with 9 different plasmnids: pAR2993, 

pAR3786 pAH3790. and six pAR2993(Cys). A conjugation between NK308 as 

a donor strain and the transformed BL21(DE3)1)1vsS as a recipient strain was 

carried out. N1K308 strain contains the F 101 plasmid w'luch is transfered to 

BL21 cells by conjugation. F'101 plasiriid contains hsdR, hsdM and hsdS genes. 

The BL21(DE3)pLvsS cells are resistant to chloramnphenicol, whereas pAR 

plasmids confer resistance to ampicillin and F'101 plasmid to tetracycline. Using 

over night cultures. both donor and acceptor were grown up for about 2 h at 37 

hut il the O.D GOO  bccaiiie 	0.4. The NN308 strains was grown up in LB and 

the transformed Bl21(DE3)pLvsS cells in LB, chlorarnphenicol and ampicihlin. 

Just before conjugation. i lie transformed cells were washed with LB in order to 

remove all the antibiotics. For conjugation, 2 in! of donor was mixed with 0.2 ml 



of recipient and the mixture was gently shaken for 1 h at 37 T. As a control, an 

untransformed BL21(DE3)pLysS culture was conjugated with NK308 strain. The 

conjugation mixture was diluted in phage buffer (10_2  and 10- ) then plated on 

LB, Cm, Am, Tc plates. The plates were incubated over night at 37 T. Next day 

the colonies were purified to get single colonies. A single colony was grown up in 

5 in! LB, Am, Cm, Tc, at 37 °C overnight. One ml overnight culture was mixed 

with 3 in! warm BBL Top agar then the mixture was plated in the top of the 

BB1 Bottom agar. Cm. Am. Tc, plates. After solidification, bacteriophage \ v.0 

was spotted. Different \ phage dilutions were used: 10_2,  iO 4, 1O, 10-1,10-7. 

,\ v.k was also spotted as a control. The plates were incubated overnight at 37 

T. Plaques were then counted and the e.o.p. calculated as a ratio between the 

titer of lanThda pliage of r and r I strains. 

2.15 Methylase assay 

2.15.1 In vivo assay 

In order to check the anti- methylation activity in vivo of the Ocr proteins, the 

following experiment was performed. One lambda phage plaque from the BBL 

plates obtained after performing the anti-restriction activity test in vivo was 

resuspended in 1 nil pliage buffer. Two serial dilutions (10-' and 102)  were 

made in phage buffer. A few drops of chloroform were added and the mixture 

was centrifuged for few a seconds. The obtained lambda phage was spotted on the 

top of two plates, one containing 3 ml BBL Top agar plus 1 ml NlK301 strain and 

t he oilier 3 ml BBL Top agar plus 3 nil 5k strain. The plates were incubated over 

night at 37 T. Next day, plaques were counted and a relative e.o.p. calculated. 

NK301 strain has a r+m+ phenotype and 5k a r_m+  phenotype. Both strains 

have a C600 background. 
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Table 2.3: Conditions used for HpaI assay 

Reaction Ocr (gil) M2 S1  SAM BSA H2 0 (p.1) 
linearized 

DNA 

uncut 

DNA 

0.4 + + + 17.1 + - 
Sample 1.2 + + + 16.3 + - 

4.0 + + + 13.5 + - 
+ + - + 17.5 + - 
- + - + 21.5 - + 
- + + + 20.0 - + 

Controls - + - + 21.5 + - 
- + + + 20.0 + - 
- - + + 21.0 + - 
- - + + 21.0 - + 

2.15.2 In vitro assay 

A 1)145n AMS strain was transformed with pBlueKan RHpa+ plasmid, then a 

plasmid DNA stock of 771 nM was niade using a Quiagen Midiprep kit. The 

plasnud has a HpaI recognition site (GTTAAC) and a EcoR,I recognition site. 

The AAC sequence is also part of' the recognition site of EcoKI methylase. If 

methylation occurs, the second adenine from AAC sequence is methylated and 

the Hpa.I nuclease is refractory to HpaI nuclease. 

EcoRI digestion 

First the plasmid DNA must be linearized with EcoRI. For one reaction I used 

10 pl plasmid DNA (50 nM stock). 5 p.1 buffer 4 (from New England Biolab), 1 

pl EcoRI and :31 d nuclease-free H70. The samples were incubated for 1 hour at 

37 C. H cad loll va stopped I v Itca 1 inactivation for 5 nunutes at 68 T. 

25 p.i digested DNA, 2.5 p.1 buffer 4. 1.5 p.1  SAM (32 mM stock) and 2.5 p.1 BSA 

(lOx 10mg/nil stock) were added in each sample. For each Ocr protein (2993, 

3786, 3790, W94C. N43C. S68C. '4C. D25C. D62C), three reactions were made 

by adding 0.41  1.2 or 4.0 p.1 respectively (from 250 p.M stock) of Ocr, giving a 
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Table 2.4: The run parameters for DSC scan 

No of scans 1 

Post Cycles Thermostat (°C) 20 

Starting Temperature (°C) 20 

Final Temperature (°C) 100 

Scan Rate (°C/h) 60 
Prescan Thermostat (mm) 20 

Filtering Period (sec) 16 

molar ratio of 0.4:1 . 1.2:1 and 4.0:1 respectively. A few control reactions, where 

one or niore components were missing, were also made. Table 2.3 surnmarise all 

the conditions used. 

All sample and coiit ml reactiolis were incubated for 6 Ii at 37 T. After 6 h 

the reactions were heat inactivated at 68 °C for 5 minutes. The last two control 

reactions were kept at room temperature. Half of the amount was digested with 

IJpaI, and the other half was left undigested. 

HpaI digestion 

For eai'li r(awn)ii 20 lil EroR I digest ion mixture was nixed with 2 p.l buffer 4 

and 1.0 /11 Hpal (.500 u/nil) . After 1 h incubation at 37 °C all reactions were 

heat Inactivat ed for .5 minutes at 68 T. Four Id of DNA loading buffer was added 

and 10 i.1 from this mixture was loaded onto an 0.8 % agarose gel. A 1 kb DNA 

Ladder was used as marker. 

2.16 Differential Scanning Calorimetry(D SC) 

All samples were desalted using a PD-10 column equilibrated in 20 mM Tris, 

20 mM NH 1 Cl, 6 niM M9C12  pH 8.0 buffer. The protein concentration was 

checked by U\' spectroscopy (Sliiuiatzu spectonieter) . Both sample and buffer 

were (legassed hef( ae loa( hug unto aP 	rim \-DSC calorimeter. The caloiimeter cell was 

washed with detergent. H2 0 and buffer before each experiment. The reference cell 
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Table 2.5: The run parameters for ITC assay 

Pun Parameters 

Total Injections 26 

Cell Temperature (°C) 2.5 

Reference Power (/LCal/sec) 20 

Initial Delay (see) 20 

Syringe Concentration (pM) 64.54 

Cell Concentration (ji4vl) 4.8 

Stirring Speed 310 

WOS washed only once, then the buffer was left inside for all the other experiments. 

750 jt1 protein was added in the sample cell and 750 	in the reference cell. The 

cell volume is about 500 1.tJ but a higher volume was added in order to remove 

the air bubbles that could appear, then the excess was removed. The cells were 

closed with a small led that allows the solutions to he kept under pressure in 

order to avoid evaporation. The run parameters are sumarised in table 2.4. 

A DSC scan of the buffer used was also clone. For each sample the contribution 

Of the butler to the DSC scan was substracted using time Origin .5.0 software. 

2.17 Isothermal Titration Calorimetry (ITC) 

The experiment was clone in a VP-ITC calorimeter. Both the Ocr and methylase 

sample were clesaltecl using a PD-10 column. previously equilibrated in 20 mM 

Tris, 20 mM NH4 CI. 6 niM MgCl2 . The experiment consist of titrating Ocr 

protein (64.54 ILM stock solution) into methvlase (4.8 1M concentration) placed 

in the VP-TIC cell. 

1700 	imictlivlase was added into the cell and aliquots of 10 jil Ocr were 

injected. The first Ocr aliquot contained only 1 pl. The heat of dilution was 

obtained by injection of Ocr into buffer and also buffer in buffer solution. The 

run parameters are simmarised in table 2.5. 

All the corrections were done using Origin .5.0 software. 
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2.18 Steady state fluorescence 

2.18.1 Stoichiometry 

Steady state fluorescence data were collected with a Perkin Elmer LS 50B spec-

trofluoroineter at 25 T. The stoichioinetry assay is based on the fact that the 

fluorescence intensity of a complex between two proteins is different from the sum 

of the individual fluorescence intensities of the two proteins. In order to get the 

stoichiomimetry of the Ocr-methylase complex, three sets of data were recorded: 

the fluorescence intensity of the Ocr, the fluorescence intensity of the methylase 

and the fluorescence intensity of the Ocr-rniethylase complex. 

The EcoKI methylase sample was temperature equilibrated for 10 minutes 

at 25 T. Then 100 il of methylase (0.3 AM concentration) was placed in a 0.3 

cm pathlength quartz cuvette. The protein sample was excited at 295 rim and 

the enhission spectra recorded between 300 and 500 urn. Using a Hamilton sy-

nnge. a concentrated solution of Ocr (22 AM) was added until time molar ratio 

Ocr:methvlase became about 7:1. At each titration point the fluorescence interi-

sitv of the complex was recorded. From the eumnssiou spectra, the fluorescence 

intensity at 340 miium was measured. 

The fluorescence intemmsitv of the mnetliviase at the hegining of the experiments 

(when no Ocr was added) was measured. Then, this value was multiplied with the 

dilution coefficient to get the methylase fluorescence intensity at each titration 

point. 

There is a linear dependence between the fluorescence intensity and the con-

centration of Ocr. 100 1il buffer were placed in a 0.3 cm pathlength cuvette then 

aliquots of Ocr were added. The fluorescence intensity values were ploted against 

the Ocr concentration. The Ocr intensities at each titration point were calculated 

using the values obtained for the slope and the intercept with Y axis. 

The fluorescence intensity sum of the Ocr and methvlase at each titration point 

was calculated. The fluorescence intensities of the Ocr-mnethylase complex for 
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each titration point were substracted from the fluorescence sum of the individual 

components. The difference was plotted against the molar ratio Ocr:methylase 

and the stoichiometry was determined from time intersection of the extrapolated 

linear portions of the graph. 

The fluorescence contribution of the buffer was substracted from the protein 

sample fluorescence. The ahsorbamices of 1)0th methylase and Ocr were less than 

0.1 at 295 uni which nunimize t he inner filter effect. Despite its very low value, 

the inner filter ('flvct was calculated and the fluorescence intensities were corrected 

accordiiiglv. The fdrmnula used for calculating the inner filter effect was: 

Fcr 	
F),ontioy ( O.D.":  ± O.D.) 	

(2.3) 

Where 

Fcorr  corrected fluorescence 

observed fluorescence 

0. D. optical density of the sample 

at the excitation wavelength 

0. D. optical density of time sample 

at time 	nn issiun wavelength 

Time slitwidthi used for excitation and emission were 5 and 10 nm respectively. 

Time stoichiomet ry between Ocr and nuclease was calculated in the same man-

ner. using the same slitwidth for excitation and emission, the same excitation and 

enuSsioli wavelength and the same temperature. However, the protein concentra-

tions used were were different: 0.1 /LM for nuclease and 7 jM for Ocr. 

2.18.2 Quenching 

The fluorescence intensity of the Ocr(Cys)-AEDANS proteins was quenched with 

acrvlamide. 100 pl of Ocr(Cvs)-EDANS proteins (1.0 /IM protein concentration) 

were placed in a 0.3 cm pathleiigthm cuvette. The sample was excited at ,\ 337 nm 

and the emission intensity was monitored at /\,, 480 nm. The labelled proteins 
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were quenched with acrylamide (4.5 M stock) in 6 steps until the final acrylamide 

concentration became 0.5 NI 

50 p.l Ocr(Cys)-AEDANS (2.0 pM stock) and 50 /1.1 methylase (4.0 jtM stock) 

were placed in a clean, air-dried 0.3 cin pathlength cuvette so that the molar ratio 

niethylase:Ocr was 2:1. This complex was then titrated with 4.5 M acrylamide. 

The slitwidtli for excitation and emission was 5 and 10 nm respectively. The 

experiment was done at 25 T. 

2.18.3 Fluorescence Resonance Energy Transfer 

Labeling 

Ocr(Cys) proteins from 50 % glycerol stock were applied onto a PD-10 G-25 

column equilibrated iii 20 m I Tris, 20 mM NH 1 C1, 6 mM MgCl2 , 7 mM - 

mercaptoethanol, 5 NI Cdii FTC!, pH 8.0 buffer. The proteins were eluted as 

monomers because of the GduI-ICI present in the buffer. Half of the monomers 

were labelled with 1,5 1-AEDANS and half of them with 5-IAF. About 150 p,l 

protein (100 jiM concentration) was incubated with 1,5 1-AEDANS or 54AF at 

4 °C, over night, in the dark (molar ratio excess Huorophore:Ocr(Cys) was about 

50:1). The labelling reaction was stopped by adding -mercaptoethanol to a final 

concentration of 100 mM. The unbound fluorophore was removed using a PD-10 

column equilibrated in the same buffer. 

The cement ration of the fluorophores bound to the protein was determinated 

l:)v U.V. spectroscopy using a molar extinction coefficient of  -337  = 3600 M' cm' All 

for bound 1.5-1-AEDANS and 	2 	71000 M cm-1 for hound 5-IAF. To cal- NI  

culate the protein concentration, the absorbance contribution of 1,5-1-AEDANS 

and 5-IAF at A 280 imi was first subtracted. 

Renaturation 

About 100 p1 Ocr(Cvs)-AEDANS and 100 pl Ocr(Cys)-AF (50 pM concentration) 

were mixed together. Four nil of buffer without GdnI-IC1 was added and the 
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mixture was spun down to about 100 jil in a Whatnian Vectaspin 3 10 kd cutoff 

concentrator. 

The renatured protein mixture should contain 25 % AEDANS-AEDANS ho-

modimers. 25 % AF-AF homodimers and 50 % AEDANS-AF heterodimers. 

Ocr(Cys)-AEDANS and Oci'(Cvs)-AF proteins were renaturated in two separate 

concentrators to get AEDANS-AEDANS and AF-AF hoinodirners. 

Assay 

The sample protein was equilibrated for 10 minutes at 25 T. then 70 t1 renatured 

protein niixt nrc (2.0 /ii\ I proteili concentration) was placed in a 0.3 cm pathlength 

cuvette. The sample was excited at \ 337 iiin and an emission spectrum between 

400 and 600 nni was recorded. 

An emission spectrum of an AEDANS-AEDANS protein homodimer was also 

recorded hetweeii 400 and 600 11111 (/\. 337 run). This spectra was normalized 

to the AEDANS concentration from the renatured protein mixture. The normal-

ized spectrirni was then subtracted from the emission spectrum of the renatured 

protein mixture. In the difference spectrum obtained. the fluorescence intensity 

at 520 11111 was measured. 

An excitation spectrum was also recorded for the renatured protein mixture 

using an emission wavelength of 520 nm. The fluorescence intensity at \ 492 nm 

was measured. A slitwidth of 10 urn was used for both excitation and emission. 

2.18.4 Dissociation constant (Kd ) 

The fluorescence was measured with a FS 900 CDT Steady State T Geometry 

Fluorirneter. The Ocr(N43C) protein was labelled with .5-IAF over night at 4 °C 

in the dark. The unbound -)-IAF was removed using a PD-10 G-25 column equi-

librated in 20 mM Tris, 20 mM NI-14 C1, 6 mM MgCl2 7 ruM J-mercaptoethanol, 

pH 8.0 buffer. The concentration of the AF bound to the protein was calculated 

from the absorbance at 492 urn using a molar extinction coefficient ejí = 71000 
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M' cm. The protein concentration was determinated from the absorbance at 

,\ 280 nm after subtracting the absorbance of 5-IAF at this wavelength. 1000 jl 

of Ocr(N43C)-AF were placed in it QS 1000 -lxiO mm cuvette. Sample protein 

was,  excil ccl at 492 urn and the emission spectrunl was recorded between 510 and 

570 nm. The protein concentration used was 50 pM, 100 pM, 200 pM or 1000 

P I depending on expel'iiiieiil 

The assay was performed at 25 °C and the slitwiclth used for excitation and 

emission was 5.4 nm. 

Then methylase or nuclease proteins were added. The spectra were inte-

grated between 510 and 570 nm and the values were fitted using Grafit software 

(Eiithacus) Data were fitted to ligand one binding site equation which gave the 

estimated Kd  

F 	
F 1  + F11K[L] 	

(2.4) 
1 + A[L] 

where 

relative intensity of free form 

1"All 	relative intensity of complexed form 
[L] 	concentration of ligand 

2.19 Fluorescence anisotropy 

2.19.1 Stoichiornetry 

The anisotropy was recorded in an L arrangement of a Perkin-Elmer LS SOB spec-

trofluorinieter. 100 lit of 21 lip (Is oligonucleotide DNA (1.0 t1NI concentration) 

that contains the recognition site for EcoKI were placed in a 0.3 cm pathlength 

ciivette. The (lsDi\A was obtained by hybridization between two complementary 

single strands. An liexaclilorofluorescein tag was attached at the end of the top 

strand. 
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EcoKI rnethvlase or nuclease were titrated into the DNA solution. For each 

titration step five anisotropy values were recorded then a mean of these values 

Was calculated. The protein was titrated until the anisotropv did not increase 

any further. 

A concentrated solution of Ocr protein was added which displaced the la-

belled DNA and consequently the anisotropy started to decrease. The titration 

was stopped when the anisot iopv reach i plateau. For each Ocr titration the 

anisoti'opv was recorded at 15', :30' 1', 1.30' 7  2', 3', 4 7 , 5', 6', 7', 8', 9', 10' af-

ter titration. A mean of these values was calculated A slightly time dependent 

changes in anisotropy were noticed. 

The /\eJ. was 510 rim and the emitted light was passed through an optical filter 

that allows light at \ 570 urn. The assay was performed at 25 °C and the slitwidth 

was 15 and 20 nm for excitation and emission respectively. 

2.19.2 Ocr-methylase interface 

Ocr(Cys)-AEDANS and Ocr(Cys)-Pi\J were prepared as described previously. 

lhe aiiisotropv was recorded with a Perkin-Ehiuier LB SOS fluorimeter. 100 il 

of 1.0 jLM Ocr(Cys) labelled protein was titrated ivitli increasing amounts of 

methvlase until the niolar ratio uiethivlase:Ocr(Cvs)-labelled protein became 2:1. 

The Ocr(Cvs)-AEDANS sample was excited at /\,. 330 nm and the anisotropy 

was measured at A, 480 nm. The Ocr(Cys)-PM sample was excited at 342 nm 

and the anisotropy was iiieasuied at 379 urn. 

The assays were carried out at 2.5 °C and the slitwidth used was 15 and 20 

urn for excitation and emission. 
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Chapter 3 

Ocr biochemistry 

3.1 DNA sequencing 

Cloning of the ocr gene (wild type and two truncated forms) into the pET-i vector 

was clone in Studier's lahoi'atoi'v. After cloning, the newly obtained plasmids were 

not sequenced. Sequencing of the obtained plasmids was done in our laboratory 

before starting any overexpressiori. 

The sequence obtained (Figure 3.2) for wild type ocr, as well as the two 

truncated forms, corresponded exactly with the sequence previously published 

(Dunn et al., 1981). 

3.2 Ocr purification 

Ocr was purified from BL21(DE3)1)LvsS cells carrying pAR2993 plasrnid. After 

induction \VitIi IPTC. cells were pelleted by centrifugation, resuspended in 20 mM 

Tris, 300 mM NHCI, -1 	glycerol. pH 8 buffer then sonicateci. After a further 

cent rifugat loll , the pellet was (liscariled and the soluble faction was applied onto 

DEAE-Sepharose column. Ocr stuck on DEAE-Sepharose column because of its 

overall negative charge at pH 8 (the isoelectric point is 3.7). The protein was 

eluted using a gradient between 0.3 and 1.0 M NH4 C1. Ocr was eluted in one 

peak at about 0.8 M NH4 C1. 

Because of the high levels of overproduction. Ocr was followed during purifica- 



tion by SDS-polvaci'ylamide gel electrophoresis. The SDS-gel (figure 3.1) shows a 

partially purified Ocr protein. In order to separate Ocr from the E. coli proteins 

that also stuck on the DEAE column, it was necessary to use a further step of 

purification. 

Fractions containing Ocr protein were pooled, concentrated down to 	3 ml 

and applied to a Superdex 200 gel-filtration column, equilibrated in the above 

buffer. The obtained Ocr protein was pure according to the SDS-PAGE gel 

(Figure 3.1). UV spectra of the fractions containing Ocr had an absorption ratio 

A280 /A26° 	2 indicating that protein sample was not contaminated with free 

DNA. 

We also purified Ocr 3786 and Ocr 3790, two Ocr proteins that have 7 and 

17 respectively anuno acids deleted from the C-terminal end. The first two steps 

of purification were almost identical with those used for purification of wild type 

Ocr. the only difference being t he ionic strength of the buffer. For Ocr 3786 

and Our 3790 we used univ 50 niM NH1 Cl because it was possible that the two 

truncated Ocr proteins have a lower affinity to the DEAE-Sepharose column than 

the wild type Our. Indeed Ocr 3786 came off the DEAE column at 0.54 M NH4  Cl 

and Ocr 3790 at 0.31 M NH 1 C1. 

After two purification steps both proteins were pure according to the SDS-

PAGE gel. However. the UV spectra showed a huge contamination with DNA. 

Consequently. a further step of purification was necessary. 

Fractions eluted from gel-filtration column containing Ocr 3786 or Ocr 3790 

proteins were pooled together and solid (NH 1 )2SO4  was added to 2.4 M final 

uoiiueiitiat ion. The 1)rot('im1 saiiiple was then loaded on a Phenyl-Sepharose col-

umn equilibrated in 20 mM Ti'is, 50 mM NH 4 Cl, 2.41M (NH4 ) 2SO4  pH 8 buffer. 

The chit join was performed with 500 ml 2.4 - 0 M (NH4 ) 2 SO 1  gradient. The 

elution profiles showed two peaks, a broad one containing DNA and a sharp one 

containing the protein. The absorption ratio A280 /A26°  was found to be 	2. 
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Figure 3.1: Analysis of wild type Ocr by SIDS-gel electrophoresis. 15 % acrylamide 
gels were used and stained with Coomassie Blue. (a) Purification of Ocr on DEAE 
Sepharose column. Lane 1: molecular marker, lane 2: pure Ocr, lane 3: crude Ocr 
(before loading onto DEAE Sepharose column), lanes 4-14: Ocr fractions eluted 
with a gradient of NH4C1. (b) Purification of Ocr on Superdex 200 column. Lane 
1: molecular marker, lane 2: pure Ocr, lane 3: Ocr collected from DEAE column 
but before loading onto Superdex 200, lanes 4-11 Ocr fractions eluted from the 
Superdex column. 
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3.3 Site-Directed Mutagenesis 

3.3.1 Selection of the amino acids for SDM 

One of the most important aims of this project was to identify time Ocr amino 

acids involved in binding of EcoKI methylase. 

Certain fluorophores have the ability to report any change that could occur in 

their environment. These fluorophores could be used for labelling certain amino 

acids that are exposed on the Ocr surface. Then the labelled Ocr could interact 

with EcoNI hid livhise. if the labelled amino acid is not in the binding site then 

time environment of the attached fluorophore will not be changed after binding 

with the metlilase. Consequently, the fluorescence intensity and the emission 

maximum will remain at the same values as for the unbound labelled Ocr. How-

ever, if the labelled amino acid is in the binding site, the environment of the 

fluorophore will change and either an increase or a decrease in the fluorescence 

intensity will occur and possibly a shift in the maximum emission wavelength. 

There are fluorophores that specifically hind to arginine, lysine or cysteine 

(Lakowicz, 1999). When lale1 Ii ng a particular amino acid (say cysteine) then if 

niore than one cvsteuie residue is exposed on the protein surface all of them will 

be labelled. The experiment, will be meaningless because it will be difficult to 

say which amino acid 	really in the binding site and which one was not. The 

problem was easily solved 1w cxploitiiig the fact that Ocr protein has no cysteine 

residues, so that by replacing certain amino acid with cysteine and labelling it 

with a cvsteine-specific fluorophore the exact position of the fluorophore will be 

known. 

Six surface exposed Oct amino acids were replaced with cysteine by Site-

Directed Mutagenesis. Choosing these six anuno acids was not an easy task. Ocr 

has a i ihiOjU(' sc(1uelice in the data base. so  m hat it was really difficult to get a very 

good secondary structure prediction. 

If' one of the predicted anuno ici Is is not exposed on the surface it will be 



. 1 ......... 2 .... * .... 3 	 • 4* 	5 
AA 	AMSNMTYNNVFDF1AYEMLKENIRYDD1RDTDDLHDAIHADNAVPHYYADIFSVSE I 

2ndary structure 	 HHHHHHHHHHHHH 	BBB 	HHHHHHHHHHHHH 	HHHHHHHHHHHHH 
Reliabi ity 	98766853789999999882455221355146677786787633632664789999981 
Accessibility 	bbbbbhbbebbehhbehhoe)hhbbhbb eebeebbebbbhebhbeb eebbeebbeel 

.7 .........8 .........9. .. 10 ........11 ..... 
AA 	GIDLEF'EDSGLMPDTKDVIRILQARTYEQLTIDLWEDAEDLLNEYLEEVEEYEEDEEI 

2ndary structure 	BBBB 	HHHHHHHHHHHHHHHHHHHHHH 
Reliability 	684465178999956899999999999876576613q 	 I Accessibility 	bbehbh bbeebeeeeebhbbbehbbbeebbbeshee 

Figure 3.2: Secondary structure prediction of the Ocr protein using PHD program. 
"H", "B" and "L" represents regions which are predicted to be -helix, Is-strand, 
and loops respectively. "e" indicates the amino acids predicted to be exposed on 
the protein surface and 'b" amino acids predicted to be buried. 
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inpossible to label it because the fluoropliores are not,able to penetrate the 

protein matrix According to a secondary structure prediction program called 

PHD (Rost and Sander. 1993) Ocr is predicted to have 4 -helices and 4 loops. 

As seen in figure 3.2 t he PHD program indicates I lie degree of exposure for each 

amino acid. It is well known that hydrophilic anuno acids are more likely to 

be solvent exposed than the hydrophobic ones and also that loop regions are 

usually on the proteins surface. Consequently, the amino acids chosen for Site 

Directed Mutagenesis were Asn4 from the first loop, Asp25 from the second, 

Asn43 from the third and Asp62 from the fourth. Ser68 from the fourth loop 

was also chosen, without any particular reason. The sixth amino acid to be 

replaced with cysteine was Trp94 from the fourth c-helix. Two main reasons 

were taken into consideration when choosing Trp94: first, previous experiments 

dearly indicate that this amino acid is solvent exposed and second, Trp94 seems to 

be involved in protein stability and/or activity. By replacing Trp94 with cysteine, 

it will he easy to demonstrate if at Ocr protein devoid of Trp is less stable than 

the wild type and if it is able to knock out the EcoKI methylase or nuclease. 

3.3.2 Plasmid sequencing and Ocr(Cys) proteins purifica-
tion 

Site-specific imitations in the coding sequence of the T7 Ocr gene were created 

by PCR inutagenesis. 

Figure 3.3 shows the sequence of the bottom strand for all six mutated plas-

nuds. The whole strand was sequenced, riot only in the region of interest. The 

upper strand was also sequencer, in order to confirm the presence of the desired 

mutation. All these precautions were necessary because it was very important 

to know that 110 other mutation except the desired one was introduced by Site-

Directed Mutageriesis. 

To emphasize this point it is worth mentioning the case of pAR2993(S68C) 

plasmid. The plasmid was sequenced in the region of interest arid it was con- 

73 



(a) (b). 

- -.----' 
A 

1 . 

h'— - 
0/ - 
- - - = _ - - 

(d) -_--., 	 (e)  

-.--- 

c\ 

C 	 A 	 c • 
a 	 / 	 -- 

- - - - 

Figure 3.3: The nucleotide sequence of the mutated plasmids (bottom strand). 
In each of the six sequences the first lane represents A, the second C, the third G 
and the fourth T. For each sequence the codon for Cys, TGT or TGC (ACA or 
GCA respectively in the bottom strand, reading from 5' to 3'), is easily identified. 
(a) D25C, (b) N4C, (c) N43C, (d) D62C, (e) AA/94C, (f) S68C. 
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firmed that the Set coclon was replaced by a Cvs codon. The attempt to obtain 

an Ocr(S68C) protein was unsuccessful. Careful sequencing of both upper and 

bottom strands revealed that a C-G base was deleted. Due to the frameshift, a 

STOP codon appeared and the obtained protein was only 69 amino acids long. 

As known from Dunn's work. any Ocr protein with less than 87 amino acids is 

unstable and is not seen on SDS-PAGE gels (Dunn et al. 1981). 

All six Ocr(Cys) proteins were purified in the same way using three columns: 

DEAE-Sepharose. Superdex 200 and Phenyl-Sephai'ose. After the last purifica-

tion step, all six proteins looked pure on SDS-PAGE gel after Coomassie blue 

staining. 

3.4 Ocr stability 

Differential Scanning Calorinietry (DSC) is one of the techniques used in bio-

chemistry to determine the stability of 'a protein (Burova et at., 1999; Richardson 

3rd et at.. 2000). 

Figure 3.5 shows a typical DSC scan for wild type Ocr. The DSC thermogram 

is a plot of the heat capacity of' a solution of Our protein vs. a range of tempera-

tures chosen for the experiment (20 °C to 100 °C). The same experiment was done 

using buffer instead of Ocr and the obtained plot was subtracted from the Ocr 

one. The baseline sloped even after the subtraction of the buffer contribution. 

In order to calculate the calorimetric enthalpy (..\HCL1), the calorimetric baseline 

was subtracted and the obtained plot was normalized to the Ocr concentration. 

At the end of the experiment. Ocr sample was cooled down to 20 °C and 

i'es('aliIied a few toes. The shape of DSC scans were identical with the first scan 

(lenlonstrating that the thermal denaturation of Ocr is a reversible process. 

The corrected data were first fit to a two-state folding curve using Origin 5.0 

software. A two-state transition implies that Ocr protein remains dimeric up to 

the denaturation temperature, then simultaneous denaturation and dissociation 



occurred. The following equation characterizes two-state transitions: 

D2  2U 
	

(3.1) 

where 

D 	native state as (11111cr 
U denatured monomeric state 

As seen in figure 3.4, the fitting is not very good. Consequently, we tried to fit 

the data to a dissociation model which assumes that Ocr first dissociates to two 

monomers tln'ii unfolding occurs. The nice fit between the theoretical model and 

the experimental data and the similarities between the calorimetric enthalpy and 

the van't Hoff enthalpv demonstrates that Ocr unfolding is indeed best described 

by a dissociation model (fig 3.5). 

The equation that describes this type of transition is: 

D2 2M2U 
	

(3.2) 

where 

D 	native state as dimer 
I native state as monomer 

U denatured state 

The melting temperature (Tn! ) is the temperature at which 50 % of the pro-

tein is folded and 50 % unfolded. For the two-state model this temperature 

corresponds to the peak of the DSC scan. For the dissociation model, Tm  is a bit 

higher than the temperature at which the heat capacity has an maximum. For 

example for wild type Ocr the transition midpoint (i. e. the peak) is at 69.3 °C 

but the Tm  is 72.2 C. 

T 1  values were used to compare the stability of the wild type Ocr with different 

mutants in which certaili a 1111110 acids were replaced by Cys or the C-terminal 
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Figure 3.4: Denaturation heat capacity curve of wild type Ocr. The protein 
sample was degassed before in 	into the cell. The sample was scanned 
between 20 and 100 °C at a scan rate of 60 °C/h. The buffer was 20 mM Tris, 
20 mM NH4CI 6 mM M9C12  pH S. The protein concentration was 31.53 ,LM. 

The scan was fitted to two state model. Tm  is the melting point. AH is the 

(alolillict iic enthalpy and .\HU  the an't Hoff enthalpy. 
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Figure 3.5: DSC of()cr protein, dissociation model. The scan shown in figure 3.1 
was fitted to a dissociation model. The buffer was 20 mM fTris, 20 mM NH1  Cl, 

6 mM M9C12  pH S. The protein concentration was 31.53 pM. I, is the inciting 
point. 	is the calorimetric enthalpv. BL0  and BL I  are the base lines and AC 

is the change in hear capacity. 
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Figure :3.6: DSC scan of Ocr 3786 protein. The experiment was performed in 
exactly the same conditions as those described in figure 3.5 except the protein 
concentration which was 13.53 jiM. 
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Figure 3.7: DSC scam of Our 3790 protein. FIie eXperilnotitwas performed in 

exactly the sàiiie conditions,  as those described ill hgiiie 3.5 except, the protein 

roiiceiil rat 1011 which was 22.58 1iM. 
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Figure 3.8: DSC scan of Ocr(N43C) protein. The experinient was performed in 
exactly the same conditions as those described in figure 3.5 except the protein 
concentration which was 41.29 1iM. 
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Figure 3.9: DSC scan of Ocr(S68C) protein. The experiment was performed in 

exactly the sanie conditions as those described in figure 3.5 except the protein 

concentration which was 21.76 1iM. 
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Figure 3.10: DSC scait of Oci(NJC) protein. The eXJ)e1iII1I1t W.S performed iii 

exactly the same conditions as those described in figure 3.5 except the protein 
concentration whiclì was 17.01 /i.\l. 
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Figure 3.11: DSC scan of 0cr(W94C) protein. The ('X1)eLi111(flt was peIfOrIlle(1 

in exactly the same (01(1 lit ions as those described In figure 3.;-)   except the prof ('in 

toiicent rat iou \Vl1 Rh \Vd 27.8-1 p \ I. 
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Figure 3.12: DSC scan of Ocr(D25C) protein. The expeiiiiieut was perforlilNi ill 

exactly the same conditions as those described in figure 5.5 except the I)rOtViIl 

concentration which was 29.10 1iM. 
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Figure 3.13: DSC scan of 0cr(D62C) protein. The experiment was perforrried in 
exactly the same conditions as those described in figure 3.5 except the proteiii 
concentration which was 17.97 riM. 
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Table 3.1: Protein stability 

Protein Concentration T, 
(°C) 

/.Tm  
(°C) 

Ocr 31.53 72.2 0.0 

3786 13.53 71.1 -1.1 

3790 22.58 58.4 -13.8 

S68C 21.76 71.9 -0.3 
NI3C 11.29 72.5 +0.3 
MC 17.01 72.9 +0.7 
D62C 17.97 70.6 -1.6 
D25C 29.10 77.9 +5.7 
W94C 27.87 68.6 -3.6 

end was deleted. As seen above, for wild type Ocr, T,, was found to be 72.2 T. 

Table 3.1 shows the Tm  values obtained for the proteins under investigation. The 

accuracy with which the i,, values are measured with this method is + 0.5 T. 

Three out of 6 Cys mutations (lid not dramatically disturb the stability of Ocr 

protein. Ocr(S68C) was proved to be almost as stable as the wild type 	-0.3 

C) (Figure 3.9) Also substitution of Asn43 residue with Cys does not seem to 

affect the stability of the protein (AT,, +0.3 °C) (Figure 3.8). meanwhile the Tm  

value obtained for N1C mutant revealed a slightly increase in the stability (T7  

+0.7 °C) (Figure 3.10). D62C substitution seems to decrease the protein stability 

(..\Tm  -1.6 °C). However, the apparent decrease in Tl?  could be due to the poor 

fitting to the dissociation model rather than to a real instability introduced by 

mutation (Figure 3.13). The most dramatic effect was observed with the D25C 

mutant where the value obtained for Ti,, was 5.7 °C higher than that obtained 

for wild type (Figure 3.12). Of a particular importance was the Tm  obtained 

for \VOIC' niutant \vliicll i 3.6 C lower than time value obtained for wild type 

Ocr (Figure 3.11). confirming an early assumption that the unique Trp residue in 

position 94 is involved in Ocr stability (Mark and Studier, 1981). 

We tried then to see if deletion of the C-terminal end affects Ocr stability. 
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For Ocr 3786 (Figure 3.6). the instability induced by the deletion of the last 

7 amino acids from the C-terminal region was not too drastic (T7  -1.1°C). 

However. Ocr 3790 where 17 amino acids from C-terminal region were deleted, 

showed a dramatic decrease in stability (AT, -13.8 °C) (Figure 3.7). The obvious 

(oticlIlsion that arises from the last two assays is that C-terminal end is involved 

ill the stability of Ocr protein. 

3.5 Trp94 

3.5.1 Steady-state fluorescence. Background 

Certain substances have the ability to emit light horn electronically excited states, 

emission called either fluorescence or phosphorescence depending on the nature 

of the excited states. The processes of fluorescence and phosphorescence are 

usually explained using a Jablonski diagram (Figure 3.14). In a typical Jablonski 

diagram S0  S' a11(1  52  represent the singlet ground, first and second electronic 

state respectively, meanwhile T1  represents the first triplet electronic state. Each 

of these electronic levels contain different vibrational energy levels denoted 0,1,2, 

etc (Lakowicz. 1999). 

The fluorescence is induced by light hot by heat because the energy difference 

between S0  and S is too large to he covered by the thermal energy. After ab-

sorbing light of a certain wavelength, fluorophore is excited from S0  to S1  or S2 . 

In a. very short time (10-12  s) the excited molecule relaxes to the lowest level of 

a process called internal conversion. Return to the ground state occurs at the 

expense of the emission of a photon. Emission from S1  is termed fluorescence and 

is spin-allowed because the electron in the excited orbital is paired with opposite 

spin to the second electron in the ground state orbital. The fluorescence lifetimes 

are typically near 1 _8  s. 

A fraction of the excited molecules return to the ground state by thermal 

i elaxat ion without, emit tilig light.. The fluorescence quantum yield is the ratio of 
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Figure 3.14: Jablonski diagram. 

photons emitted to the iiunihei' absorber! (Lakowicz, 1999). The quantum yield 

is given by: 

F. 	
(3.3) 

+ nv 

where 

Q 	quantum yield 
F 	emissive rate of the fluorophore 

knr 	rate of the radiationless decay 

From .S. an excited molecule can undergo a spin conversion to the first triplet 

state (T1 ). in a process called intersystem crossing. Emission of light from T1  is 

called phosphorescence, and is a slow process (10 - i °  s). The reason for this 

slow phosphorescence emission rate is that transitions from T1  to So  are forbidden 

because the electron in the excited orbital has the same spin orientation as the 

ground-state electron. 

3.5.2 Exposure of rI&p94 

Fluorescence is a powerful tool for studying the structure and function of proteins. 

Proteins contain only three aromatic amino acids and all of them are fluorescent. 
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However, their contribution to the total protein fluorescence is unequal, the flu-

orescence emission spectrum being dominated by tryptophan. 

Several reasons make tryptophan the most valuable amino acid in studying 

protein fluorescence: it has the strongest absorption, the largest fluorescence 

quant mn yield, and both the fluorescence spectrum and intensity are the most 

sensitive to the local environrnen1. 

Following light absorption a variety of dynamic processes occur resulting in 

loss of the energy of the excited trvptophan. As a consequence of this loss, the 

energy of the emission is less than that of absorption and emission occurs at 

lunger \vavel(mIgt ii (30 iiiri) than ahsorptioii (295 urn). 

One of the factors that influences the tryptophan emission spectrum is sol-

vent polarity. The dipole moment of a polar fluorophore like tryptophan becomes 

larger in the excited state than in the ground state. The solvent dipoles can 

rapidly reorient, around the excited state dipole moment, in this way lowering the 

energy of the excited state. This effict becomes larger as the solvent polarity 

i ll(reases. reu1ti ig ii i'iiiissioii a1 lm%,er energies or longer wavelength. ConSe-

queritiv, a trvptophan emission spectrum gives information about the polarity of 

the trvptophan nncroenvironinent, (Lakowicz, 1999). 

When excited at 295 urn. proteins often display a fluorescence emission spec-

truin with a maximum around 340 urn. As shown in figure 3.15, the Ocr protein 

has an eirnssion spectrum shifted to 350 urn. This is a clear indication that the 

only Trp residue in position 94 is solvent exposed. Emission at 350 nm was also 

observed in the case of adenocorticotropin hormone, glucagon and for denaturated 

proteins when buried Trp residues were forced to come in contact with solvent 

dipoles (Eftink and Giron, 1976: Wu and Yang. 1980: Lakowicz, 1999). 
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Figure 3.15: The tryptophan emission spectrum of wild type Ocr. Protein sample 
was excited at 295 nm and the emission was recorded between 300 and 500 nm. 
The excitation and emission slitwidth were 5 and 10 nin respectively. The buffer 
was 20 mM Tris, 20 mlvi NH4C1, 6 mM MgC12 , 7 mM /-mercaptoethanol pH 8 
and the temperature 25 T. 
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3.6 Determination of the molar extinction 
coefficient 

Accurate determination of protein concentration is essential in quantitative stud-

ies of protein-protein interactions. Colorirnetric methods commonly used for de-

termination of protein concentration (such as Biuret or Lowry methods) are as-

sociated with large degrees of error. The most accurate way to determine the 

concentration of a protein is to use L\-spectroscopy. if the extinction coefficient 

of that protein is known (Pace and Schmid, 1997). In this case the concentration 

is easily calculated according to Beer Lambert law. 

Here we calculate the molar extinction coefficient of Ocr protein using a 

method developed by Gill and von Hippel (1989). The method is based on earlier 

work clone by Edelhoch (1967). 

The absorbance of a protein between 270 urn and 300 run is due to Trp, Tyr 

residues and to a certain extent, disulphide bonds (Cystine). The absorption 

spectra of Tip and Tvr depend on their environment and are slightly blue-shifted 

when transfered from a non-polar to a polar environment. Consequently, Trp 

or Tyr residues exposed on surface and those buried in the protein matrix will 

contribute different IN,  to the niolar extinction coefficient. 

It is not possible to measure directly the molar extinction coefficient. How-

ever, it is possible to calculate the molar extinction coefficient of a protein in 

denaturing conditions when all Trp and Tyr residues are fully exposed. Edelhoch 

has measured the molar extinction coefficient of Trp, Tyr and Cystine in 6.0 M 

GclnHCl (Table 3.2). 

If the number of Trp. Tvr and Cystine residues is known it is possible to cal-

culate the molar extinction coefficient of the denatured protein from the formula: 

0.J1J.11 Tip + bE (h7IT yr + d (Lr fl ,(q. 	 (34) 
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Table 3.2: Molar Extinction Coefficients of Model compounds 

Model compound Extinction coefficient at (nm) 
276 	278 	279 	280 282 

N-Acetvl-L- 
trvptophamiamide 5400 5600 5660 5690 5600 

Gly-L tvr-Gly 1450 1400 1345 1280 1200 

Cvstine 145 127 120 120 100 

where 

dffl 	molar extinction coefficient of protein in 6.0 M GdnHC1 

Ec/en,Trp molar extinction coefficient of Trp 

de'n,Tyv molar extinction coefficient of Tyr 

adn,7ys molar extinction coefficient of Cystiiie 
a, b, c 	number of Trp, Tyr and Cvstine residues respectively 

per molecule of protein 

In the case of 0(1 protein time calculated theoretical niolar extinction coefficient 

at A 280 urn was 1.5930 M' cnr t  

6o 	- 1:i;5690 + 8:1:1280 + 0x120 
	

(3.5) 

This value corresponds to Ocr monomer. For the dimer, the molar extinction 

coefficient of denatured Ocr will be 31860 M' cm 

To determine the molar extinction coefficient of the native Ocr, the absorbance 

spectra of the native Ocr and denatured protein were measured at identical pro-

tein concentration. According to the Beer Lambert law: 

4den - 	 (3.6) 

Also we may wn t e: 

Ar at 	 (3.7) 
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Figure 3.16: Difference spectra between native Ocr and Ocr unfolded in 6M 
GdnHC1. The absorbance of wild type Ocr was scanned between 240 and 340 
nm. The buffer used was 20 mM Tris, 20 mM NH4CI, 6 mM MgC12, 7 mM 3-
mercaptoethanol, pH 8.0. GdnHC1 was added to a final concentration of 6 M. 
The spectra of denaturated Ocr was corrected for dilution and subtracted from 
the spectra of native Ocr. 
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Since the concentration of the native and (lenatlirated Ocr were set experi-

mentally equal, combining equations (3.6) and (3.7) we obtained: 

(ItS:"/, " 	

(3.8) 
' den 

and 	were experimentally measured and 	was calculated as pre- 

viously shown For Ocr dinner we obtuiied a niolar extinction coefficient of 31095 

M' cm` which is an average of two experirnents done in the same conditions. 

Figure 3.16 shows a typical difference spectra between native and denaturated 

Ocr. 

3.7 Close proximity between N4-N4 and 
S68-S68 residues 

3.7.1 Pyrene Maleimide excimer 

Background 

Pvrenc Malejinide (PM) is a fluiorophore that in addition to emitting fluorescence 

from the excited momionici state (011 display an excirner fluorescence. The cx-

(1111cr fluorescence is a (oIiseqlieIlcc of amI interaction between an excited pyrene 

nionomei vitIi a iicigliboni i) gmoiiiid state pyrene. The first condition for excimer 

furniation i ilia(, the I \Vu pvi (lie fi nomophores are in close proxnity. Secondly, 

the two pyrenes must be stacked in a precise symmetrical configuration (Lehrer, 

1997; Lakowicz, 1999). 

In organic solvents, pyrene excimer fluorescence has different properties than 

in aqueous solutions (Lehrer, 1997). In an organic solvent the pyrenes do not 

interact in the ground state. If there is no steric hindrance, upon excitation an 

excited monomer can reorient next to its neighbor ground state pyrene forming 

an excited state dimer. There is an equilibrium between the monomer and cx-

cinier fluorescence. The cxcimmicr fluorescence appears a few nanoseconds after 

the monomer fluorescence. The reason for this delay arises from the fact that the 

excimer is formed after a monomer is excited. 
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Figure 3.17: Normalized pyrene emission spectra for chemically-modified Ocr con-
taining the N4C and S68C substitutions compared to one of the other mutant 
proteins, N43C. All pyrene-modified mutant proteins except N4C and S68C gave 
the same emission spectra. The presence of a broad emission band at long wave-
lengths for the N4C and S68C proteins indicates the formation of an excimer due 
to close proximity of the two pyrene moieties across the monomer-monomer inter-
face in the Ocr dimer. Protein samples were excited at 342 nm. The experiment 
was performed at 25 °C using the excitation and emission slit widths of 5 nm and 
10 nni respectively. The buffer was 0.1 M phosphate pH 7. 
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In aqueous solutions. pyrenes tend to stack because of their hydrophobicity. 

There is an equilibrium between stacked and unstacked pyrenes. The shorter time 

delay between niouonier and excliner emission indicate that excimer fluorescence 

come from the stacked pyrenes that slightly reorient during the lifetime (Graceffa 

and Lehrer. 1980). It is worth noting that two stacked pyrenes does not necessarily 

lead to an excinier emission spectrum. The ground-state pvrene could quench the 

11 uorescence of the excited pyrene before the reorientation can take place. 

Results 

Six solvent exposed Ocr amino acids were individually replaced with cysteine 

and labelled with cysteine-specific fluorophores. The labelling was done in the 

absence of -iuercaptoethano1 to avoid the competition for fluorophore between 

SH moieties of /1-niercaptoethariol and those of cysteine residues. Five out of 

six amino acids were labelled in these conditions. The failure in labelling the 

0cr(N4C) protein uiade us believe that MC residue was not, actually solvent ex-

posed. Consequently, we tried to label it in denaturing conditions, in the presence 

of 5 M GdnHCl, but the labelling failed again. The logical explanation remaining 

was that the two N4C residues (one in each monomer) were in close proximity 

and formed a disulphide 1)011(1 in the absence of reducing reagents. The assump-

tion was proven to he correct because labelling N4C residues in the presence of 

-mercaptoet hanoI succeeded. 

An elegant way to prove the ilose proximity of two cysteine residues is to 

label them with Pvrene Maleimide and to observe excimer formation (Strashurgh 

et at., 1985: Ziegler et at., 1994). A typical PM emission spectra is shown in figure 

3.17 where 0cr(N13C)-PM sample was excited at 342 rim. When Ocr(N4C)-PM 

was used as sample, besides the two typical emission peaks at 378 rim and 395 

urn another one appeared at 480 urn. The extra peak at 480 nm is due to excimer 

formation between two adjacent pvrene molecules, confirming the close proximity 

between MC residues from the two monomers. 
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Using the same technique we determined that S68C residues are also in close 

proximity in spite of the fact that labelling was easily achieved in the absence 

of the reducing reagents (Figure 3.17). The excirner peak appeared at 460 nrn 

instead of 480 urn as for 0cr(N4C)-PM, \vllich is due probably to a more hy-

drophobic pocket for S68C than for N4C 

3.7.2 HPLC 

The close proximity between MC-MC and S68C-S68C residues was an exciting 

result and we wanted to confirm it by other methods. The question that arises 

from the close proximity of hvo cvsteinie residues is: are they close enough to 

make a disulphide bond? The Present experiment was designed to answer this 

question. 

From previous assays we know that Ocr dimers appear as monomers in the 

presence of 5 NI C4dnHCI solution However. GdnHCI is not able to break up 

disulphide bonds so that if'such a 1)011(1 exists it is expected that 0cr(N4C) or 

0cr(SG8C) will appear as (lilmiers even in denaturing conditions. 

Ocr(N4C) was desalted using two buffers, one containing 5 M GdnHC1 and 

the other 5 M GdiiHCl phis I Iim\l d-mercaptoethanol. The samples were then ap-

plied to a gel-filtration coluniii. In the presence of /3-nmercaptoethanol, Ocr(N4C) 

appeared as one peak corresponding to the monomer position. When -mercapto-

ethanol was missing, two protein peaks appeared, one corresponding to the mono-

mer and the other to the dimer position (Figure 3.18). 

The saiiie procedure was applied to Ocr(S68C). It appeared as a monomer ei-

ther in the presence or in the absence of /3-mercaptoethamlol (Figure 3.18). Putting 

together the pyrene excunci iIll(t FIPLC assays, we conclude that N4C residues 

are in close proximity, and form disulphide bonds. S68C residues are also close 

to each other but not so close as to form a disulphide bond. 
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C 4.2 	 6.1 

Elution time (minutes) 

Figure 3.18: HPLC denaturing gel filtration for the N4C and S68C mutant pro-
teins. In the absence (top trace) of /3-mercaptoethaiiol, the S68C protein elutes 
in a single peak characteristic of the unfolded protein monomer. The protein con-
taining the N4C substitution elutes as two peaks in the absence of /3-mercapto-
ethanol (bottom trace), corresponding to unfolded dimner joined covalently by a 
disulphide bond, and predominantly as a single peak in the presence of the re-
ducing agent (middle trace). The buffer used was 20 mM Tris, 20 mM MES, 200 
mM NH4 CI, 10 mM MgC12, 0.1 mM EDTA, 5 M GdnI-IC1, pH 6.5. The flow rate 
was 0.5 ml/min and the elution was monitored at 280 rim. 

99 



3.8 FRET 

Fluorescence Resonance Energy Transfer (FRET) is a distant-dependent interac-

tion between the electronic excited states of two dye molecules in which excitation 

is transferecl from a donor to an acceptor molecule. It is worth mentioning that 

energy transfer occurs without the appearance of a photon and is the result of 

dipole-dipole interactions between donor and acceptor (Lakowicz, 1999). 

Two conditions must be fulfilled for FRET to occur: first, the absorbance 

spectra of the acceptor must overlap the fluorescence emission Spectra of the 

don or and second. Ole distance between donor and acceptor must he in the range 

of 10 to 100 A. 

The rate of the energy transfer is given by: 

I  ( RO  ) 6 

- 	
(3.9) 

TD P 

where 

rD 	decay time of the donor in the absence of acceptor 

R0 	Fdrster distance 

1 	donor to accept ui (lbt alice 

The 1'o1-ster radius (R0 ) is I lie (listallce at Nvhicli energy transfer is 50 % 

('Iliciclil. 1 u 1 ('F dii illiccs an typically in the range of 20 to 90 A, comparable to 

the diameter of many proteins. 

The ef-hcieiicv of energy truiisfr (E) is the fraction of photons absorbed by 

the donor that are transfered to the acceptor. 

E 	
TD1  + AY 
	 (3.10) 

Combining the two equations the efficiency of the energy transfer will be 

given by: 

() 

E 
- 	R0 	

(3.11) 
f?13  + r6  
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E is determined experimentally from: 

E 	1 - 	 - Tp/T/) 	 (3.12) 

where 

1).l (luantilln yield of the donor in the absence of the acceptor 
quantum yield of the donor in the absence of the acceptor 

T/).1 	lifet iie of the donor in the presence of the acceptor 
Ti) 	lifetime of the donor in the absence of the acceptor 

FRET was used to determine the distances between Cys residues introduced 

at different positions in 0(1 (bIller. For all six Ocr(Cys) dinners, if one monomer 

is labeled with a donor and the other with an acceptor it is possible to calculate 

21 distances. In our experiments we used 1,5 1-AEDANS as donor arid 5-JAF 

as acceptor. This (101101-acceptor pair has a R0  of 41-44 A (Marsh and Lowey, 

1980). 

First of all 0ci(Cv) plot cHis were denatured in 5 M GdnHC1 (Jonsson et al., 

1996). There are two reasons for this denaturation: to obtain 100 % labelling and 

to get a solution of monomers. Then the monomer solutions were labelled either 

with 1,5 1-AEDANS or 3-1AF. When labelling was completed, AEDANS labelled 

proteins were combined with AF labelled proteins in a 1:1 molar ratio. Proteins 

were then renatured by removing the GdnHCl. The reriatured Ocr dimner solution 

should contain a mixture of AEDANS-AF heterodimers and AEDANS-AEDANS 

and AF-AF homodimers. Unfortunately, even in denaturing conditions we did 

not manage to get 100 V labelling. The uncertainty in the percentage of labelling 

led us to meaningless results. 

However, there are three ways by which the experiment can be repeated suc-

cessfully in the future: to find the conditions for 100 % labelling, to find a way 

to separate AEDANS-AF liet erodiniers from the mixture (probably by reverse 

phase HPLC), or to use Trp94 as donor and 1,5 AEDANS as acceptor. In the 

latter case the donor will be 100 % labelled but, of course, it will be possible to 

measure only 6 distances instead of 21. 
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Chapter 4 

Ocr-EcoKI interactions 

4.1 OCR-methylase stoichiometry 

4.1.1 Trp fluorescence 

Protein-ligand and protein-protein interactions are usually accompanied by chan-

ges in absorbance. light scattering, anisotropv, ligand or protein fluorescence. 

Consequently, spectrophotometric methods are used with great success to char-

acterize the stiength and stoichiioiiietrv of the complex formed)  to characterize 

the kinetics of association and dissociation. and the structural changes in the 

proteins following hiiidiug. 

Fluorescence is much more sensitive than absorbance and consequently is the 

method of choice to study protein-ligand or protein-protein interactions. The 

conformational changes that appear when two proteins interact can be quantified 

either by monitoring iffi intrinsic fluorescence from the aromatic amino acids (Trp, 

Tyr, Phe) or an extrinsic fluorescence due to a fluorophore attached to the ligand 

or protein (Eftink. 1997). 

\Vhieu studying i pmtein-ligand interaction it is better that either the change 

in t he Iii Ioresceiice of the punt (ill or ligand he IllOflitOrNi. Sometinies fluorescence 

changes appear in both protein and ligand. a situation that leads to complications 

in interpreting the data (Eftink, 1997). 

The emission spectrum of proteins is donuriated by trvptophan. Phe and Tyr 

have a small contribution to the protein enussion spectrum. When in water, Phe 
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displays an emission spectl'IlIll with a niaxiniuni around 282 nm, and Tyr has an 

emission spectrum near 303 nm. Usually proteins emit near 340 nm due to Trp 

residues. However, proteins can emit at lower or longer wavelength depending 

on the j) larit v i Ill(' ('IIVIFOII iiient of the Tip residues. For example in the the 

case of azurin protein, where Trp is buried in a very hydrophobic environment, 

the eiiiission is at 308 nni (Finazzi-Agro et at., 1970). For fully exposed Trp 

as in arlenocortic'otropin hormone, glucagon or in denatured proteins, emission 

is near 350 iini (Eftink and Ciron. 1976: Wu and Yang, 1980: Lakowicz, 1999). 

The red-shift of the emission spectra is due to solvent molecules that interact 

with Trp residues in the excited state (and lower the fluorescence intensity). 

The phenomenon is known as solvent relaxation (Lakowicz, 1999). The small 

contributions of t lie Plie and Tvr residues to the emission spectra of proteins is 

easily avoided by exciting proteins at ,\ 295 nrn where neither Phe nor Tyr can 

absorb )sorb light. 

Fluorescence is a very sensitive technique, suitable to monitor protein-protein 

interactions. However, the interpretation of the changes which occuerin the Trp 

fluorescence lilt ells] tv when two proteins interact is not always straightforward. 

For example. lanial of a solvent exposed Trp upon binding usually leads to an 

increase in the enussion fluorescence and a blue-shift of the emission maximum, 

since the Tip residue is no longer quenched by the solvent molecules. On the 

other hand. this Hicrease in the Trp fluorescence intensity could be compensated 

by the quenching effect exerted by the disulphide bonds, His, Met or Arg residues 

with which the buried Trp could come in contact in the new environment (Sanyal 

et at., 1989: Loewenthal et at.. 1991: Clark et at.. 1996: Hennecke et at., 1997). 

In addition to the multitude of factors that could influence the fluorescence 

of a Trp residue. more ('olnplications appear in a multi-Trp protein where every 

Trp is in a (hIfi('IeIi I (IV] uniii ('nt. In these proteis. an  energy transfer from a 

fluorescent Trp to a neighboring non-fluorescent Tip could also appeal (Pokalsky 
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[Ocr]/[Methylase] 

Figure 4.1: Ocr:methvlase stoichioinetry. Increasing concentrations of Ocr were 
titrated into a solution containing a constant concentration of 0.3 1iM methylase. 
Sample was excited at 295 nm and the Tip emission fluorescence was observed 
at 340 nm. The fluorescence intensities at 340 niii for Oct and metliylase at 
different titration points were measured in two separate assays and the sum of 
the two values was calculated. From this sum, the Trp fluorescence intensity 
of the Ocr:metlivlase mixture was subtracted and the difference plotted vs. the 
Ocr/rnethylase molar ratio. The stoicluonietry of binding was determined from 
the intersection of the extrapolated linear portions of the graphs. The assay was 

(If01111((I at 25 T. 
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[Ocr]/[Nuclease] 

Figure 4.2: Ocr:nuclease stoichiometry. The assay was performed in the same 
conditions as in figure 4.1 except the concentrations of nuclease that was 0.1 1iM. 
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et al., 1995). Keeping in mind all of these considerations, one can understand 

that the emission spectra of a protein reflects the average environment of all Trp 

residues. 

In spite UI (Ile (olilpilcat ions Ili dot ii analysis. up fluorescence was used to 

study the stoichioinetrv of Ocr-metiivlase and Ocr-nuclease complexes. The ad-

vantages of the Trp fluorescence consists in the simplicity of the experiment: no 

extrinsic fluorophore need he attached to either protein, there is no concern about 

the percentage of labelling or the influence of the hound extrinsic fluorophore on 

the structure or function of the proteins. 

Ocr contains one Trp residue in each monomer, located at position 94. The 

emission spectral inaxnium at 350 11111 and quenching experiments (Atanasiu et 

al., unpublished) suggest that Ti- p94 is exposed on the protein surface. EcoKI 

rnethvlase and nuclease are multi-Trp proteins that display an emission spectrum 

maxirnuni around 340 11111. 

Conforniational (lidilges ull(lergolie following binding of Ocr to the ITlethylase 

result Ili a decrease in the overall fluorescence intensity at ) 340 nm. The stoi-

ch loll let rv of the Ocr-met livlase complex was determined from a graph where the 

difference between the suni of the individual intensities of Ocr and methylase at \ 

340 urn and the fluorescence intensity of the Ocr-meth lase complex was plotted 

agai mist tile molar ratio [Ocr] /[methvlase]. 

For tight binding systems the stoiclilomet rv is easily determined from the 

mtersection oftile extrapolated linear portions of the graphs (hedge et al., 1982). 

Figure 4.1 show that the stoicluometrv of the Ocr-methvlase complex determined 

with this method is 1.78 ± 0.02 

The same procedure was applied in order to get the stoichiometry of Ocr-

nuclease complex which was found to he 2.3 + 0.07 (Figure 4.2). The values are 

greater than expected and other techniques were used in order to confirm the 

obtained stoichioinetrv values A 1:1 stoichiomnetry was expected for both Ocr- 
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rnethvlase and Ocr-nuclease complexes, since Ocr is likely to interact with the S 

subunit of EcoNI (Bandyopadhyay et al., 1985). 

4.1.2 Extrinsic fluorescence 

Extrinsic fluorescence is a widely-used method to study protein-protein interac-

tions. The advantage of this method is that the fluorescence signal comes only 

from one protein or the other. Additionally. the excitation is done at a wavelength 

where aromatic residues do not absorb so that no protein signal is observed. 

Six Ocr aniino acids localized on the surface of the Ocr protein were individ-

ually changed to Cvs by Site-Directed Mutagenesis. The new Ocr(Cys) proteins 

were labelled with 1.5 1-AEDANS and Pvrene Maleinude, two fluorophores that 

interact, with -SH moieties. Ocr contains no Cys so that the location of the 

fluorophore was accurately known. 

However, certain assumptions must he made before the actual experiment 

starts. The first question to he answered is how the introduced cysteine amino 

ids affect the structure and the function of the Ocr protein? DSC experiments 

confirms that Ocr(Cvs) proteins are as stable as the wild type. Only Ocr(W94C) 

shown a certain instability in time structure. The function of the Ocr(Cys) proteins 

5€'i-'iIi to be as good as the wild type according to the rnethvlation and restriction 

experiments, both iii vivo and in vitro (see sections 4.3 and 4.4). The percentages 

of labelling varied from 20 to 55 % for 1,5 1-AEDANS and 6 to 35 % for Pyrene 

Maleirnide. Ocr(Cvs)-labellecl protein is actually a mixture of labelled and unla-

belled protein. It was assumed that methvlase binds Ocr(Cys)-labelled protein as 

well as Oci'(Cvs) unlabelled one. A further assumption is related to the fact that 

r 	a dii nec. Time (onseqlleilce of this fact is t hat Ocr(Cvs)-labelled fraction is a 

m ixture of labelled-unlabelled and labelled-labelled proteins. It was assumed that 

both of these species bind equally to the methylase protein. Experiments done 

on diflerent days when different percentages of labelling were obtained showed no 
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difference in the values of stoichiometry. 

The experiment consists in titrating a certain amount of Ocr(Cys)-labelled 

protein (usually 1.0 pX1 protein concentration, no matter the percentage of la-

belling) with increasing amounts of methvlase or nuclease. The fluorescent inten-

sitv of hound 1.5 I-AEDANS or PM increased until the end point when adding 

further met livlase or nuclease produced no increase in the fluorescence intensity. 

The fluorescence intensities were corrected for dilution and plotted against 

the molar ratio [met hivlase]/[Ocr(Cvs) -lab elled]. Once again the stoichiometry 

was calculated from the intersection of the two linear parts of the binding curve 

(Figure 4.3). 

From these experiments. a stoichiometry of 1.2 + 0.03 to 1 for Ocr(Cys)-

labelled to methylase was found. The value is close to 1:1 stoichiometry that 

was expected for Ocr-methvlase complex. The stoichionietry value for Ocr(Cys)-

AEDANS and Ocr(Cys)-PM proteins complexed with rnetliylase are shown in 

table 4.1.2. In practice, the same plots were used for determination of the Ocr-

inethylase complex stoichiometry and for studying the Ocr-methylase interface 

(see section 4.2). 

The aiiisotrupv expernicnt.s done in the same conditions as steady-state flu-

orcsreiice a55Ov (fl iii flu the stoichioinetrv values obtained (Figure 4.5, 4.6, 4.7 

and table 4.1.2). D25C and D62C mutants labelled with 1-AEDANS did not give 

reproducible results whiemi the interaction with inethylase was observed as the 

increase in the fluorescence intensity of the AEDANS moiety (Figures 4.12 and 

4.13). However, when the binding was monitored as the increase in the AEDANS 

anisotropy, the results were reproducible (Figures 4.6 and 4.7). When the two 

mutants were labelled with PM, both steady state fluorescence and anisotropy 

gave reproducible results. Oci(\V94C) was not, used in this assay due to its less 

stable structure which led to non-reproducible results. 

As previously shown. for Ocr(S68C)-PM and 0cr(N4C)-PM. besides the emis- 
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1igl1re 1.3: 0cr(N43C)-AEDANS:methylasc stoichiornetry. Increasing COflCIl-

rations of rnet.hvlase were titrated into a constant concentration of 1 iN1 

Ocr(N43C)-AEDANS. The sample was excited at 330 11111 and the emission max-

imum was observed at 480 rim. An emission spectrum of the buffer was recorded 
in exactly the same conditions and subtracted from the spectra of the samples. 
Spectra were corrected for any change in the volume due to addition of rnethylase 
and for the inner filter effect. The stoichiometry of binding was determined from 
the intersection of the extrapolated linear portions of the graphs. The experi-

ment was performed at 25 °C using the excitation and emission slit widths of 5 

nm and 10 nm respectively. The buffer was 20 mM NH4 C1, 6 mM MgCl2 , 7 mM 

8-riiercaptoethanol pH S. 
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Figure 4.4: Ocr(N43C)-PM:rnethvlase stoichiornetry. Increasing concentrations of 
inethylase were titrated into a constant concentration of 1 pM Ocr(N43C)-PM. 
The sample was excited at 342 urn and the emission was observed at 379 rim. An 
emission spectrum of the buffer was recorded in exactly the same conditions and 
subtracted from the spectra of the samples. Spectra were corrected for any change 
in the volume due to addition of methylase and for the inner filter effect. The 
stoichioinetry of binding was determined from the intersection of the extrapolated 
linear portions of the graphs. The experiment was performed at 25 °C using the 
excitation and emission slit widths of 5 rim and 10 rim respectively. The buffer 
was 100 mM phosphate pH 7. 
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Figure 4.5: The stoichlonictrY of Oer( N43C)-AEDANS:nietlivlase complex. The 
increase in the fluorescence anisotropy of AEDANS-labelled Ocr(N43C) protein 
when titrated \Vitli EcoKI rnethvlase. The sample was excited at 330 nni and the 
emission recorded at 480 nm. Five anisotropy values were measured after each 

addition of rnethvlase and the calculated mean value was plotted vs. the molar 
ratio methvlase:Ocr(N43C)-AEDANS. The experiment was performed at 25 °C 
and the excitation and emission slit widths were 15 and 20 riiii respectively. 
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Figure 4.6: The stoichiometry of Ocr(D25C)-AEDANS:methylase complex. 
Anisotropy assay. The experiment was performed in exactly the same conditions 

as in figure 4.5. 
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Figure 4.7: The stoichioinetrv of Ocr(D62C)-AEDANS:methylase complex. 
Anisotropy assay. The experiment was performed in exactly the same conditions 
as in figure 4.5. 
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Figure 4.8: The stoichiornetrv of the Ocr(D25C)-PM :nuclease complex. Increas-
ing concentrations of EcoKI nuclease were titrated into a constant concentration 
of 1 jiJ\I 0ci'(D25C)-PM. The assay was performed in exactly the same conditions 

as those described in figure 4.4. 
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Table 4.1: The stoichiometry of the Ocr-methvlase complex. Ocr(Cys) proteins 
were labelled either with I- AEDANS or pyrene rnaleimide, and the stoichiometry 
was determined by steady state fluorescence and anisotropy (rid stands for not 
determined). 

Mutation 
1-AEDANS Pvrene Maleinude 

Fluorseence Anisotropy Fluorescence Anisotropy 

N43C 1 ± 0.1 1.2 + 0.07 1.2 ± 0.07 1.25 

S68C 1.25 1.42 rid 1.25 

D62C rid 1 1.1 ± 0.1 1 

D25C rid 1.25 1.18 + 0.05 1.4 

N-IC 1.1 1.33 + 0.08 rid rid 

W94C rid rid rid rid 

sion peaks at 378 and 395 rim another one appears at 460 and 480 nm respec-

tivelv. clue to excirner formation between two close spaced PM molecules. When 

adding methylase, the i itensitv of the exci nec decreased to the molar ratio 0.6:1 

then increased agaiii until 1:1 but never reached the initial value. This is probably 

clue to conforniatioual changes appearing after binding when either the distance 

between the two pyrene molecules changes or the pyrene rriolecules do not stack 

in such a precise svrnuiet deal configuration (Figures 4.16 and 4.19). 

Concomitant with cxci ncr disappearance at 460 or 480 nm, an increase at 

378 and 395 11111 occured. Therefore, the increase in the fluorescence intensity 

at 378 nm is partially clue to the solvent protection conferred by mnethylase and 

partially to the energy transfer from the excimer. As seen in figures 4.16 and 

4.19. the shape of the binding curves for Ocr(N4C)-PM and 0cr(S68C)-PM are 

not formed by linear parts, one ascending till the 1:1 stoichiometry and the other 

as a plateau as obtained for the other four Ocr(Cvs)-PM proteins. Due to this fact, 

these two binding curves were not, used for determination of the Ocr-methylase 

1 oiuhiioii 11' IV. 

In the case of Ocr(D25C)-PM protein titrated with nuclease a stoichiometry 

of 2.1 ± 0.1 to 1 was found (Figure 4.8). The stoichiometry of nuclease with the 
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other Ocr(Cys) proteins has not been yet determined. 

4.1.3 Isothermal Titration Calorimetry 

ITC is a very sensitive method that enables determination of the thermodynamic 

parameters and stoichiometrv of a reaction by direct measurement of the released 

or absorbed heat (Cooper, 1998: Jelesarov and Bosshard, 1999; Burova et al., 

1999). Due to the fact that in many cases the heat of the reaction is relatively 

.small. high (OI1c(11t ration of 'proteins are required. This is the main limitation of 

this method. 

Figure 4.9 huws a I vpical I itral ion caloriiiietry measurement, which consisted 

of adding aliquots of 64.54 1M Ocr solution to 4.8 pM methylase solution at 25 T. 

The reaction was exothermic and each addition of Ocr lowered the amount of heat 

released until the reaction was saturated. In two separate control experiments, 

the heat of dilution was obtained by injection of Ocr into buffer and also buffer 

into buffer solution. After integration of each injection peak and subtraction of 

the heats of dilution. the values of the heat of interaction normalized for Ocr 

ioicentrat ion was plot ted i.. I lie iiiolar ratio Ocr:uiethiylase. 

The upper panel shows the raw data. The lower panel shows the experimental 

data fitted to a. theoretical titration curve with _\H°. K, AS' and n as floating 

parameters. 

where 

_\H°  enthalpy of reaction (Kcal/mol) 
K 	association constant (M') 

S° 	the entropy (cal/mnol K) 
71, 	number of the binding sites 

Because of the high concentration of Ocr and rnet.hylase required for ITC 

experinlenr oii!v H°  and ri, caii be accurately determined. Indeed the association 

constant obtained from ITC assay (4.1108  M') was 1000 times lower than the 

real association constant determinated from a fluorescence titration experiment 
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(see latter this chapter). 

The most desired paranieter from the ITC experiment was the stoichiometry 

of binding (ri) whose value was found to be 0.9.5 ± 0.005. We confirmed in this 

way the 1:1 stoicliioiiietrv obtained in the extrinsic fluorescence experiment. 

Besides the stoichiometrv value, the ITC experiments give some information 

concerning the therniodviiain ics of binding. The real dissociation constant (Kd  

obtained from a fluorescence titration experiment, having the value of 4.810_Il 

M, was used in the calculation of the Gibbs free energy (C° ) 

RT1'ii(K) 	 (4.1) 

where 

R 	gas (OIl5titIlt 
'Ii' temperature in degrees IKelvii 

The value obtained for AGO  was -14090 cal/mo!. The Gibbs free energy could 

be, also expressed as: 

AGO  = AH11  - TAS11 	 (4.2) 

The entropY of binding was easily calculated from equation 4.2 by using AH° 

value of -18.240 + 197.3 cal/mol obtained directly from the ITC assay. The value 

obtained for \S°  was -13.93 cal/molK. As easily noticed, enthalpy contributes 

favorably to the Gibbs free energy while the contribution of entropy is unfavorable. 

It seems that an enthalpv-emit iopv compensation occurred. However, the data 

collected are not sufficient to draw this conclusion. It will be necessary to repeat 

the ITC experiment at different temperatures in order to see if the antagonistic 

(unt ribi it ion effect of ent hialpv ua I entropy to the total free energy obtained at 25 

°C is consistent at all temperatures used. When performing the ITC experiment 

at different temperatures it will he also possible to determine (Tame et al., 1998) 

the change in the constant pressure heat capacity (Lc) for the methylase-Ocr 

interaction from the formula: 
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Data: C2wtrn2sl_NDH 

Model: OneSites 

Chi"2 = 292817 

N 	09496 ±0.00473 

K 	4.096E8 ±2.144E8 

zH 	-1.824E4 ±197.3 

AS 	-21.75 
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Figure 4.9: Isothermal calorimetric titration curves of EcoKI metliylase with Ocr. 

(a) Raw data. \lethvlase is placed in the cell and Ocr in the syringe. (h) The 

calorimetric binding isotherm for the Ocr-methvlase system. The experimental 

data were fitted to a theoretical titration curve with AH, K, L\S and rr as floating 

parameters. The buffer was 20 mM Tris, 20 mM NH 1 Cl, 6 mM M9C12 , pH 8 and 

the temperature 25 °C. 
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AH71 - AHT - AST. AST 1  

- 	T2  - T1 	- 	In () 
(4.3) 

Depending on the values of Ac obtained it will he possible to predict the 

surface area involved in binding and also the nature of the interactions involved. 

In the past, large negative changes in heat capacity have been correlated with 

large surface areas buried at the interface (Tame ci a/., 1998). However, we must 

he (alIt IOnS \Vilefl interpreting tins kind of data. In the last few years many 

examples of large _\c, which are not correlated with large surfaces involved in 

biIl(lilig have been reported (Guinto and Di Cera. 1996). 

Due to the low overexpressioll ofthe nuclease, it is not possible to perform an 

ITC experiment to get an accurate stoicliionietry value for Ocr-nuclease complex. 

However, it seems that the extrinsic fluorescent assay is accurate enough to offer 

a reliable stoichiometry value. Consequently, we consider the stoichiometry of 2:1 

for ()cr-nuclease found in extrinsic fluorescence assay to he the true stoichiornetry 

for this complex. 

4.2 Ocr-methylase interface 

4.2.1 Interaction of Ocr(Cys)-AEDANS proteins with 
methylase 

One of the fluorophores used for labelling Ocr(Cys) proteins was 1,5 1-AEDANS 

(Figure 4.10). The fluoropliore is able to interact with SH moieties of the Cys 

residues making a covalent bond A molecule of FIT is released during the reaction. 

It is well known that 1,5 1-AEDANS is very sensitive to any changes in its envi-

ronment (Lathain et al., 1997). This sensitivity was exploited in order to identify 

which of the Cvs-siibst it lIte(l amino acids are in the binding site of methylase. 

All six Qcr(Cys) proteins were labelled which is an indication that all of them 

are exposed on the surface. The difficulties in labelling N4C residue was due to 

the disulphide bond fornusi between N4C residues. one in each monomer. After 
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Figure 4.10: Structures of the sulfhydivl-specific reporter groups attached to 
Qcr(Cvs) proteins. (a) 1,5 1-AEDANS. (b) Pvreiie Maleimicle. 
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reducing the disulphide bond with 8-mercaptoethanol, the N4C residue was easily 

labelled. 

The first amino acid to he labelled was N43C. After labelling. Ocr(Cys)-

AEDANS was titrated with increasing amounts of methylase. Keeping in mind 

that the fluorescence conies only from the excited fluorophore one could expect 

that. 110 (Ilange in the fluorescence uitensitv would occur when a nonfluorescent 

protein is added. However, the fluorescence intensity of AEDANS increased lin-

early at cach titration point until the molar ratio methylase: Ocr(Cys)-AEDANS 

became 1:1 when adding more methylase did riot produce further increase of the 

fluorescence intensity. The only way to explain this increase was either that the 

N43C residue was located at or near the binding site for methylase or this site was 

sensitive to a conformational change due to binding of the methylase (Latham 

et at., 1997). Coining in contact with the methvlase the AEDANS moiety was 

protected from the solvent molecules that are known to lower the fluorescence in-

tensitv. A blue shift in the maxiunnu enussioii spectra was also noticed, another 

indication that the environment of AEDANS became more hydrophobic in the 

preseiice 01 iiietlivlase. 

The fluorescence intensity at I lie emission wavelength of 480 urn was recorded 

alt ('1 (0(11 lit rat 1( (ii step. t h1(U values were corrected for any change in the volume 

due to addition of mnethylase and for the inner filter effect and plotted against the 

molar ratio methylase: Ocr(Cvs)-AEDANS. 

Titration assays done with all six labelled Ocr(Cvs)proteins led to the same 

result. an  increase in the fluorescence intensity for every amount of methylase 

added till the molar ratio 1:1 was reached (Figures 4.3. 4.117  4.12, 4.13, 4.14, 

4.1.5). It seems that all six labelled cvsteine are located at or near the binding 

le. 	11(m-ever. a 1I( a her explanation (0111(1 he possible. For example, one of the 

labelled aimuno acids could he away from the binding site but conformnational 

changes appearing in I lie Ocr after binding to mnethylase leads to an increase 
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in the hydrophobicity of the fluorophores environment which causes in turn an 

increase in the fluorescence intensity. Further experiments tried to rule out the 

la-t hypothesis. 

4.2.2 Interaction of Ocr(Cys)-PM proteins with methylase 

1.5 1-AEDANS specifically binds Cys residues. However, especially in the absence 

of the Cs residues, a small percentage of His residues could he also labelled. This 

raises concerns about non-specific labelling. 

In order to eliminate ate tius possibility another Cvs-specific fluorophore was 

used. This fluorophore, Pvrene Maleimide (PM), does not label anything but 

Cys residues. Due to its hydrophobicity, a lower percentage of labelling was ob-

tained. All six Cys-replaced anuno acids were labelled confirming that all of them 

are solvent exposed. 

After labelling, all six 0(,i- (Cys)-PM proteins were titrated with methylase. 

Samples were excited at 342 imin and the emission was followed at 379 rim. As 

seen in figures 4.4. 4.16, 4.17, 4.19 and 4.20, the fluorescence intensity of PM 

increased at each addition of methylase until the molar ratio between methylase 

and labelled ( )cr heiimne 1:1. then remained constant, except for Ocr(D62C)-

PM where fluorescence decreased (Figure 4.18). The results were reproducible, 

confirnnng that, the increase in the fluorescence intensity was due to the labelled 

amino acids being in the binding site. not because of an anomalous behavior of 

1.5 1-AEDANS. 

The cause for the decrease in pyrene intensity for Ocr(D62C)-PM mutant 

is not very clear. Probably the increase in pyrene intensity due to binding to 

methylase is compensated by a stronger quenching effect exerted by amino acids 

which belong to meth lase. The decrease in pyrene intensity is still an indication 

that D62C residue is in the binding site otherwise the intensity would he expected 

to remain constant after Ocr(D62C)-PM binds niethvlase. 
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Figure 4.12: Titration of Ocr(D25C)-AEDANS with E(:oKI nietliylase. The ex-
periment was performed in exactly the saiiie conditions as those described in 
figure 4.3 legend 
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Figure 4.16: Titration of Ocr(N4C)-PM with EcoKI inethylase. (a) The increase 
in the fluorescence intensity of PM at 379 urn in the presence of nnethylase (o). 

(b) The decrease in the fluorescence intensity at the excimer position (480 nm) 
in the presence of inethvlase (A). The experiment was performed in exactly the 

same conditions as those described in figure 4.4 legend 
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Figure 4.20: Titration of Ocr(W94C)-PM with methylase. The experiment was 
performed in exactly the same conditions as those described in figure 4.4 legend 
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4.2.3 Quenching 

Background 

The intrinsic or extrinsic fluorescence of proteins can be quenched by a variety of 

processes: collisional quenching, static quenching, energy transfer, excited-state 

reactions and molecular rearrangements (Lakowicz, 1999). 

Collisional (uen(I1111g requires molecular contact between the fluorophore and 

the quencher. ilie quell(her interacts with an excited fluorophore causing the 

fluorophore to return to the ground state without emission of a photon. The 

quencher must diffuse to the fluorophore during the lifetime of the excited state. 

Consequently, the efficiency of quenching will be proportional to the lifetime of 

the excited state (T) and the quenching diffusion coefficient (D). The average 

distance, \/2  a quencher can diffuse during the excited-state lifetime is given 

1w the Einstein equation: 

= 	 (4.4) 

The oxygen molecule is known as a good collisional quencher. Practically, oxy-

gen quenches almost any fluorophore. Indole and carbamazole are quenched by 

ft, Cs+,  cvsteine, NE). Cu2± M11 2+, ph)2+,  Cd2+ by a mechanism which probably 

involve transfer of an electron to the quencher. Inclole is also quenched by succin-

imide. methionine. acrvlamide. and g+  (Lakowicz. 1999). Collisional quenching 

is (les(ri] )e(l by Ole Steru-\oliiier equation: 

FO 	
i + AqTO[Q] 	1 + K0  [Q] 	 (4.5) 

where 

F0 	fluorescence intensity in the absence of quencher 

F 	fluorescence intensity in the presence of quencher 

K 	bimolecular quenching constant 

r0 	lifetime of the fluorophore in the absence of quencher 
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A plot of Fe/F vs. [Q]. vincli is expected to be linear, will give a slope equal 

to K. Knowing the fluoropliore lifetime allows the determination of Kq  which 

characterizes the quencher accessibility to fluorophore. 

Results 

The results obtained in sections 4.2.1 and and 4.2.2, when either Ocr(Cys)-

AEDANS or Ocr(Cvs)-PM interacted with inethvlase were quite surprising. All 

six labelled amino acids were not expected to be in the binding site. Before 

drawing any conclusion it was vital to he absolutely sure that, no artifact had 

0 c'cured. 

As pointed out before, the increase in the fluorescence intensity could also be 

due to a change in the neighboring environment of the labelled amino acids. We 

designed a quenching experiment, in order to prove or to disprove this assump-

tion. We used acrvlamide, a polar nonchargeci electron deficient molecule that 

efficiently quenches the 1.5 1-AEDANS fluorophore when in direct contact with it 

(Wasvlewski et at.. 1988). If a certain Cys-AEDANS amino acid is really in the 

binding site, the acrvlaniide will not, be able to quench the AEDANS because the 

fluorophore will he protected by the methvlase. However, if the increase in the 

fluorescence i itensitv is due to the changes in in the local environment around the 

AEDANS moiety, acrvlaniide will be able to quench the AEDANS fluorescence 

because there will be nothing to prevent the interaction between acrylamide and 

AEDANS. 

First, a solution of Ocr(Cvs)-AEDANS (1 pM as protein concentration) was 

it rated with a concentrated acrvlarnide solution. Being exposed on the surface, 

AEDANS was easily qiieiic}ied by acrvlaiiiide. However, the quenching of the 

AEDANS moiety bound to the protein was less efficient than the quenching of a 

1,5 1-AEDANS solution. Different Ocr(Cvs)-AEDANS proteins showed different 

quenching efficiency. 

()cr(Cys)-AEDANS proteins were allowed to form a complex with mnethylase 
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at a molar ratio of 1:1. A two-fold excess of methvlase was present ensuring that 

there is no free Ocr(Cvs)-AEDANS in solution. Virtually no quenching appeared 

when acrvlamide was added, suggesting that the acrylamide has no direct access 

to the fluorophore. This is a clear indication that all six labelled amino acids are 

really in the binding site. 

The fact that Ocr aunno acids in positions 4, 25, 43, 62, 68 and 94 are all at 

the Ocr-methylase interface suggests a huge binding site for methylase. If our first 

assumption that Ocr mimics the structure of DNA is correct, the above results are 

not so surprising. In the case of' UGI. a DNA mimic protein that interacts with 

minion UDG-ase enzvnie, almost one quarter of the total UGI solvent-accessible 

surface is involved in binding (Mol et al., 1995). 

4.2.4 Importance of Trp94 

Dunn et at. (1981) made tile first attempt to demonstrate the importance of the 

unique Frp in position 94 (on(,  in each monomer). They were looking for the 

antirestriction and antimethylation activity of different Ocr proteins in which a 

certain number of amino acids from the C-terminal end were deleted. Ocr proteins 

that contained 94 or more amino acids behaved like the wild type, but one that 

had only 93 amino acids was unable to knock out the methylase or the nuclease. 

Hence, they suggested that Trp94 could be important for Ocr activity or stability. 

In order to determine the role of Trp94, this airuno acid was replaced with 

Cys by Site-Directed Mutagenesis. As shown in figure 3.11 the T, of Ocr(W94C) 

is 68.57 C, winch is 3.52 °C lower than that of the wild type, indicating that the 

Cys-substituted protein is less stable than the wild type. 

We tried then to see if Ocr(W94C) is still able to bind the methylase pro-

tein. For this purpose a short experiment was designed, in which methylase was 

titrated with increasing amounts of Ocr(W94C). An emission spectrum between 

300 and 500 nm. after excitation at 295 nm, was recorded for each titration step. 
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Figure 4.21: Stern-Volmer plots for acrylamide quenching of 1-AEDANS (), 
Ocr(N43C)-AEDANS (*) and Ocr(N43C)-AEDANS:metFiylase (o). The concen-

tration of methylase and Ocr(N43C)-AEDANS were 2 1iM and 1 jtM respectively. 
Samples were excited at 337 rim and the quenching effect was observed at 480 
nm. The assay was performed at 25 using the excitation and emission slitwiclths 
of .5 nm and 10 nin respectively. The buffer used was 20 mM Tris, 20 mM NH4  Cl, 

6 mI MgC12 , pH 8. 
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Figure 4.22: Stern-Volmer plots for acrvlamide quenching of 1-AEDANS (A), 
Ocr(N4C)-AEDANS (*) and Ocr(N4C)-AEDANS:methylase (o). The experiment 

was performed in exactly the same conditions as in figure 4.21. 
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Figure 4.23: Stern-Volmer plots for acrylamide quenching of 1-AEDANS (A), 
Ocr(D25C)-AEDANS (*) and Ocr(D2.5C)-AEDANS:methylase (o). The experi-
ment was performed in exactly the same conditions as in figure 4.21. 
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Figure 4.24: Stern-Voirner plots for acrylamide quenching of 1-AEDANS (A), 
Ocr(D62C)-AEDANS (*) and Ocr(D62C)-AEDANS:rnethylase (a). The experi-
ment was performed in exactly the same conditions as in figure 4.21. 
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Figure 4.2: Stern-\oliner pot for acrylami(Ie quenching of 1-AEDANS () 
Or(S68C)-AEDANS (*) and Ocr(S68C)-AEDANS:nietlivlase (o). The experi-

irient Was performed in exactly the same ('()Ilditiolis as in figure 4.21 
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Figure 4.26: Stern-Vuliiier plots for arc larnide (UenC11iIig of 1-AEDANS (A), 
Ocr(W91C)-AEDANS (*) and 0cr(W94C)-AEDANS:methvlas(, (o).  The eXpel-
ilneflt \vas j)erforIIIed in exactly the same conditions as in figure 4.21. 
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Figure 4.27: Interaction of EroKi methylase with Ocr(W94C). The assa was 
performed iii exactly the same (olicliti011s as those described in figure 4.1. 
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Being devoid of any Trp. Ocr(W94C) will not give any fluorescence signal after 

excitation at 295 nm. The only fluorescence will come from the Trp residues of the 

niethylase protein. The interpretation of the results is very easy: if Ocr(W94C) is 

able to bind inetliviase. the (onforniational changes that appear following binding 

will produce a change in the fluorescence  intensity of the Trp residues of methy-

lase. If no binding occurs, the fluorescence intensity will remain the same, no 

matter how much Ocr(W94C) will be added (of course, after the fluorescence 

intensity is corrected for dilution effect). 

Plotting the difference between the fluorescence intensity of the methylase 

in the ahseiice and in the presence of Ocr(W94C) vs. Ocr(W94C) concentration, 

clearly indicate that Ocr(W94C) is able to bind EcoKI methylase. However, from 

the shape of the binding curve it is easily noticed that Ocr(W94C) does not bind 

the methylase as st ronglv as the wild type Ocr (Figure 4.2.4). 

Three more experiments were (bile in order to establish the importance of 

Trp94. As we will see later (Table 1.2), Ocr(W94C) exhibits antirestriction ac-

ti vity '1:17 '07/1)0 and effectively inhibits EcoIKI nietlivl ase vii vivo as well as in in 

vi4'io. 

In conclusion, Trp94 seems to have sonie importance for protein stability, but 

the antirestriction and the antimethylation activity are almost as good as for the 

wild type Ocr. 

4.3 Ocr antirestriction activity 

It is well known that wild type Ocr is able to inhibit EcoKI methvlase and nuclease 

both III 1,01)1) and In 07th) (St u(liei'. 1975; Ba.mhvopadlivav et at. 1985). The 

following assay was designed to find out if the Ocr(Cys) and the two Ocr proteins 

with the C-ternunal region deleted are able to knock out the EcoKI restriction 

activity. 

BL21(DE3)pLysS cells were transformed with pET1 derivative plasmids con- 
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taming the our gene. We (hose this strain because the same strain was used 

for Ocr overexpression and we know from previous assays that even in the ab-

sence of IPTG a low amount of Ocr is produced which should be enough for the 

antirestriction assay. 

131.21(DE3)pLvsS cells are are deficient in both restriction and methylation 

(, - iii ). In order to check the antirestriction activity of the Ocr proteins, a con-

jugation hetweeri YK308 and BL21 cells was carried out. NK308 strain contains 

F101 plasmid. By (On) ugat ion. F101 01 plasmid (which contains hsdR,hsdM and 

/odS genes) is transfered to BL21 cells. 

Lambda DNA is susceptible to restriction by EcoKI nuclease if the recognition 

sites for EcoKI are uninethylated. Plaques appeared when unmodified lambda 

virus (A v.0) was added to the I ransconjugani s whicli suggest that the EcoKI 

nuclease was inhibited by Ocr. Indeed, in a control experiment where A v.0 was 

added to a ronjugant between NK308 cells and untransformed BL21(DE3)pLysS 

cells, restriction occurred. 

As seen in table 4.2. all Ocr proteins tested were able to knock out the EcoKI 

nuclease. However the cop. was lower than 1, probably because the amount of 

the expressed Ocr was not high enough to inlubit, all the nuclease present. The 

result is particularly interesting for Ocr(W94C). Ocr 3786 and Ocr 3790 proteins. 

These results showed that the the nuque Trp in position 94 is not essential for the 

antirestriction activity and also confirmed an earlier result that the C-terminal 

region does not play any role in the inhibition of EcoKI nuclease (Dunn et al., 

1981). 

4.4 Ocr antimethylation activity 

4.4.1 In vivo assay 

The antirestriction activity of the Ocr proteins iii.  vivo demonstrated that the 

the EcoKI nuclease was unable to restrict an unmethylated A DNA when Ocr 
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Table 4.2: Ant ireI riCtioll activity of the Ocr proteins 

L Donor strain Recipient strain cop. 

-\ K308 BL21 + 2993 0.26 
NN308 BL21 + 38G 0.32 

1\1\308 BL21 + 3790 0.3 
NK308 BL21 + W94C 0.32 
NN308 BL21 + N-13C 0.32 

NK308 BL21 + S68C 0.38 
NK308 BL21 + N4C 0.26 

NK308 BL21 + D25C 0.3 
NK308 BL21 + D62C 0.16 
NK308 BL21 0.810- 

NK308 - 0.610 

- BL21 1 

proteins were present. However, the experiment gave 110 information about the 

inhibition of the EcoKI methylase. If methylase was still active in the presence of 

the Ocr proteins the unrestricted A DNA should be methylated at the recognition 

site for EcoKI. The niet}ivlated /\ DNA (A v.k.) would survive on a r  strain. 

However if the rnethvlase was also inhibited, the A DNA would be unmethylated 

and susceptible to restriction on a r+ strain. 

A DNA from the antirestriction experiment was added to NK301 which is 

['+711+ and also on a 5k strain (as a control) which is 	As seen in table 4.3, 

/\ DNA was i'esi ricted on a r+m  strain confirming that EcoKI methylase was 

also iiihiibited by Ocr proteins. 

4.4.2 In vitro assay 

There is a very elegant way to prove that rnethvlase is active in vitro. Plasmid 

pBlue I m Hpa+ has a HpaI recognition site GTTAAC. The AAC sequence is 

also part of the EcoKI niethvlase recognition site. If the methylase is active, the 

second adenine from the AAC sequence is methylated. When methylation occurs 

the HpaI site becomes refractory to HpaI nuclease. 
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\Iarke 

Ocr 2993 2993 2993 2993 3786 3786 3786 

M2s1 + + + + + + + + + + + 
Ocr:NbSi 4.1 0.4:1 1.2:1 4:1 0,4:1 1.2:1 4:1 

Uncnr DNA - + - + - + + - - 
Linearized DNA - - + - + - - + + + 

-- 
+ + + + + + 

AdoMet - - -1 - + + 4- + + + + 
Ilpa! - 

----+ 
1 

Figure 4.28: Inhibition of EcoKI methylase by Ocr proteins. Plasmids were 
linearized with EcoRI. The linearized DNA was incubated with methylase for 6 
hours. If the methylase is active, the methylated DNA becomes resistant to HpaI 
nuclease and only one band is observed. When methylase is inactivated by the 
Ocr proteins, the HpaI cut the DNA and two adjacent bands are observed. 
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Marker 

Ocr 

MaS1 + + + + + + + + + + + + + + 	+ 
Ocr:MS 1  04:1 2:1 4:1 0.4:1 1.2:1 4:1 0.4:1 .2:1 4:1 0.4:1 1.2:1 4:1 0.4:1 1.2:1 	4:1 

Linearized DNA + + + + + + + + + + + + + + 	+ 

:' 

Figure 4.29: Inhibition of EcoKI methylase by Ocr(Cys) proteins. The assay was 
performed in exactly the same conditions as those described in figure 4.28. 
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Marker 

Figure 4.30: Inhibition of EcoKI methylase by Ocr(Cys) proteins. The assay was 
performed in exactly the same conditions as those described in figure 4.28. 



Table 4.3: Antiniethvlation activity of the Ocr proteins 

Source of )\ e.o.p. 

NK308+BL21+2993 < 810 
NR308+131,21+3786 < 10-3 
N1K308+BL21+3790 < 710- 
N1c308+BL21+W94C < 910 
NT<308+13121+N43C <710- 

NK308+13L21+S68C <0.610- 
NK308+BL21+N4C <310- 
N1K308H-BL21+D25C < io 
N1K308+BL21+D62C <.310 
BL21 
NK308 1.5 
NK308+BL21 0.6 

The pB1ueKon Hpa+ plasmid is first linearized with EcoR,I enzyme. When 

inethylase is active, flpul is unable to cut the linearized DNA and consequently a 

single DNA band can be noticed on an agarose gel. If methylase is inactive, the 

GTTAAC site remains unmetlivlated and is sensitive to Hpa.I nuclease. In this 

C~5C two DNA hands will appear on an agarose gel. 

Methvlase in combination with all Ocr proteins at different ratios was men-

bated with linearized pB1ueKaniHpa+ plasrnid for 6 hours which is long enough 

for methylation to be completed. Then HpaI nuclease was added and the effect 

against the plasuiid DNA was nionhl ored on an agarose gel. 

As expected. part of the niethvlase was still active when incubated with Ocr 

proteins at a molar ratio Ocr:inethylase 0.4:1. At a molar ratio 1.2:1 which is 

closed to the stoichiometrv of the complex. most of the methvlase was inhibited. 

i 4.0:1 all the niet liviase was knocked out (Figures 4.28, 4.29, 4.30). 

This result is in agreement with the in 'vevo experiment confirming that all 

Ocr(Cvs) proteiiis and also the truncated forms Ocr 3786 and Ocr 3790 preserved 

the anti methvlation activity of the wild type Ocr. 
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4.5 Ocr interacts with EcoKI R, M and S 
subunits 

Having established the stoichiometrv of binding. the next question to he answered 

was which EcoKI subunit interacts with Ocr? 

As a potential nucleotide mimic it was expected that Ocr could compete with 

target DNA for the binding site of S subunit. The S subunit is insoluble so that it 

was not possible to perform a direct binding experiment and indirect evidence was 

sought. A solution contaimung I pM of 21 hp oligonucleotide which has the recog-

nition site for EcoKI was titrated with EcoKI mnethvlase until no oligonucleotide 

was free in solution. A liexachlorofluorescein molecule was attached to the top 

strand of the 21 bp oligonucleotide at the 5' end. The sample was excited at a 

wavelength specific for the liexachiorofluorescein (Hex) fluorophore (530 nm) and 

emission was recorded at 570 nut The binding of methylase to the labelled DNA 

was monitored as an increase in the fluorophore anisotropy after each addition 

of uii'tlivlasc. As expected, at a 1:1 molar ratio, the anisotropy did not increase 

any further. When Ocr was titrated the anisotropy decreased step by step to the 

initial value which is an indication that Ocr displaced the labelled DNA attached 

to the S subunit of methylase (Figure 4.31). One Ocr (limer seems to be enough 

to displace all the labelled DNA. 

Ocr was also able to displace the DNA-Hex bound to the recognition site of the 

EcoKI nuclease. As seen in figure 4.36 only half of the DNA-Hex was displaced, 

the other half remaining bound to the recognition site even in the presence of 

Li huge excess of Ocr. When ATP was added the anisotropy suddenly dropped, 

iiidict jug that all DNA-Hex was displaced. It is very difficult to explain this 

result. It is possible that our EcoKI nuclease stock is a mixture of two EcoKI 

isoforms, one having the binding site for Ocr exposed and the other hidden. Or 

maybe nuclease binds two pieces of DNA, one to each Ocr binding site, and only 

one is displaced 1w Ocr, the other being displaced only in the presence of ATP. 
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Figure 4.31: Displacement of 1 pl hexachiorofluorescein-labelled 21 hp dsDNA 

hound to the target site of EcoKI metliylase with Ocr. The decrease in the 

fluorescence anisotropy of the labelled fluorophore was observed at 570 nm after 

all excitation at 530 nm. For each titration point the anisotropy was measured 
for 10 minutes. a mean of these values was calculated and plotted vs. the molar 
ratio Ocr/methvlase. The experiment was performed at 25 °C and the slitwidth 
were 1.5 and 20 nm for excitation and emission respectively. 
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Figure 1.32: Titration of MiS 1 rnethvlase with Ocr. The assay was performed in 

the same (orl(Iitions as those mentioned in figure 4.1. 
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[Ocr]/[M subunit] 

Figure 4.33: Interaction of Ocr with the M subunit. The assay was performed ill 

the sainie conditioiis as those mentioned in figure 4.1. 
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[Ocr]/[R subunit] 

Figure 4.34: Interaction of Ocr with R subunit. The assay was performed in the 

same conditions as those mentioned in figure 4.1. 
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Figure 4.35: Model of interaction between Ocr and EcoKI methylase. Ocr (shown 
as an yellow ellipsoid) is superimposed on top of the structural model of EcoKI 
methylase. This model contains partial structures of two M subunits (blue space-
filling) and one S subunit (grey spacefilling) bound to 24 base pairs of DNA (red 
wireframe). a) front view, b) top view. 
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[Ocr]/[Nuclease]  

Figure 4.36: Displacement of 1 N1 hexachiorofluorescein-labelled 21 hp dsDNA 

bound to the target site of EcoKI nuclease with Ocr. The decrease in the flu-
orescence anisotropy of the labelled fluorophore was observed at 570 nm after 

excitation at 530 nni. For each titration point the anisotropy was measured for 

10 minutes. a mean of these values was calculated and plotted vs. the molar ratio 

Ocr/nuclease. Only half of the DNA-Hex was displaced by Ocr. When 2 mM 

ATP was added the other half was suddenly displaced (*). 
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These are only speculations since there is no evidence for the existence of two 

nuclease isoforms or for the fact that more than one piece of DNA is bound at 

the nuclease recognition site. It is worth noting that the inability of nuclease 

to expose binding sites for Ocr was observed only when nuclease was allowed to 

torni complexes with the specific DNA. The free nuclease is able to bind two Ocr 

(hilileis. as (leI(1lliiiled in sections 4.1.1 and 4.1.2. 

The binding sites for Ocr on both EcoKI rnetlivlase and nuclease probably 

ovell(,-1I) the binding sites fur DN:\. The possibility that Ocr hinds at sites remote 

froin the two TRDs and conformational changes appeared upon binding decrease 

the affinity for DNA is unlikely since EcoKI binds either Ocr or DNA, but not 

both at the same time (Bandyopadhyay et al., 1985). 

Only the active inethylase (MA) is capable of tight binding with Ocr as 

determined from a Tip fluorescence experiment Figure 4.1. A weak binding was 

noticed when an inactive niethivlase (NI 1 S ) was titrated with Ocr (Figure 4.32). 

Oct has also a weak a Ilium tv for tIme M subunit, alone (Figure 4.33). Probably Ocr 

buds to the S subunit but also has some contacts with M subunit. 

In the case of EcoIKl nuclease. not only the fully active form (R2 M2S1 ) but also 

the R siihiiiiit alone binds tightly to Ocr (Figure 4.34). Probably Ocr and the R 

subunit has a reasonable binding interface in order to get such a strong binding. 

If each H subunit hind also one Ocr (baler (as shown from the interaction between 

Ocr and R subunit alone) the stoichiometry of the complex should he 3:1 not 2:1. 

The only way to fit together all these results is to consider that Ocr binds nuclease 

in a different way than mnethvlase. S subunit has two target recognition domains 

(114 Ds) each one responsible for the recognition of the specific DNA. In the case 

of Ocr-methvlase complex it is possible that one Ocr monomer binds to one TRD 

and the other to the second TRD (Figure 4.35). For Ocr-nuclease complex it 

seem likely that the two TRDs are occupied by two nionomners belonging to two 

different Ocr molecules. The remaining monomer in each Ocr molecule could bind 
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the two adjacent R subunits. 

As noticed in figure -1.36 it seems that one Ocr diinei' is enough to displace the 

labelled DNA. This result does not conic in contradiction with our model because 

even only One TR.D is blocked by Ocr the nuclease will not be able to bind the 

target DNA. 

4.6 Ocr-EcoKI dissociation constant 

Ho' dissociation constant (Rd ) of EcoKI methylase for binding to 21 bp Hex-DNA 

(in 50 iiil NaCl) is 9.43 ± 14.05 uM (Powell et (IL, 1998a). For EcoKI nuclease-

DNA complex the apparent R 1  determined by gel retardation was estimated to 

he hrtweii 2 and 0 11111 (Powell ct al. 19981)). Since Ocr displaces the DNA 

bound to the target site of' the EcoKI enzymes, a K 1  in the range of picomolar 

or feintomolar for Ocr-EcoKI mnethylase and nuclease complexes was expected. 

Obtaining a reliable Rd value for tight binding systems such as EcoKI-Ocr is 

not an easy task because the interaction must be measured at a very low protein 

coIi('entration in the range of the expected I-K 1 . Fluorescence is a very sensitive 

tecliiiiqiic t I at allows collection of lid to at. vei'v low protein concentrations and 

('oIlseqlIeIltiv was the method of ('iloice. 

As determined fi'oin previous assays (sections 4.2.1 and 4.2.2), adding methy-

lose or Illlclease to C.,,,S-laheiled Ocr proteins changes the fluorescence intensity 

of the labelled fluorophore. The protein chosen for labelling was Ocr(N43C) due 

to its identical behavior with the wild type Ocr. The fluorophore used for la-

belling was IAF because of its high molar extinction coefficient (71000) which 

is higher than those of' PM (40000) or 1-AEDANS (6100). Unlike PM and I-

AEDANS whose fluorescence increase in the presence of EcoKI, JAF fluorescence 

is quenched when EcoRI is added. 
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Table 4.4: Single site binding model 

Model and parameters Reactions and equations 

Single site .11 + L 
1.

ML 

Partition function Q = 1 + K[L] 

Mole fractions Yjj= 1/Q: 	K[L]/Q 

Conservation of mass [M]0  = [M] + [ML]; [M] = [M]O X M  
[L]0  = [L] + [ML]; [L] = [U0 - [M]OXML 

Free ligand [L] 2  + [L]([M]0 	[L] 0  + K —') - [L]0 /K = 0 

[fl]0 	total ligand (:OIlceIitratioIl 
free Ii gai id C( mccii t ra ti on 

[M]o  total macromolecule concentration 

free macrornolectile concentration 
K 	association constant 

\Vlien studying the dissociation constant of a ligand-protein system, usually 

the ligand is titrated into a fixed concentration of protein. For a tight binding 

systems either of the two proteins can be regarded as the ligand. In our case it was 

convenient to consider EcoKI as ligand and titrate it into a fixed concentration 

of Ocr(N43C)-AF protein and monitor the quenching of fluorescein fluorescence. 

Table 4.4 shows the equations that relate the free ligand concentration to the 

total liganid (oll(cilt iat ion and O)ta] niacroniolecule concentration in the case of 

a one site binding model (Eftink. 1997). 

The observed fluorescence inteiisitv at each titration point comes from both 

free ()cr(N43C)-AF and labelled protein complexed with EcoKI. Consequently, 

the observed fluorescence is: 

F = XAJFA.f + XAILFAIL 	 (4.6) 
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where 

F 1 	relative intensity of free form 
FAIL relative intensity of complexed form 

The most direct way to relate fluorescence intensity to a binding model is 

to combine equation 4.6 with a binding model and then to perform a nonlinear 

least-squares regression analysis (Eftink, 1997). For a single binding site model 

equation 4.6 becomes: 

F 
F11  + FAILK[L] 

1 + K[L] 
(4.7) 

Fitting the theoretical model to the data was clone by computer, using the 

Grafit program. For Ocr-rnethylase complex, a Kd value of 4.8-10"M was 

obtained (Figure 4.37). The Kd of Ocr-nuclease complex had a similar value, 

7.710" M (Figure 4.38). 
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Ii 	lie i.3: J-1w (iiu('iiitiol1 (olisialit of I la ()ri-niethvlase complex. Tiicreasiiig 
ncvnl rat i((Ii 	of 1ii(ilivlase \V(i( titrated ilit() d coiit;iiit (oIi(elitrat ion of 100 

p\1 ()cr(.\13C)-.AF protein. The ,,ample was excited at 192 11111 and the eIIlissioii 
\VaS revor(le 1 between 510 and 570 iini.'I'll(,  area of the spectrum between 510 
and 570 11111 was integrated. The integrated area of the buffer was subtracted 

foni the spectra of the samples. Spectra were corrected for any change in the 

volume clue to addition  of ruethylase. The corrected data were fitted to a one-

binding site I hieoretival curve using Giafit software and the values plotted v.. the 

(olicentratioli of niet hiviase. Ihie assay was performed iii 25 C using a slit width 
of 5.-I nni for hot Ii excitation and emission. The buffer was 20 ni\I Tiis. 20 ni\I 
Nhl(l. 6 ui\l \16C1 7 inI d-iiiercaptoethaiiol pH 8. 
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Figure 1.3: The 11s.oia1 ion ('o11taI1t of the ()cr-iiueleae ('olIll)l(x. The exper- 
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Chapter 5 

Discussion 

There has been considerable genetic analysis of the interaction between Ocr and 

EcoKI enzymes but very little is known about the biochemistry of Ocr and its 

interaction with EcoKI methylase and nuclease. The aim of this work was to fill 

tins gap. to provide biochemical information about the Ocr protein, its interaction 

with EcoKI enzyme and, in the end, to propose a model of interaction. 

One of the most challenging parts of this project was to identify those Ocr 

amino acids located at the binding interface with EcoKI niethylase. For this pur-

pose, a I ('ulluique (leveloped by Latliani (J. at. (1997) for studying the interaction 

between gp45 and gp44/62, two proteins that interact at the DNA replication 

fork of bacteriophage T4 was used. 

Six residues of wild tYpe Ocr, winch are predicted to be exposed on the pro-

tein surface. were (boscH for substitution with cysteine. The newly obtained 

Ocr(Cvs) proteins were labelled with 1,5 IAEDANS or Pyrene Maleimide, two 

cysteme-specific fluorophores. Labelling was successfully done, indicating that all 

Six amino acids are exposed ott the surface. Both fluorophores are very sensitive 

to any change in their local environment (Latharn et at., 1997) Any increase in 

the livdrophohicitv around these fluorophores leads to an increase in their fluo-

rescence intensity and a shift of the maximum of the emission spectrum to lower 

wavelength (Latham et at., 1997; Lakowicz, 1999). 

An increase in the fluorescence intensity and a blue shift in the emission 
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niaximum were observed \vlIeIl aiiv of the six Ocr(Cvs)-AEDANS or Ocr(Cys)-

PM proteins were titrated with nietliviase (except Ocr(D62C)-PM which showed 

a decrease in pyrene intensity when methylase was added). The most probable 

explanation for this increase in fluorescence intensity is that all six chosen amino 

acids are located at or near the Ocr binding site for inethylase. Upon binding, 

the fluoropliores become protected front the solvent molecules which are known to 

lower the fluorescence intensity (Lakowicz, 1999). Since the amino acids chosen 

for labelling were located in the Ocr amino acid sequence in positions 4, 25, 43, 62, 

68 and 94. which covers almost the entire protein surface except the C-terminal 

region, a few of these amino acids would be expected to be at the binding site 

and the rest not. Surprisingly, all of them are located at or near the binding site 

which suggests a large Ocr surface area buried at the Ocr-methylase interface. 

However, the high sensitivity of the fluorophores to changes in their local 

environment, could lead to misinterpretations. For example, it is possible that 

one of the labelled amino acids is not actually in the binding site but dramatic 

iou f'orniiui jonah chiaipes appearing in Ocr after binding lead to an increase in the 

hydrophobicity of the fluorophores environment which in turn causes all increase 

in the fluorescence intensity. Although unlikely, the last possibility was not ruled 

out. 

An acrvlamide quenching experiment was designed to discriminate between 

these two possible explanations for the increase of the fluorescence intensity upon 

binding. Acrvlamide is a polar, non-charged electron deficient molecule that 

efficiently quenches 1.5 IAEDANS when in direct contact with it (Wasvlewski 

ci al.. 1988). The fluorescence of the AEDANS moieties hound to all six exposed 

aiuiiuio acids was quenched by acrvlanude. However, when the Ocr(Cys)-AEDANS 

proteins were allowed to forni a 1:1 complex with unethylase, no quenching was 

observed. This assay ('learlv proved that acrylannde had no direct access to the 

AEDANS moieties attached to any of the six amino acids. A slight quenching 
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was noticed for D62(,-AEDANS iiiutarit bound to rnethvlase, probably because 

the D62 residue is located at the edge of the binding site. 

The amino acid substitutions introduced were not intended to disturb the 

structure or the activity of Ocr At least for the conservative mutation Ser68 to 

Cvs, the modified protein was expected to behave like the wild type Ocr. The 

main concern was about the Ocr(W94C) protein since Trp94 seems to be involved 

in protein activity or stability (Dunn et al., 1981). 

Both in vivo and In uit,io assays showed that all Ocr(Cvs) proteins efficiently 

inactivate EcoKI metlivlase. liz vzvo assays also demonstrated that all six proteins 

ale still able to inliibi t die nuclease activity so that there is no doubt that all six 

Ocr(Cys) proteins are still active. 

The effect of mutations ()ii the si riicture of Ocr was analyzed by differential 

scanning calorimetry. The DSC scan of the wild type Ocr nicely fits to the 

dissociation model but not to a two-state transition model. This implies that 

Ocr dimer first dissociates to two monomers then thermal unfolding occurs. Wild 

type Ocr is a stable protein with a I of 72.2 T. 

All "1-\ Ocr(Cvs) proteins were also fitted to the dissociation model and the 

Tm  was calculated. As expected, the melting temperature of the S68C mutant 

111(1 1150 \-IC' uid \ 13C \veIc very (lose to the Tm  value obtained for the wild 

type Oct, suggesting that the newly introduced mutations did not, severely affect 

the structure of Ocr. Ocr(D62C) protein showed a T,,, of 70.6 °C which is 1.6 °C 

lower than that of the wild type Ocr. In theory, any change in Tm  bigger than 

+ 0.5 °C reflects a change in the protein stability. However. the decrease in Tm  

value for D62C mutant could he due to the poor fitting to the dissociation model 

rather than to a real instability introduced by mutation. Substitution of Asp25 

residue with Cvs iiiereases the stability of the protein since the 	was 5.7 °C 

higher than that obtained for the wild type. 

As previoiisly shown. siihstltittloii of Trp94 for Cvs (lid not impair the ability 
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to inhibit both niethvlase and nuclease, suggesting that Trp94 is not important 

for Ocr activity. However, the T, was 3.5 °C lower for this mutant than that of 

wild type, indicating that Trp94 is important for protein stability. 

Since Ocr(W94C) was successfully labelled with 1,5 JAEDANS and PM, Trp94 

residue niust be exposed on I I a po a ('in surface. The same conclusion can be 

(lriI\V1i from the t rvptoplian emission spectra which has a maximum at 350 urn 

(Figure 3.15), a position characteristic for proteins having solvent exposed tryp-

toph an. 

According to the work done by Dunn et al. (1981) the last 22 amino acids 

at the C-teriuiiius are not important for Ocr activity in vivo. Two truncated 

proteins, Ocr 3786 and Ocr 3790 were purified. They have deleted the last 7 or 

17 amino acids respectively but still retain the ability to prevent the restriction 

and modification activities in VZVO as well as in vztro. Deletion of the last 7 

aiiiiimo O(id5 (lid not decrease too niiicli Hie protein stability; Ocr 3786 has a 

7/!L of 71.1 C.' compared to 72.2 °C for wild type Ocr. However, deletion of the 

last 17 amino acids at the C-ternunal end severely decreased the stability; the 

Inching I einperat ore for Our 3790 is univ 58.4 C. These results suggest that the 

C-ternunal end is important for Ocr stability but not activity. 

Since Ocr is a dimner, each Ocr(Cvs) protein contains the same mutation in 

each monomer. The ability of Ocr(N4C) to be labelled in the presence but not in 

the absence of the thiol reducing reagents raised the possibility that the two N4C 

residues are at the monomer-monomer interface and form a disulphide bond. 

Pyrene Maleiniide is often used to probe the close proximity of labelled amino 

acids (CraccfTh aiid Lelircr. 1980: Lehrer. 1997). \Vlien two pTne moieties are 

close to each other they form an cxci ner characterized by a fluorescence emission 

niaxinmimum al about 170 inn. The enlissiomi spectra of Ocr(N4C)-PM displays such 

an excimer with a maximnuni at 480 nm, indicating that the two N4C residues are 

in close proxiinitY. Excimmier formation was also used to probe the close proximity 
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of S68C residues. In this case, the fluorescence emission spectra was shifted to 

460 11111, probably because S68 residues lie in a more hydrophobic environment 

than those of N4C. 

Additional inf'orina t 1011 can ie from a gel filtration assay clone in denaturing 

conditions (5 M GdnHC1), both in the presence and in the absence of thiol reduc-

ing reagents. Ocr(N4C) appeared univ as monomer when -mercaptoethanol was 

present. However, two protein peaks appeared in the absence of -mercapto-

ethanol, one corresponding to Orr(N4C) dimer and one to monomeric form, 

nearly indicating that the two N4C residues f)rrri a disulphide bond. The S68C 

mutant appeared as monomer both in the presence and in the absence of - 

mercaptoethanol. No disulphide bond is formed between the S68C residues de-

spite their (lose pI'OXifllitV. 

Accurate determination of protein concentration is essential in the quantita-

tive study of protein-protein interactions, such as determination of Ocr-EcoKI 

stoichiometrv. The most accurate method to determine protein concentration 

is UV-spectroscopy. which requires knowledge of the extinction coefficient. The 

iiiolar extinction coefficient of EcoNI metlivlase and nuclease is known (Dryden 

'97). but in 1 t hal ol 0(1. The niolar extinction coefficient of wild type Ocr was 

calculated using a method developed by Gill and von Hippel (1989). The value 

obtained (32.095 M-  niii') is likely to be accurate since it is only 1 % higher 

than the theoretical value calculated from the amino acid sequence (31,860 M-' 

cm). In practice. a difference higher than 5 % between these two values is an 

indication that the measured molar extinction coefficient is wrong (Gill and von 

Hippel, 1989). 

According to the ITC experiment, the stoichiometry of Ocr-meth lase com-

plex is 0.95 + 0.005. The stoichiometry obtained from the interaction between 

Onr(Cys)--labelled plot (illS amid mint liviase indicated a value of 1.2 + 0.03. For 

this experiment we relied mostly on the values obtained for the S68C, N4C and 
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N43C mutants, since they are structurally and functionally very close to the wild 

type Ocr. The most reproducible results were obtained when using N43C mutant 

labelled with either JAEDANS or PM. That was the reason for using this mutant 

to del erniltie the Nd of the Ocr-EroNJ complex. The D2.5C mutant showed the 

same stoichiionietrv of binding. despite its increased stability induced by the mu-

I a i oi U(r(\V94C) was 1101 considered at all (hue to its less stable structure which 

led to non-reproducible results. In addition, it was difficult to get an accurate 

molar extinction coefficient for tins mutant since Gill's method is suitable only for 

proteins that have at least one Trp residue in their structure (Pace and Schmid, 

1997). Ocr(N4C)-PM and Ocr(S68C)-PM were also omitted due to complications 

introduced by the presence of the excimer. 

Ocr(D25C)-PM proteii complexed with nuclease showed a stoichiornetry of 

2.1 + 0.1. No ITC experi went \V05 (lone for Ocr-nuclease complex. However, the 

extrinsic fluorescence experiment seem,,.,,  to be accurate enough to provide a good 

estimation of t lie stoichionietry. 

Less sensitive methods like Mtriiisic Tip fluorescence, seems to overestimate 

the stoicluoriietcv of binding. This method indicates a stoichiometrv of 1.78 + 

0.02 for Ocr-nietliylase and 2.3 ± 0.07 for Ocr-nuclease complex. 

The large excess of acidic residues raises the possibility that Ocr could act 

CIS a polyanion and compete for the DNA-binding site of EcoiKI enzymes (Dunn 

et at., 1981). The idea is sustained by the finding that EcoKI enzymes bind 

either DNA or Oct but not both at the same time (Bandyopadhyay et at., 1985), 

suggesting that Ocr and DNA compete for the same binding site represented by 

the two TRDs of the S subunit. Unfortunately the S subunit is insoluble so that 

a direct interaction experiment between this subunit and Ocr cannot he designed. 

Indirect evidence came from an anisotropy experiment, in which methylase was 

allowed to form a 1:1 complex with a 21 bp unmethvlated, specific oligo-DNA, 

labelled with hexachlorofluorescein. The decrease in the fluorophore anisotropy 
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suggest that the added Ocr has displaced the labelled DNA from its binding site. 

More difficult to interpret was the displacement of the labelled DNA from a 

nuclease-DNA complex. As seen in figure 4.36, only half of the DNA is displaced 

by Ocr. The other half remained hound to the nuclease even in the presence of a 

large excess of Ocr. However, ivlien ATP was added the anisotropy immediately 

decreased. indicating that all DNA was displaced by Ocr. 

In a iuiilar ('xperilllel!t . Baiidvopadhvay et at. (1985) have shown that in-

teraction between EcoIKI nuclease and unmethylated, specific DNA results in a 

complex in which the binding site for Ocr is hidden. When ATP was added, the 

binding site for Ocr became available again. If this is true how can my result 

where a fraction of the DNA is displaced in the absence of ATP be explained? 

Maybe there are two nuclease isoforms, one having the binding site for Ocr ex-

posed and one not when in complex with DNA. Or maybe EcoKI hinds two pieces 

of DNA, one to each Ocr binding site and only one is directly displaced by Ocr 

and the second is displaced 011k' in the presence of ATP. It was also noticed that 

one Ocr (Ii 1i1rr was eiioiigli to (I i line the DNA despite the fact that nuclease 

has two binding sites for Ocr. However, there is no evidence so far that EcoKI 

binds more than one piece of DNA. Definitely more work should be done in the 

future to clarify this matter. 

The above (kit ii together with the observation that Ocr strongly interacts 

with the H subunit but weakly with M subunit leads to the following model of 

binding (Figure 4.35). One Ocr dimer binds to EcoKI methylase, each monomer 

occupying one TRD of the S subunit. The inability of Ocr to hind to a nuclease 

which already has a DNA hound to its recognition site suggests that the only 

hincling site for Ocr is located within the S subunit. Since nuclease has two 

binding sites for Ocr, they must he adjacent. Unlike niethylase, the two TRDs are 

O(eiipied lu iiiononiers t liii t belong to two iicljueiit 0(1' molecules. The remaining 

monomer from each Ocr molecule binds tightly to the R subunit. Some additional 
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contacts are made with the \l subunit. It is (lifficult to understand what is the 

biological significance of the second binding site for Ocr, since one Ocr dimer 

seems to be enough to hinder the binding of the DNA. 

For tight binding coiiiplexes the Rd is usually determined from the ratio of 

the dissociation and association rate constants (Lee et at., 1989; Longstaff et at., 

1990: Schreiber and Ferslit. 1993: \Vallis et al.. 1995b). However, for Ocr-EcoKI 

complex the Rd was directly estimated from a binding curve were the fluorescence 

intensity of the 5-iodoacetamido-fluorescein hound to Ocr(N43C) mutant was 

quenched by addition of inet.hvlase or nuclease. The direct estimation wasp ossible 

because the experiment was performed at very low protein concentrations, in 

the range of the expected Rd. The K, for Ocr-methvlase is 4.810-" M, which 

corresponds to a. free ('llergv of binding of'-14090 cal/mol at 25 T. The Kd for 

Ocr-nuclease complex is in the same range, 7.7 10 	M. Ocr binds tightly to 

both niethvlase and nuclease, however not as tightly as barstar binds barnase or 

Immunity prot.ei19 hinds Colicin E9 (Figure 1.13). two well-known examples of 

iiimclease-iiihiibitor complexes (Schreiber and Fersht, 1993; Wallis et at., 1995b) 

The enthalpv of binding (AH°) for Ocr-mnethylase complex is -18,240 cal/mol 

according to the ITC assay, meanwhile the calculated value for the change in 

entropy (30)  is -13.93 cal/molK. The negative sign of \S°  indicates that the 

decrease ill entropY due to binding is not compensated by the removal of the highly 

ordered water molecule,,,  surrounding nonpolar or charged groups from the Ocr-

met.hvlase iriterf ace. a favorable entropic factor. Binding of Ocr to methvlase is an 

enthalpicallv driven process which may suggest dominant contributions of van der 

\Vaals contacts and/or polar interactions (Fisher and Singh, 1995; Makhatadze 

anc I Pci valov, 1995). 

However, it is difficult to say only from the above data if electrostatic in-

teractions are involved in binding, as suggested by Dunn et at. (1981). Future 

work where the Rd of Ocr-inethvlase interaction will he analysed at different salt 
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concentrations will show if the electrostatic interactions play any role in binding. 

The Ocr surface area involved ]it binding seems to be huge, much higher than 

the 25 % of the accessible area that is buried by UGI when it interacts with human 

UDGase. It seems likely that methylase wraps around the Ocr dirner after binding 

since almost all the surface exposed Ocr amino acids are likely to be involved 

in binding. The crystal structure of Ocr which is currently under investigation 

will show if this is the case or if the amino acids chosen for mutagenesis are 

clustered, by chance, in the same area. Once the Ocr structure is obtained it 

will be possible to fit this st runt tue to the previously published model of EcoKI 

rnethvlase (Dryden et at., 1995). 
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N4 cyan 
025 blue 
N43 green 
062 yellow 
S68 orange 
W94 magenta 
Acidic red 

Appendix A. 
Crystal structure of Ocr 

During the writing of this thesis, the crystal structure of Ocr protein was solved 

(Sturrocic et al. , unpublished). The protein has an elongated form and displays 

many acidic residues on the surface. Asn4 residues are in close proximity, at the 

illf - ('rface hctween the two moiienu'is. Ser68 residues are also close to each other 

but a bit further away than Asnd residues. The six amino acids are not clustered 

in a particularly area but spread out through the entire Ocr surface. 

Figure 5.1: The crystal structure of Ocr protein. N4 residues are colored in cyan, 
D25 in blue, N43 in green, D62 in yellow, S68 in orange, W94 in magenta and 
the acidic residues in red. 
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Introduction 
Upon injection of bacteriophage DNA from the viral particle into a bacterial cell, the viral DNA is often 

vulnerable to attack by bacterial restriction/modification (RIM) systems. In general, these R/M systems comprise a 
restriction endonuclease activity which cleaves unmodified DNA and a modification methyltransferase activity to 
modify specific target sequences on the bacterial DNA. They are grouped into three main type, I, II and III (reviewed 
by Wilson & Murray, 1991; Bickle & Kruger, 1993; Murray, 2000). The modification of the host DNA protects it from 
degradation by the restriction endonuclease but the viral DNA, being unmethylated, is vulnerable to the endonuclease. 
Bacteriophage have developed numerous mechanisms to defend themselves from RIM systems including the synthesis 
of antirestriction proteins which block the action of the restriction endonuclease (Kruger & Bickle, 1983: Bickle & 
Kruger, 1993). One such protein is the product of gene 0.3 of bacteriophage T7. This gene, often called ocr (overcome 
classical restriction) is the first to be transcribed and translated upon injection of T7 phage DNA into the E.coli host. 
The DNA sequence preceding the gene is inaccessible to restriction endonucleases, probably due to masking of the 
DNA by other protein-DNA complexes, and this allows time for gene 0.3 to be transcribed (Moffat & Studier, 1976; 
Garcia & Molineux, 1995). Once translated, the ocr protein targets the cell's type I R/M systems and inactivates them by 
binding very tightly to the type I RIM enzyme (Mark & Studier, 1981; Bandyopadhyay et. al., 1985). The type I R/M 
enzymes contain both restriction endonuclease and modification mcthyl trans fera.sc activities within one large, 
oligomeric enzyme (Wilson & Murray, 1991; Bicklc & Kruger, 1993; Murray, 2000). The blockage of the DNA 
binding site by the ocr protein prevents the R/M enzyme from binding to unmethylated phage DNA and allows the 
phage to propagate. Ocr operates against type I R/M enzymes which possess different DNA target specificities 
suggesting that ocr can operate in a non-specific manner against these R/M systems (Kruger et. al., 1977; Mark & 
Studier, 1981; Kruger et. al., 1983; Bandyopadhyay et. al., 1985; Kruger et. al., 1985), figure!. 

In order to inhibit all type I RIM enzymes, ocr must recognise some common feature. Type I RIM enzymes 
comprise three types of subunits combining DNA sequence specificity, methyltransfera.se  activity (modification) and 
endonuclease activity (restriction) in one large oligomeric protein (see Murray, 2000 for review). R (restriction) 
subunits cleave the DNA at a site thousands of base pairs distant from the unmethylated DNA target recognition 
sequence in a complex reaction requiring DNA translocation powered by ATP hydrolysis. The M (modification) 
subunit contains the S-adenosyl-methionine-dependent methyltransferase activity and methylates hemimethylatcd DNA 
target recognition sequences. The S (specificity) subunit forms the core of the enzyme binding both M and R subunits in 
addition to recognising the DNA target sequence. The S subunits contain two target recognition domains (TRDs), each 
of which recognises one part of the bipartite DNA target recognition sequence characteristic of these enzymes, held in 
appropriate orientation by conserved polypeptide linkers. The subunit stoichiometry of active type I R/M enzymes is 
R2M951 . Apart from conserved catalytic motifs associated with the multiple enzyme activities displayed by type I RIM 
enzymes and conserved sequences linking the TRDs, there is little sequence similarity between type I RIM enzymes 
from a diverse range of eubactcria and archaea. It was found that ocr would displace the DNA recognition sequence 
from a type I RIM enzyme but given the diversity of type I RIM enzymes and their DNA target sequences, the ocr 
protein must he acting in a manner not dependent upon the DNA sequence recognised by the type I RIM enzyme 
(Bandyopadhyay et. al., 1985). It was suggested that ocr may he acting as a mimic of DNA structure rather than of 
DNA sequence and that this would allow ocr to trick type I RIM enzymes of different DNA sequence specificity into 
binding to the inhibitor rather than to phage DNA. However, to avoid binding to other proteins which interact with 
DNA, ocr must mimic a distorted DNA conformation specific for type I RIM enzymes. Mimicry of a distorted DNA 
structure has been observed for the uracil glycosylase inhibitor protein, UGI, which binds to uracil glycosylase, UNG 
(Mol el. al., 1995; Savva & Pearl, 1995; Putnam et. al., 1999). 

Ocr has been found to he a dimer comprising two 13.51cDa subunits (Mark & Studier, 1981). Of the 116 amino 
acids in each subunit, only the first 94 are essential for activity (Dunn et. al., 1981), figure 2. Overall the protein is 
highly acidic containing 34 aspartic or glutamic acid residues and only 6 arginine or lysine residues (Dunn et. al., 
1981). Most of the acidic residues, 14 out of 34, are located in the non-essential C-terminus while none of the basic 
residues are in this region (Dunn et. al., 1981). Proteins of similar mass to ocr are widespread in T7-like phage, which 
infect both enteric and non-enteric bacteria (Hausmann, 1988). However, their gene coding sequences and function are 
not known A weak sequence similarity between T7 ocr, T3 ocr and the S subunits of type I R/M enzymes has been 
postulated ( Belogurov & Delver, 1995). 

In this paper we present a characterisation of the structure and shape of the ocr protein using a range of 
hydrodynamic, biochemical and spectroscopic techniques to provide a framework for analysing the interaction of ocr 
with type I RIM enzymes and to test the hypothesis that ocr is a structural mimic of DNA. 

Results 
Size and shape of ocr. 

To determine the molecular mass of ocr and its shape we employed sedimentation equilibrium, sedimentation 
velocity and dynamic light scattering. 

Sedimentation equilibrium measurements using ultracentrifugation were initially performed with the truncated 
form of ocr containing only the N-terminal 99 amino acids. From the amino acid sequence, the monomer mass is 
known to be 11,512 Da. Thus a dimer would have a mass of 23,024 Da. The extrapolations in figure 3 yield masses of 
24.7 ± 0.2 kDa and 23.9 ± 0.2 kDa for the 25,000 and 32,000 rpm data respectively. These data indicate that truncated 
ocr is a dimer in solution at the concentrations studied. Good fits to the raw data were obtained with the simplest form 
of equation 2 for a thermodynamically ideal system comprising one molecular species, although a concentration 



dependence in the variance was observed: at higher loading concentrations the residuals of the fit ceased to be random 
and instead displayed a pattern indicative of thermodynamic non-ideality. This trend was more apparent for the data 
obtained at 32,000 rpm than for the 25,000 rpm data. This behaviour is characterised by B, the second virial coefficient, 
equation 3. It was possible to estimate the excess charge (Z) on the monomer at pH 8 as being -18. Thus the second 
term in equation 3 has a value of 47 ml/g for the dimer. The gradients of the least-squares fits in figure 3a yield B: for 
the 25,000 rpm data BM = 10 1. 1 ± 17.5 ml/g and for the 32,000 data BM = 49.3 ± 14.8 ml/g if the dimer mass is used. 
The much higher value of BM for the 25,000 rpm data most probably stems from the presence of a small amount of 
higher molecular weight contaminant that appears to have been largely removed from the bulk of the solution column at 
the higher rotor speed of 32,000 rpm. Taking the contribution to the excluded volume of protein due to charge (47 mug) 
from the total determined experimentally leaves a measure of the excluded volume due to shape, equation 4. For the 
25,000 rpm data this value is 54.1 ± 17.5 mug, whilst for the 32,000 rpm data this reduces to 2.3 ± 14.8 ml/g. For a 

sphere this shape term is 4v = 2.89 mug thus the 32,0(X) rpm data imply that the truncated protein is globular, although 

the upper error limit extends this shape to a cylindrical rod of axial ratio 24. The 25,000 rpm data on the other hand 
imply that the protein is highly asymmetrical, with an axial ratio of 75 ± 24 if it were a cylindrical rod. 

Sedimentation velocity experiments were performed to obtain a better estimate of the shape of the truncated 
ocr. Analysis of the sedimentation velocity data using the program SVEDBERG yielded, after correction to standard 
conditions, the weight-average sedimentation coefficients (sit w) plotted in figure 3h. The increase in s20 w with 
concentration is hard to reconcile with the non-ideality indicated by sedimentation equilibrium studies: this should 
decrease at hither concentrations. However, linear extrapolation of the data to infinite dilution gives a sedimentation 
coefficient of 5020 w= 2.2 ± 0.1 S. From equations 5, 7 and 8, the frictional ratio is f/f0= 1.33 ± 0.11 and the frictional 
ratio due only to molecular asymmetry ('o)sh calculated at various values of protein hydration are given in table 1. 
Modelling the protein as a prolate ellipsoid of revolution gives axial ratios between 3.50 ± 1.31 and 4.64 ± 1.00 using 
equation 9. Perhaps unsurprisingly then, the sedimentation velocity data more closely agree with the 32,000 rpm 
sedimentation equilibrium than those acquired at 25,000 rpm and their combined strong implication is that the truncated 
form of ocr containing only 99 amino acids is a slightly elongated, tightly associated dimer. 

From the amino acid sequence of full length ocr the monomer mass is known to he 13,678 Da. Thus a dimer 
would have a mass of 27,356 Da. The extrapolation of sedimentation equilibrium data in figure 3 yields a mass close to 
this value: 29.4 ± 0.2 kDa indicating that ocr is also a dimer in solution at the concentrations studied in agreement with 
earlier experiments (Mark & Studier, 1981). The fits to the raw data obtained with the simplest form of equation 2 were 
good, with little or no concentration dependence in the variance observed. 

The excess charge on the ocr monomer at pH 8 was estimated as being -28. Thus the second term in equation 3 
has a value of 95.5 ml/g for the dimer. The gradients of the least-squares fit in figure 3a yield BM = 49.9 ± 15.6 ml/g if 
the dimer mass is used. How can it he possible that the experimental excluded volume due to charge effects is less than 
that predicted? This could appear to he the case if non-ideality effects were being masked by further self-association. 
Perhaps the elevated mass of 29.4 kDa instead of 27.4 kDa obtained by extrapolation of the data in figure 3a is evidence 
of an oh gomerisali on event with a high (Ii ssoci ation con5tan 

Analysis of the sedimentation velocity data for ocr was performed in the same manner as for the truncated 
protein. The reduced data are plotted in figure 3h. Extrapolation of these data to infinite dilution yields 020,w= 2.5 ± 
0.1 S and f'/f0= 1.35 ± 0.06. The frictional ratio due to shape at different protein hydrations ranges between 1.165 ± 
0.05 and 1.244 ± 0.05 and the axial ratio varies between 3.75 ± 0.72 and 4.91 ± 0.71 as shown in table 2. An important 
difference between the sedimentation velocity data for ocr and the truncated protein is that the latter shows a trend with 
increasing concentration indicative of non -ideal i ty. 

Analysis of the DLS data using the ILT method produced a translational diffusion constant of 79.73 ± 0.56 
pi12  / sec. The quoted errors are the standard error of the diffusional constants obtained over a number of angles and 

runs. Figure 4 shows the homodyne autocorrelation function 1g2(Q,t)) of several representative data sets at a scattering 
angle of 600.  A frictional coefficient and frictional ratio were calculated from equations 5, 7 and 8, and the frictional 
ratio due to asymmetry at various values of protein hydration are given in table 2. The axial ratio, depending upon the 
level of hydration of the protein used in equation 9, varies between 3.822 ± 0.110 and 4.990 ± 0.115 in excellent 
agreement with the shape calculated from sedimentation velocity measurements. 

We conclude from the sedimentation velocity and DLS measurements that the full length ocr protein is more 
elongated than the truncated 99 amino acid form. The sedimentation equilibrium measurements show that both proteins 
are dimeric but do riot define a shape particularly accurately. 

Detailed environments of selected amino acids. 
I. /rvpiophan 94 

The fluorescence emission, when excited at 295nm to produce only excitation of the tryptophan residues, 
showed an emission maximum of 350mm (data not shown). This is close to that found for pure tryptophan in water 
indicating that the tryptophan at position 94 in ocr is highly exposed to the aqueous solvent. The fluorescence decay of 
the tryptophan emission could be fitted to a sum of two exponentials with lifetimes of 1.74±0.13ns (33.5%) and 
4.30±0.04ns (66.5%) with a x2  value of 1.2 (data not shown) giving an average fluorescence lifetime of 3.44 ns. The 
Perrin plot showing the variation in anisotropy of the tryptophan emission as a function of temperature arid viscosity 
was multivalued indicating that the fluorophores were free to move independently of the rest of the protein, figure 5. 
The intercept of the Perrin plot for data obtained at fixed glycerol concentrations gives the intrinsic anisotropy, ra,  of 
the Iluorophore as 0.166, rather lower than expected for tryptophan excited at 295nni (Lakowicz, 1999). From the 



intercepts of data collected at fixed temperatures, r 111, one can calculate that the tryptophan residue is effectively 
rotating in a cone with a semi-angle var\ ing between 750 to 8 depending upon temperature, equation 11. From the 
slopes at fixed temperatures and equation 10, one can also calculate that at 25°C in 0% glycerol, ocr has a rotational 
correlation time of 65ns. This time is much longer than that calculated from equation 12 for a hydrated sphere of the 
same mass as ocr, table 2, indicating that ocr is not spherical. The error in this determination of overall rotational 
correlation time is large due to the shortness of the fluorescence decay relative to the tumbling time of the protein and 
does not support a calculation of the axial ratio for ocr from the Perrin plot. Time-resolved fluorescence anisotropy 
decay measurements would resolve this ambiguity. 

The ocr protein contains a large excess of acidic amino acid side chains over basic side chains. This 
observation prompted the suggestion that the excess negative charge could be responsible for the tight binding of ocr to 
the DNA binding site 0! hcoKT (Bandyopadhay ci. at., 1985). To determine whether W94 was located in a highly 
charged region of the surface, fluorescence quenching using the two charged quenchers Cs+ and P was performed. The 
ionic strength of the solution was kept constant by the addition of NH4CI which has no effect upon the fluorescence emission. It is known that Cs+  is a poor quencher of tryptophan with only about 20% quenching efficiency whilst 1 is 
100% efficient as a dynamic quencher and that their charge prevents them from penetrating into the protein matrix to 
quench buried fluorophores (Eftink & Ghiron, 1981). Therefore, it was expected that V would quench the fluorescence 
better than Cs+.  In fact the opposite was observed with E being virtually unable to cause any quenching and Cs+ being 
an exceptionally good quencher, figure 6. Cs+ quenching produced a curved quenching profile requiring a two 
component fit, equation 13. The quenching constants for these data were 2.26± 0.06 M (80%) and 99.60± 18.63 M 
(20%). The smaller quenching constant found for Cs is identical to that found for free tryptophan, 2.25 ± 0.02 M 
(data not shown), indicating that the ion has complete access to a fraction of the conformational space available to the 
fluorophore. The very high quenching constant is far greater than physically possible by a normal collisional quenching 
mechanism. It is likely that this fraction of the quenching is due to the preferential attraction of Cs+ to a negatively 
charged location near to the tryptophan residue and that it may even be bound at this location. The two fluorescence 
lifetimes of the tryptophan were both quenched by 0.2M Cs to values of 1.10±0.13 ns (42.3%) and 2.62±0.04 ns 
(57.7%) indicating that the environments giving rise to the different lifetimes are equally accessible to the quencher. 
Quenching by I could be fitted with a one component Stern-Volmer equation with a quenching constant of 0.70 ± 0.03. 
This constant is far lower than the value of 12.23 ± 0.09 M-  I found for free tryptophan (data not shown). These results 
imply that W94 is located within a highly negatively charged patch upon the surface of ocr. Equivalent quenching 
effects were also observed for the two truncated forms of ocr containing 109 and 99 amino acids (data not shown) ruling 
out the possibility that the negatively charged patch around Trp94 is actually part of the highly acidic tail of ocr. This is 
consistent with the observation that the tail of ocr is not required for activity in vivo (Dunn ci. al., 1981). 

2. Site-directed rnutauion,r 

Six amino acids, N4, D25, N43, D62, S68 and W94, where chosen as targets for replacement by cysteine, 
figure 2. Cystemne was chosen as the replacement amino acid as native ocr contains no cysteine. The single cysteine 
introduced into each subunit would therefore be a suitable target for chemical labelling. Each protein was purified in the 
same manner as the native ocr and each formed a stable dimeric protein as shown by their purification being the same 
as the wild type protein. It is possible that the single amino acid substitutions made within ocr may perturb the structure 
of the protein. If the stability of the protein, as determined by thermal denaturation, is unchanged ( ± 0.5 °C) then it is 
reasonable to assume that the protein tertiary and quaternarv structure is not significantly different from the wild type 
protein. DSC showed that ocr was a thermostable protein with a denaturation temperature, Tm, of 72.190C when 
analysed using a model allowing the dimer to dissociate into folded monomers prior to denaturation of the monomers, 
table 3. A two state model in which the dimer unfolds in one step to denatured monomers gave a poor fit to the DSC 
scan (data not shown. Four of the mutant proteins and a second form of truncated ocr containing the first 109 amino 
acids were close in stability to the wild type protein and required the more complex denaturation model. The mutant 
protein containing the change W94C was significantly less stable than the wild type indicating a role in maintaining the 
tertiary and/or quaternary structure of ocr. One mutant protein, D25C, was more stable than the wild type perhaps 
uidicating a better packing of the side chain within the protein structure. The truncated form of ocr with only 99 amino 
acids was the most unstable compared to the wild type protein suggesting that this truncation has encroached upon 
secondary structure elements in the core of the protein. 

Molecular masses were determined by electrospray mass spectrometry, table 3. The mutant proteins all gave 
masses greater than expected by 76Da corresponding to the attachment of -mercaptoethanol to the cysteine residue. 
This modification can apparently survive the ESMS sample preparation method. The -mercaptoethanol could be 
remosed by treatment with dithiothreitot which was subsequently removed during the normal sample preparation 
procedure for the ESMS. The correct mass was then Found for the N43C mutant and we assumed that a similar 
procedure would give the correct mass for the other proteins. The N4C mutant protein also gave rise to a species with 
the expected dimer mass suggesting that an intersubunit disulphide bridge had been formed. This was confirmed by 
I4PLC gel filtration under conditions in which the protein was denatured, figure 7. Gel filtration under denaturing 
conditions of the unlabelled mutant proteins showed them all to be monomeric except for the N4C mutant protein which 
showed two peaks, one being a monomer the other being a dirner. The addition of reducing agent converted the 
disulphide-linked dimer into a monomer. These results were indicative of an intermolecular disulphide bond between 
the two cysteine residues at position 4 in each polypeptide chain. 



Two different fluorescent labels were chosen for the modification of the cysteine residues, 1-AEDANS and 
p' renc inalcimjde. All six different positions of the cysteine could he modified by these labels to produce a stable 
in(xlified protein. The level of modification was approximately 10 to 30%. The ability to label all six locations of the 
cysteine shows that residues are at least partially exposed to the solvent. 

The fluorescence emission from the pyrene labelled ocr was particularly informative. Five of the mutant 
proteins could he labelled by pyrene maleimide in the absence of -mercaptoethanol, however, N4C could only be 
labelled when this reducing agent was aJso present. A further indication that the N4 positions on each subunit lie in 
close proximity to each other comes from the appearance of pyrene excimer fluorescence emission, figure 8. This can 
only arise when two pyrene molecules are within approximately IT) in of each other and the conjugated ring systems can 
stack on top of each other (Lehrer, 1997). One other mutant protein produced pyrene excimer emission, namely, S68C 
although this protein could he labelled in the absence of reducing agent and produced only a monomer upon denaturing 
gel filtration, figure 7, indicating that the sulphydryl groups are too far apart for disulplhide bond formation in the 
absence of chemical modification. Consistent with this is a shift in the pyrene excimer emission relative to that from the 
N4C protein suggesting that the interaction between the two pyrene labels is altered. The pyrene excimer emission from 
both N4C and S68C mutant proteins indicates that both N4 and S68 are on the interface between the two subunits of ocr 
but, since they can he chemically modified without denaturing the protein, they are not buried in the interface. 

Discussion 
It has been suggested that ocr, by blocking the DNA binding sites of type I R/M enzymes, is structurally 

mimicking DNA SO that the type I RIM enzyme binds to ocr by mistake (Bandyopadhyay et. al., 1985). This mimicry 
cannot extend to the fine details of DNA sequence recognition as the ocr protein acts against type I RIM enzymes with 
completely different DNA target sequences. The high proportion of acidic amino acid side chains in ocr suggested 
instead that the degree of mimicry might only involve the charge distribution on ocr being similar to that of the 
phosphate backbone of DNA. If ocr does indeed mimic this charge distribution, it also implies that the protein could be 
elongated in shape so that it could fill a DNA binding groove on the type I R/M enzyme as effectively as a DNA double 
helix. However, the conformation of the ocr cannot be a perfect mimic of DNA structure as it would then bind to any 
DNA binding protein. It is probable that the type I RIM enzyme distorts its DNA target and ocr mimics this distorted 
structure. 

Our results from sedimentation equilibrium indicate that ocr is a dimeric protein in both its normal full-length 
form, in agreement with previous results (Mark & Studier, 1981), and is still a dimer when the C-terminal 17 amino 
acids have been deleted to give a monomer with only 99 amino acids. Truncated forms of ocr containing 94 or more 
amino acids have been shown to be active (Dunn el. al., 198 1) showing that the C-terminus is not required for activity. 
As the protein with 99 aa is still it di mer, this implies that the C-terminus is not involved in holding the protein dimer 
together. 

Further hydrodynamic expenmnents using sedimentation velocity and dynamic light scattering when combined 
with our knowledge of the quaternary structure of ocr and assuming typical values of protein hydration allow its to 
model the general shape of the protein. Most proteins can be modelled reasonably well as spheres or as prolate 
ellipsoids ()f revolution. Given the mass of ocr, the hydrodynamnic data clearly indicate that ocr is not a sphere. 
Assuming that it is a prolate ellipsoid, we calculate an axial ratio of between 3.8:1 and 5:1 with it small variation due to 
protein hydration estimation. Using these axial ratios and the protein mass, we calculate that ocr is approximately 
9.7nm to I I .6nmn in length and 2.3nni to 2.5nm in diameter. These dimensions would clearly allow the protein to mimic 
the shape of it double-stranded B-form DNA recognition sequence covering 29 to 33 base pairs at 3.4 A helical rise per 
base pair and it helix diameter of 2nm. The truncated form of ocr containing only 99 aa is more globular than the full 
protein suggesting that the C-terminal regions of each monomer lie at the extreme -ends of the elongated dimer. 

Deletion of 23 aa amino acids from the C-terminus to remove aa from W94 inclusive has been shown to 
:ibolih the ability of ocr to inhibit type I RIM enzymes whereas deletion of 22 aa preserves significant activity (Dunn 
ci. al.. I 981). W94 could play a role in either inhibiting the type I enzyme or it could merely he essential for structural 
stahi lit. Our DSC data indicate that truncation of ocr significantly reduces protein stability as does the mutation W94C 
within the full length protein. This implies that W94 is definitely required for protein stability but does riot rule out a 
role in activity. However, we have found that the W94C mutation is active in inc and in vitro (manuscript In 
preparation) implying that the nature of the side chain is not important for activity. 

The fluorescence experiments on W94 and the chemically modified mutant proteins indicate that the 6 aa 
chosen for investigation are at least Partially exposed to the solvent. The aa substitutions and chemical modification do 
not cause major structural changes. The W94 position is surrounded by a negatively charged patch which is not part of 
the acidic C-terminus of ocr. Two of the aa investigated, N4 and S68, are located at the interface between the two 
monomers with the N4 side chains close enough to form a disulphide bond when substituted with cysteine. 
Modification of the cysteine substitutions at these two locations with pyrene maleimide pnxluccd not only the normal 
structure fluorescence emission of pyrene, as observed for the other four mutant proteins, but also a distinct 
unstructured emission at longer wavelengths due to excimer emission from it pyrene - pyrene dimer. This emission only 
occurs when two pyrene molecules stack closely against each other (Lehrer, 1997) and indicates that the N4 position 
and the S68 position in ocr must lie at the interface of the two subunits fonning the dimer. The different excimer 
emission maxima for N4C and S68C modified with pyrene suggest that the two locations have different 
hydrophobicities. 



The secondary structure prediction for ocr, ignoring the C-terminal tail which is not predicted reliably due to 
US predominance of acid residues and is not essential for activity, is largely helical with Some short beta strands and 
loops, figure 2. We suggest that the hclices in each subunit may form a helical bundle with loops and beta strands 
protruding from the bundle. The interface between the two monomers would comprise the ends of the helices so that the 
structure was elongated. The structure would have two-fold rotational symmetry around the interface. Such a two-fold 
symmetry would be in accord with the approximate two-fold rotational symmetry observed in type I RIM enzymes 
(Kneale, 1994). If the helical bundles were arranged so that the two bundles were side by side then a more compact 
structure would be expected and this would not be in accord with the hydrodynamic data. 

.A model of the rncthyltransfera.se  core of a type I RIM enzyme containing the DNA specificity, S, subunit and 
the two modification, M, subunits has been described (Dryden el. al., 1995) and is shown in figure 9. This model is 
based upon the similarity of domains within these subunits to known tertiary structures of type II DNA 
methyltranslrases in complex with DNA. The DNA sequence specificity subunit of a type I RIM enzyme contains two 
target recognition domains, each of which recognises one part of the bipartite DNA target sequence characteristic of 
type I RIM systems. These domains bind in the major groove of the DNA and show a small degree of sequence and 
secondary structure similarity to the TRDs of DNA m ethyl transferases from type II RIM systems (Sturrock & Diyden, 
1997). This similarity has received strong support from mutational analyses (O'Neill el. al., 1998). This S subunit is 
flanked by the modification niethyltransferase subunits which are responsible for recognising the methylation status of 
specific adenine nucleotides within the recognition sequence and carrying out the methylation (modification). The M 
subunits contain a core catalytic domain with similarity to the catalytic domain of methyltransferases from type IT RIM 
systems (Willcock et. al., 1994). Small angle X-ray scattering data suggests that the M subunits wrap around the DNA 
(Taylor et. al., 1994). The model assumes that the modification process requires the extrusion of the adenine bases out 
of the DNA double helix by a base flipping mechanism (Roberts & Cheng, 1998). This mechanism has been 
demonstrated by crystallography for cytosine methyltransferases and DNA repair enzymes and biochemical evidence 
supports such a mechanism for DNA methylation by type I RIM enzymes (Mernagh et. al., 1998). Mutational analyses 
of the model support the general disposition of the DNA sequence recognition domains and the methyltrarisferase 
catalytic domains around a model DNA substrate (Willcock el. al., 1994; O'Neill et. al., 1998). A comparison of this 
model and the shape of ocr derived in this paper is shown in figure 9. It is known that ocr displaces DNA from type I 
RIM enzymes and the methyl trans ferase core (Bandyopadhyay et. al., 1985). Our data show that ocr could easily mimic 
the general structure of approximately 30 base pairs of DNA and fill the DNA binding site of the methyltransferase core 
of a type I RIM enzyme. The distribution of negative charges on the surface of ocr will obviously he crucial for forming 
a strong complex with the type I RIM enzyme and one such negatively charged group exists around W94. 

The behaviour of the ocr antirestriction protein has an interesting parallel with the small UGI protein of 
Bacillus sithii/is phage PBS2 (Beger ci. al.. 1995). The genome of this phage contains uracil instead of thymine hence 
on infection of a cell it must inactivate the host uracil glycosylase which is the first enzyme required for uracil excision 
and repair. The action of UNG would obviously he lethal to the phage and UNG would he the equivalent of a 
resLriction system. UNG is a non sequence specific DNA binding enzyme, the structure of which suggests that the 
uracil base which it excises is flipped out of the DNA helix in a manner similar to that found for DNA 
inethyltransfejases UGI hinds along the DNA binding cleft of both human and Herpes virus UNG and covers the 
active site (Mol di. a/. 1995; Savva & Pearl, 1995; Putnam ci. al, 1999). Electrostatic contacts between UNG and UGI 
ppeu' to mimic the UNG-DNA phosphate contacts. 

The amino acid sequence 0! the ocr protein of '17 has no strong homology to any other protein in current 
databases even to oilier known antirestriction proteins such as the ocr protein from phage T3 (Davis & Hyman, 1971) or 
the ard proteins of conjugative plasmids (Belugorov & Delver, 1995). It appears that phage and plasmids have 
individually evolved different antirestriction proteins from unknown ancestors to inactivate host type I RIM systems. 
The physical mode of operation of these other proteins is not as well defined as the T7 ocr which blocks the DNA 
binding site of type I RIM enzymes by apparently being able to mimic the shape of the DNA target sequence. 

Materials and Methods 
Ocr over-expression plasmids. 

Plasmids pAR2993, pAR'178h and pAR3790 were kind gifts from Dr. A. Rosenberg and Prof. W. Studier 
Brookhaven National Laboratory). The full length ocr protein is expressed from pAR2993 while pAR3786 and 

pAR3790 express ocr containing amino acids I to 109 and I to 99 respectively. pAR2993 was constructed by ligating 
the A/u! fragment of the T7 genonie base pairs 837-1379) into the BamHI site of pETI using BarnHI linkers of 
sequence CCGGATCCGG. pAR 3786 was constructed by cutting pAR2993 with RsaI at T7 base pair 1258 and pAR3790 by cutting pAR2993 with /IaI at T7 base pair 1222. Appropriate palindromic linkers were added to supply a 
FAA termination codon and a BarnHI site for religation. The sequences of the regions containing the ocr gene or the 
truncations were determined on both strands by manual sequencing using the Sequenase 2.0 kit (Amersham), 
Secondary structure prediction. 

In selecting amino acids within the ocr protein for alteration by site-directed mutagenesis, we were directed by 
predictions of protein secondary structure and solvent exposure produced by the PHD sequence alignment and structure 
prediction computer program (Rost & Sander, 1993 1994a

' 
19941)). The reliability of the prediction is less than 

expected for this program as the amino acid sequence of ocr is unique in current public sequence databases. 
Site-directed mutagenesis. 



Site-specific mutations in the coding sequence of the ocr gene were created by PCR mutagcnesis using the 
"QuickChange" site-directed mulagcnesis kit (Stratacenc ) lllowing the nianufacturers instructions. The 
oligonucleotide primers used and the amino acid change expected are given in table 4. The DNA sequences of the 
altered plasrmds were checked using the Sequenase kit as for plasmid pAR2993. 
Protein production. 

The proteins were produced by transformation of F. coli strain BL2 I (DE3) pLysS with the plasmid pAR2993 
or its derivatives. Cells were grown at 370C in 10 x 500m1 of LB broth supplemented with 20j.tg/ml  ampicillin and 
25.tg/ml chlorarnphenicol. Once the optical density reached a value of 0.6 at 650nm, the cells were induced by the 
addition of 5m1 0.4mM isopropyl -D-thiogalactosidc to each flask. The cells were harvested after a further 2 hours. 
The cell paste was resuspended in 20mM Tris, 0.3M NH4CI, 4% glycerol, l0.tM phenylmethylsuiphonyl fluoride and 
lOj.tM henzamidine, pH 8, and sonicated in bursts with intermittent cooling for a total of 1 minute per gram of cell paste 
with the sample kept on ice. The cell debris was removed by centrifugation for 3 hours at 30,000g. The supernatant was 
loaded onto a 20cm x 1.6 cm diameter DEA_E sepharose fast flow ion exchange column (Pharmacia) equilibrated in 
20mM Tris, 300mM NH4 Cl at pH 8 (buffer A) at 48m1/hr. After washing the column in this buffer to remove unbound 
proteins, a 500ml gradient from 0.3M to 1M NH4CI in buffer A was run at 24m1/hr. Fractions identified by SDS-PAGE 
as containing ocr were applied to a HiLoad 16/60 Superdex 200 gel filtration column (Pharmacia) in buffer A. This step 
produced very pure (99%) protein. A slight contamination of nucleic acid could be removed by a subsequent step using 
a 15cm x 1.6cm diameter phenyl sepharose column (Pharmacia) with a gradient running down from 2.4M to OM 
(NH4)2SO4 in a buffer of 20mM Tris, pH8. The purified protein was stored at -20°C in buffer A supplemented with 
glycerol to 50% v/v. Similar procedures were used to purify the mutant forms of ocr although the gradient used for the 
DEAE chromatography commenced at 0.05M NH4CI. 
Calculation of extinction coefficient and measurement in guanidinium hydrochloride (GuCI) versus buffer. 

The extinction coefficients for pure ocr and its derivatives were calculated by comparing the absorbance of 
folded native protein and protein denatured in GuCl (Pace & Schmidt, 1997). The concentration of the GuCl stock 
solution was calculated from the equation 

M=57.I47AN+ 38.68(AN)2  -91.60(AN)3 	 (I) 

where AN is the refractive index difference between the GuCl solution and the buffer (Pace & Scholtz, 1997). A molar 
extinction coefficient of 31095 M-1  cm at 280nni for folded ocr and 31860 M-1  cm 	for unfolded ocr were 
determined. Extinction coefficients for the mutant forms of the proteins were calculated from that of folded wild type 
ocr accounting for changes in mass and the loss of tryptophan in the W94C variant. 
Chemical modification of mutant proteins. 

Modification of cysleine with 1,5 1-AEDANS was carried out as follows. I 00tt of 50ttM protein was 
incubated overnight at 4°C in the dark with a 50-fold molar excess of N-iodoacetyl-N-(5-sulpho- I - 
napthyl)ethylenediaiiune I 5-1-AEDANS, Fluka) in 20mM Tris, 20mM N1-I4Cl, 6mM MgCl), pH8. The ocr protein 
containing the N4C mutation could only he labelled in the presence of 7mM 13-mercaptoethanol. The reaction was 
stopped by the addition of 3-mcrcaptoethanol to 100mM and unreacted 1,5--AEDANS removed by gel filtration using a 
Sephadex G50 column Pharmacia PD 10) equilibrated in the same buffer. The amount of labelling was determined 
using molar extinction coefficients of 61 (X)M- I cm at 337nm and 1060 M-1  cm I  at 280nm for AEDANS (Hudson & 
Weber, 1973). The fluorescence of AEDANS was excited at 330nm and detected at48Onm. 

Labelling of cystelne with pyrene maleimide was performed as follows. N-(l -pyrene)maleimide (Molecular 
Probes) was dissolved in dimethy! sulphoxide. Labelling of ocr proteins was performed as for 1-AEDANS except the 
buffer was 100mM sodium phosphate, pH7. The degree of labelling was determined using an extinction coefficient (if 
40000 M-1  cm at 342nm and 25000 M cm-1  at 280nm (Wu et. at., 1976). Fluorescence was excited at 342nm. 
Analytical ultracentrifugation 

Sedimentation equilibrium and velocity analysis was performed on a Beckman Optima XL-A analytical 
ultracentrifuge equipped with scanning absorbance optics tuned to a wavelength of 280 nm. Samples were suspended in 
20mM Tris HCI, 0.3 M NH4CI, pH 8.0 which was calculated to have a density of 1.004() g/ml at 20')C and 1.0056 g/int 
at 4 C using the freeware program SEDNTERP available from ftp://alplia.hbri.org/rasmb/spiii/i-ns-cios/sediiterp  (Philo. 
1994). The value of the partial specific volume (v) was estimated, using the method of Cohn and Edsall (1943) and the 
consensus partial specific volumes for the constituent amino acids reported by Perkin (1986), from the known aniino 
acid sequence of ocr and the truncated ocr containing only the first 99 amino acids. The partial specific volumes were 
calculated to be 0.721 ml/g and 0.723 ml/g respectively and were assumed to remain constant upon oligomerisation. 

Sedimentation equilibrium was attained for solution columns of height 1.5 mm and ascertained by ensuring 
overlay of scans acquired 3 hours apart. Optical baselines, depleted of macromolccular solute, were obtained by 
m erspeeding to 47,000 rpm. Nine concentrations of ocr from 2.0 to 13.1 pM and eight of the 99 amino acid truncated 
torm of ocr from 2.6 - 15.4 g.iM were analysed. Equilibrium distributions for the truncated ocr were obtained at rotor 
speeds of 25,000 and 32,000 rpm and a temperature of 20 C. The full length ocr was found to he unstable at this 
temperature, failing to reach equilibrium during a reasonable period of time. Instead, this protein was equilibrated at 4 
"C and equilibrium at 25,000 rpm was attained within 30 hours. Equilibrium was not subsequently attained at the higher 
rotor speed for reasons which are readily apparent. 



Equilibrium data were analysed by fitting with the equation describing the solute distribution in a molecular 
system comprising self-interacting species at thermodynamic equl Ii bri urn ( Kini ci. al., 1977): 

Ctot 1lr) = & + I K * ( C10 * eXP[ 	 (2) 

where Ctotaj(r) is the concentration at an' radial position in the sample column, & is proportional to the baseline 
absorbance; n is the total number of species present in the self-association equilibrium; K 1  i is the equilibrium constant 
for the association of monomer to q( i )-mcr; C 1  is the monomer concentration at the radial position of the first data 
point: cT is the reduced molecular weight ( = (Mw2( l-vp))/RT where M is the monomer mass; w is the rotor speed in 
radian/s; v is the partial specific volume of the protein (mllg); p is the solvent density (g/ml); R is the gas constant 
(8.3 1432 x 10-7 erg/inol K) and T is the absolute temperature (K)); and 	are the values of 0.5r2  at any point r in the 
sample column and at the radial position of the first data point respectively; B is the second virial coefficient (with units 
of inverse concentration); C(r) is the concentration of the ith species at radial position r; q(i) is the degree of 
association for the ith species. The summations are from i = t to ii. This equation forms the basis of the program 
PCNONLIN (Johnson te. 0/., 1981) which permits the global fitting of up to 15 data sets with one self-association 
model. 

Non-ideal heha\ our of the protein was observed at higher concentrations. This behaviour is characterised by 
the second virial coefficient which describes the reduction in observed mass due to excluded volume and charge 
repulsion effects. A simplified expression for the complete chemical potential of a solution of charged spherical 
macromolecules is the sum of the excluded volumes due to shape and charge (Scatchard, 1946), 

BM = 4v + (1000Z 2v 1) I (4mM) 	 (3) 

where M is the mass of the solute, v 1  is the specific volume of the solvent and m the molality of salt in the solvent. For 
rod-shaped particles of length L and width d, the first shape-derived term becomes (L/d)v. From theoretical pH titration 
curves (see for example http://www.up.univ-mrs.fr/wabin-1Jd  ahimlcornpo-phtml) one can calculate the net charge on 
the protein. The expression for the depression in true molecular mass, M, to the apparent value, Mapp measured at 
sedimentation equilibrium is 

M/) l-i-2BMc) 	 (4) 

whet-c c is the solute concentration tn/nil. 

Sedimentation velocity data were acquired at 40,1(X) rpm by scanning the tO mm solution column every 10 
minutes. Data were antal\ sed with the program SVEDBERG ( Philo, 1994). The boundaries recorded during the 
sednneutation velocity e\perunent were fitted with a modified form of the Fujita (Fujita, 1975) equation for the 
concentration throughout the solution column. This analysis is valid for interacting macromolecular systems only if the 
kinetics of ill ter-conversnnni among species is slow compared to the experimental (imescale. The sedimentation 
eqiulnhrmum experiments showed that OCR exists as a dimer, with no trace of monomer present so analysis with 
SVEDBERG is appropriate, 
DN namic light scattering 

Dust contamination, a major problem in DLS experiments, was overcome as follows. Firstly, the 20mM Tris, 
0.3M NH40 pH $huffer was littered through several 0.2 jim filters and used to rinse the 2(X)jil cylindrical glass DLS 
cell and a microlitre syringe. The protein solution, made up with the filtered buffer, was filtered once more through a 
((.2 jim filter and spun in a microcentrifuge for 45 minutes at 14,000 rpm to force any remaining dust particles to the 

bottom of the sample. The syringe was used to extract 10041 from the top of the centrifuged solution immediately after 
spinning and this volume was transferred into the pre-rinsed DLS cell. The cell was then sealed with paraflim. A 
further small amount of the centrifuged protein solution was extracted from the top of the microcentrifuge tube and used 
to determine the concentration of (lie sample by UV absorption. The concentration of protein in the sample was I 0OjiM. 
The DLS sample was kept at I 2°C when not in use and spun for 60 minutes at 6500 rpm at this temperature before each 
DLS experiment. When this solution was diluted for measurements at lower concentration, another 1(X) jil of filtered 
huft'er was added with thevrnuge to the or 	sample, yielding a protein concentration of 504M. 

DLS measum'emcnits were performed using a 5 14.5 am wavelength argon ion laser operating at 180 MW and an 
L\ -Sf (Of) correlator. Thy temperature of the scattering cell and toluene bath during measuremenis was 19+/-0.3°C. 

DLS measurements of the autocorrelatmon function (g2) at both protein concentrations were performed for angles 
between 300 and 1050 in 50 increments. At each angle, five data sets each of five minutes duration were collected and 
each set analysed individually. Data analysis was performed using the ALV-800 transputer and ALV-50(X) software 
package by second order cumulant fitting, CONTIN fitting and inverse Laplace transform (ILT) (Beme & Pccora, 1976: 
Ostrowsky et. at., 1981; Provencher, 1982; Stepanek, 1993). All these methods were in agreement with each other, 
although the ILT method provided the most consistent analysis and results from this method arc presented here. The 
polydmspersmty index, V(Q)=Avg(decay rate2 )/(Avg(ciccay rate2 )-!), supplied by the ALV-5000 second order cumulant 
fitting was used to determine if a particular data set was affected by dust or noise. Sets with a polydispersity index of 
greater than 0. 12 were disregarded. 



The absolute scattering intensity average was also recorded for each data set and compared with measurements 
of the absolute scattering intensity at the same angle and laser power by the toluene bath. While the ratio of the two 
intensities should be constant, anomalies were occasionally observed due to extra scattering from the scattering cell. 
When this was observed, the data were discarded as heterodyne scattering could he occurring. As we wish to analyse 
homodyne scattering, heterodyne scattering would confuse the analysis process. 

The numerical results presented in this paper are from a set of four scattering angles between 550 and 70°. The 
numerical results below 50° and above 750 agree well with the presented data, however, the statistical variation due to 
the correlator electronics at large angles and extra correlation decays (Inc to dust at small angles were noticeable at 
these extreme angles. A it is technically difficult to completely eliminate these effects from influencing the analysis, 
the data from these extreme angles were left out of the final calculations. 
Hydrodynamic modelling of spheres and ellipsoids of revolution. 

Theory decrihes the relation of hydrodynamic parameters to molecular mass and shape (Haschemeyer & 
Haschcmeycr, 1973; Durschlag ei. al., 1996; Durschlag & Zipper, 1999). The relationship between sedimentation 
coefficient (5) and frictional coefficient 1) is 

f= M( l -Vp)i(NAs) 	 (5) 

where NA is Avogadro' number and M is the mass of the niacromolecule. 
The relationship between diffusion coefficient (D) and frictional coefficient is 

D=kT/f 	 (6) 

where k is Boltzmann's constant and T is the temperature (K). 
The frictional coefficient of an anhydrous sphere of radius r0  is 

o = 6irrr 
(7) 

where ii is the solvent viscosity in Poise. The frictional ratio (hf0) represents the deviation of the macromolecule from 
an anhydrous sphere which has f/f= 1.0. A typical protein hydration () lies between 0.2 to 0.4 g water / g protein and 
the frictional ratio can he expressed is the product of the frictional ratio due to hydration11hyd and clue to molecular 
asymmetry (fif0 )51. 	 - 

fil 	 ohyd = 	osh +6ivp) 113 	 (5) 

this allows the calculation off'/f 	at a range of assumed values of hydration. The OCR molecule was modelled as a 
prolate ellipsoid of revolution. Decrinniing an axial ratio (pi from (171osh is (lone using an equation originally derived 
hN,  Perrin for a prolate ellipsoid of iC\ olution Haschemeyer & Haschemeyer, 1973; Berne & Pecora, 1975; Durschlag 

i. at.. 1996; Durschlag & Zipper, I 9) 

(9) 

Fluorescence spectroscopy. 

Steady state fluorescence .spectroscopy measurements were performed on Perkin-Elmer LS50B or Edinburgh 
Instruments FS900 fluonmeters. The rotational diffusion coefficient of ocr was estimated using Perrin plots (Weber, 
1952, Weltman & Edelman. 1967; Lakowicz, 1999). ltM samples of ocr were prepared in 20mM Tris, 20mM NH4CI, 
6mM MgCN, 7mM -mcrcaptoethariol. pHS and glycerol added by weight to 0%, 30%, 60% and 90 w/w. The 
fluorescence ani.souopv ssi.s determined usnig an excitation wavelength of 295rim and emission at 350ni with 
slitwidths of 3.6nm and 5.6rini respeciiselv. The cuvette had a 101"m excitation pathlength and a 4mm emission 
pathlcngth. The anisotropy was determined as a function of temperature and glycerol by measuring fluorescence 
intensity with vertically polarised excitation and vertically or horizontally polarised emission and correcting for the 
iustruinerital 0 (actor. The 0 factor was measured with horizontally polarised excitation. The yiscosit\', i, of the 
solutions was determined front tabulated data on glyceroh/ssater solutions (Segur, 1953). The data were plotted as 
t/(anisotropy) against T/ll and fitted to two sets of straight lines, firstly assuming that the data collected at constant 
temperature and high values of T171 all had the same slope and, secondly, that data collected at constant glycerol had 
the same uoercept on the l/(anisotropv I axis. These data can he analysed in terms of two rotational times, one time for 
internal rotation of the fluorophore relative to the rest of the protein and the second time for overall tumbling of the 
protein. This analysis requires the fluorophore to he small relative to the rest of the protein, a situation which applies to 
tic tryptophan residue in ocr. An estimate of the extent of motion of the fluorophore can he also be made in this case. 

At constant temperature 

r/r.1  = /7(l+(T/q)5)) + l-/)iIl+(T/f))l 	 (10) 



where ra is the intrinsic anisotropy of the fllK)rophorc obtained from the intercept of the lines fined to constant glycerol 

concentration data,[is the fraction of anisotropy associated with slow rotation, t is the average fluorescence lifetime of 
the fluorophore, 0. is the rotational correlation time for the slow overall tumbling of the protein assuming it is spherical 

or the harmonic mean rotational correlation time it' it is not spherical, and Of  is the rotational correlation time for motion 
of the fluorophore relative to the rest of the protein. From the values of the intercepts of the constant temperature data, 
l/ri nt, one can calculate the degree of f'luorophorc wobbling within in a cone of semi-angle e at a particular 
temperature from 

I/rim (l/r 1).(2/(3cos2e -I}) 	 (II) 

The value of rotational correlation time. Os, for overall tumbling of the hydrated protein can be compared to that for a 
hydrated sphere of these mass and volume at a chosen pair of values for viscosity and temperature from the 
equation, 	 - 

sphere = I1V/kT 	 (12) 

Fluorescence lifetime measurements for the decaN of the emission from Trp94 of ocr were performed using an 
Edinburgh Instruments 199T spectrof]uorimeter. Excitation was at 295nm, bandwidth 20nm, with a hydrogen flashlamp 
operating at a repetition rate of 65kHz in 0.5 atmospheres of H2. Emission was collected through a 335nm cutoff filter.  
The sample was in a 10mm x 4mm cuvette in 20mM Iris, 0.3M NH4CI pH 8 buffer at approximately 124M 
concentration. Excitation was through the 4mm pathlength side of the cuvette. The lamp profile was collected at 29511ni 
using a dilute solution of Ludox colloidal silica suspension. The half-width of the lamp pulse was around 1.8ns. Data 
were fitted using multiexponentiai fitting procedures incorporating lamp profile deconvolution (Birch & Imhof, 1985). 

Quenching of tryptophan fluorescence was performed to estimate the degree of solvent exposure of this 

residue. Fluorescence was quenched by CsCI or KI in 40041 solutions of 0.0185mg/mI ocr protein in 20mM Tris, pH8 
at 200C. The ionic strength of the solutions was kept constant at 0.4M by adding NH4CI to each solution. The solutions 
containing KI were supplemented with 2n-LM Na2S203  to prevent the formation of the 13-ion. Each sample was excited 
at 295nm and emission measured at 350nm with 10mm and 2mm pathlengths respectively. The Stern-Volmer equation 
was used to fit the fluorescence intensity Eftink & Ghiron. 1981). The equation is 

F/Fo=fj/)l+KiQ) 	 (13) 

where the summation is over the jlUlllhCr of fluorescent species. i, F is the fluorescence intensity at quencher 
concentration Q, F0  is he fluorescence Intensity in the absence of quencher and K is the Stcrn-Volmer quenching 
constant 1,or coinponert 
Differential scanning calorimetry 

Proteins were desalted into  21 froM Tris, 20mM NH40, 6mM MgCli, p1-18 and their concentration determined 
by UV absorption. The samples were deoassed before loading 0.75m1 into VP-DSC microcalorimeter. The temperature 
was raised from 20°C to 100°C at a cani rate of 1°C per minute. Subsequent cooling and reheating of the samples gave 
the same denaturation profiles indicating a reversible folding transition. The data were analysed using the Origin 5.0 
program. 

Analytical gel filtration chromatography 

Analytical HPLC gel filtration chromatography was performed as described (Dryden el. al., 1997) using SOjtl 
of 20jiM ocr in 20mM Tris, 20niM 2-[N-mcrrpholinolethaflcsulphonic acid, 0.2M NH4CI, 10mM MgCl-), 0.1mM 
EDTA, SM GuCI, pH6.5. -mercaptocthantol, if present, was at a concentration of 7mM. Eluting proteins were detected 
by UV absorption at 280rnii and fluorescence emission at 350nm with excitation at 280 rim. 
Mass spectroscopy 

I OL 01 protein was desalted on an Applied Biosystems 130A Microhore Separation System with air aquapore 

RP-3(X) 30mm x 2.1 mm diameter mrcrohore column eluted at 0.2 ml/min with a 7 to 70% v/v gradient of acetonitrile in 
0. IL N Is tri fluoroacetic acid. 50tl of this desalted protein %k as mixed with 2(X)j.tl of 60% methanol in 1% v/v formic 
acid and infused hn syrnrge at a flow rate if 3Fl/minr into a Thermoquesi LCQ mass spectrometer. The spectra collected 
in frill scan mode were (lcconvolutcd iIiug BioExplui'e soft are. 

Ackowledgements 
We are grateful to the 	verliulmc Trust grant ("I I 58/13C) for providing finiding for this work and supporting 

S. Suirrock. C. Atanasiu was supponed by a Darwin Trust studentship and J. Blackstock by a summer studentship from 
the Wellcome Trust. H. McMikcn contributed to this work as part of her undergraduate degree. D. Dryden thanks the 
Royal Society for a University Research Fellowship. We also thank Professor Alan Cooper and Mr. Gordon Campbell 
)c;hrsgo\') for advice on calorimetry and assistance with ultracentrifugation experiments respectively, Dr. Andy 
Crnshaw (Edinburgh) for running the esms samples and Professor Steve Harding (Nottingham) for useful discussions 
concerning ellipsoidal modelling. Finally we thank Professor William Studier and Dr. Alan Rosenberg (Brookhaven 
National Laboratory) for generously supplying the ocr overexpression plasmids. 



References 
Bandyopadhay, P.K., Studier, F.W., Hamilton, D.L. & Yuan, R. (1985). Inhibition of the type I restriction-modification 
enzymes PcoB and EcoK by the gene 0.3 protein of hacteriophage-T7. J. Mo!. Biol. 182, 567-578 
Beger, RD., Balasubrainamian, S., Bennett S.E., Mosbaugh, D.W. & Bolton, P.H. (1995). Tertiary structure of uracil-
DNA glycosylase inhibitor protein. I. Biol. ('hem. 270, 16840-16847. 
Belogurov, A.A., & Delver, E . P. (1995). A motif conserved among the type I restriction-modification enzymes and 
antirestriction proteins: a possible basis for mechanism of action of plasmid-encoded antirestriction functions. Nucleic 
. 4icid,v Rev., 23, 785-787. 

Berne, B. & Pecora, R. (1976). Dynamic Light Scattering with applications to Chemistry, Biology and Physics.. John 
Wiley & Sons Inc., London. 

Bickle, T.A. & Kruger, D.H. (1993). Biology of DNA Restriction. Microbiol. Rev., 57, 434-450. 
Birch, D.J.S. & Imhof, R.E. (1985). Kinetic Interpretation of fluorescence decays. Anal. In.vtrum., 14,293-329. 
Cohn, E.J., & Edsall, J.T. (1943). Proteins, Amino Acids and Peptides as Ions and Dipolar Ions, Reinhold Publishing 
Corp., New York. 

David, R.W. & Hyman, R.W. (1971 . A study in evolution: the DNA base sequence homology between coliphage 77 
and T3. J. Mo!. Rio!., 62, 287-301. 

Dryden D. T. F., Sturrock S. S. and Winter M. (1995). Structural modelling of a type I DNA methyltransferase. Nature 
Struct. Rio!., 2, 632-635. 

Dryden, D.T.F., Cooper, L.P., Thorpe, P.H., Byron, 0. (1997). The in vitro assembly of the EcoKJ type I DNA 
restriction/modification enzyme and its in vivo implications. Biochemistry 36, 1065-1076. 
Dunn, J.J., Elzinga M., Mark, K.K. & Studier, F.W. (1981). Amino-acid-sequence of the gene 0.3 protein of 
hacteriophagc-'17 and nucleotide sequence of its inessenger-RNA. J. Rio!. Chem. 256, 2579-2585. 
Durchschlag H. & Zipper, P. (1999). Calculation of Structural Parameters from hydrodynamic data. Progress in Colloid 
& Polymer Science, 113, 87-105. 

Durchschlag, H., Zipper, P., Purr, G. & Jaenicke, R. (1996). Comparative studies of structural properties and 
conformational changes of proteins by analytical ultracentrifugation and other techniques. Co/bid & Polymer Science, 
274, 117-137. 

Eftink, M.R. & Ghiron, C.A. (1981). Fluorescence quenching studies with proteins. Anal. Biochem., 114, 199-227. 
Fujita, H. (1975). Foundations of Ultracentrifugal Analysis, Wiley, New York. 

Garcia, LR, & Molineux, I.J. (1995). Rate of translocation of bacteriophage T7 DNA across the membranes of 
fscherichia (0/i.]. Bacieriol., 177, 4066-4076. 

Hasehemever, R.H. & Haschemeyer. A.E.V. ( 1973). Proteins: a guide to study by physical and chemical methods. J. 
Wiley & Sons, New York. 

Hausmann R. (1988) The '17 group. In The Bacteriophages, vol. I. Plenum Press ed. R. Callendar, p259-289. New 
York. 

Hudson, E.N. & Weber, G. (1973). S\ nihesis and characterisation of two fluorescent sulphydryl reagents. Biochem. 12, 
4154-4161. 

Johnson, ML,, Correia, J.J., Yphaittis, D.A., & Halvorson, H.R. (1983), Analysis of data from the analytical 
ultracentrifuge by nonlinear least squares techniques. Biophv.s.....36, 575-588. 
Kim, 1-3., Deonier, R.C., & William,. J.W. (1977). The investigation of self association reactions by equilibrium 
ilu'aceriirifugation. Cliem. Rev., 77. n5'-)-690. 

Kucale, G.G. (1994). A symmetrical model for the domain structure of Type I DNA methyltransferases. .1. Mo!. Rio!., 
243, I-S. 

Kruger, D.H., Bickle, T.A. (1983). Bacteriophage Survival: Multiple mechanisms for avoiding the deoxyribonucleic 
acid restriction systems of their hosts. Microhjo/. Rev., 47, 345-360. 
Kruger, D,H., Hansen, S. & Reuter. M. 1983). The ocr+ gene function of bacteriophages T3 and T7 counteracts the 
Salmonella lvphimurium DNA restriction systems SA and SB. I. Virol., 45, 1147-1149. 
Kruger, D.H., Schroeder C., Hansen. S. & Rosenthal, H.A. (1977). Active protection by bacteriophages T3 and 
icainst. Leo/i B- and K-specific resinetion of their DNA. Mo/ec. Gen. Genet,, 153, 99-106. 
Kruger, D.H., Schroeder, C., Reuter. ....Bogdanna, 1G., Buryanov, Y.I. & Bickle, T.A. (1985). DNA rnethylatiou of 
bacterial vinises T3 and T7 by different methylases in Escherjchia co/i K 12 cells. Liii. .1. Biochem., 150, 323-330. 
I.akowici, J.R. ( 1999). Principles of fluorescence spectroscopy. 2nd. edition. Kluwer Academic I Plenum Publishers, 
New York. 

l.aue, TM., Shah, D.D., Ridgcwa\. TM., & Pelletier, S.L. (1992). Computer-aided interpretation of analytical 
sedinicntatiori data for proteins. In Analytical Ultracentrifugation in Biochemistry and Polymer Science (Harding, SE., 
Rowe, A.J., and Horton, J.C., Eds.) pp 90-125, Royal Society of Chemistry, Cambridge, UK. 

I .chrcr, S.S. (1997). Intramolecular pvrene excimer fluorescence: A probe of proximity and protein conforniational 
change. Meth. Enzymol., 278, 286-295. 

Mark, K-K. & Studier, F.W. (1981). Purification of the gene 0.3 protein of bacteophagc-T7, an inhibitor of the DNA 
restriction system of Escherichia co/i. I. Rio!. ('Item. 256, 2573-2578. 
Mermiagh, DR., Taylor, l.A., Kneale. G.G. (1998). Interaction of the type I methyltransferase M.EcoR 1241 with 
mixlmfied DNA substrates: sequence discrimination and base flipping. Biochem.,!,, 336, 719-725. 



Moffatt, B.A. & Studier, F.W. (1988). Entry of bacteriophage T7 DNA into the cell and escape from host restriction. .1 Bacteriol., 170, 2095-2105. 

Mol, CD., Arvai, AS., Sanderson, R.J., Slupphaug, G., Kavli, B., Krokan, 1-I.E., Moshaugh, D.W. & Tamer, J.A. 
(1995). Crystal-structure of human uracil-DNA glycosylase in complex with a protein inhibitor - protein mimicry 

of DNA. Cell 82, 701-708. 

Murray, N.E. Microbiol. (2000). Type I restriction systems: sophisticated molecular machines. 
Mol. Biol. Rev., 64, 412-434. 

O'Neill, M., Dryden, D.T.F., Murray, N.E. (1998). Localization of a protein-DNA interface by random mutagenesis. 
EMB01 17,7118-7127, 

Ostrowsky, N., Sorneite, D., Parker, P. & Pike, E.R. (1981), Exponential sampling method for light scattering 
polydispersi ty analysis . tcia Opt., 28, 1059-1070. 
Pace, C.N. & Schmidt, F.X. (1997). How to determine the molar absorbance Coefficient of a protein. In Protein 
structure; a practical approach. (Creighton, T.E. Ed.). IRL Press pp 253-259. Oxford. 
Pace, C.N. & Scholtz, J.M. (1997). Measuring the conformational stability of a protein. In Protein structure; a practical 
approach. (Creighton, T.E. Ed.). IRL Press pp 299-348. Oxford. 
Perkins, S.J. (1986). Protein volumes and hydration affects. Eur. J. Biochem., 157, 169-180. 
Philo, J.S. (1994). Measuring sedimentation, diffusion and molecular weights of small molecules by direct fitting of 
sedimentation velocity Concentration profiles. In Modern Analytical Ultracentrifugation (Schuster, T. M., and Lauc, T. 
M., Eds.) pp 156-170, Birkhauser, Boston, Basel, Berlin. 

Provencher, S.W. (1982). A constrained regularization method for inverting data represented by linear algebraic or 
integral equations. Computer Physics Comm., 27, 213-227. 
Putnam, CD., Shroyer, MJ.N., Lundquist, Al, Mol, CD., Arvai, A.S., Mosbaugh, D.W. & Tamer, J.A. (1999). 
Protein mimicry of DNA from crystal structures of the uracil-DNA glycosylase inhibitor protein and its complex with 
Escherichia coli uracil-DNA glycosylase. I. Mol. Biol., 287, 331-346. 
Roberts, R.J. & Cheng, X. (1998). Base flipping. Annu. Rev. Biochem., 67, 181-198. 
Rost, B. & Sander, C. (1993). Prediction of protein secondary structure at better than 70% accuracy. J. Mol. Biol. 232, 584-599. 

Rost, B. & Sander, C. (1994a). Combining evolutionary information and neural networks to predict protein secondary 
structure. Proteins, 19,55-72. 

Rust, B. & Sander, C. (1994b). Conservation and prediction of solvent accessibility in protein families. Proteins, 20, 216-226. 

Savva, R. & Pearl, L.H. (1995). Nucleotide mimicry in the crystal structure of the uracil-DNA glycosylase-nraci( 
glycosylase inhibitor protein complex. Nature Stuci. Biol., 2, 752-757. 
Scatchard C. (1946), Physical chemistry of protein solutions, I. Derivation of the equations for the osmotic pressure  J .  ,lm. ('hem. Soc., 68, 2315-2319, 

Segur, J.B. (1953). Physical properties of glycerol and its solutions. In Glycerol (Miner, C.S. & Dalton, N.N. eds) 
American Chemical Society monographs volume 117, pp 238-334. Reinhold Publishing Corp. New York. 
Stepanek, P. ( 1993). Data analysis in dynamic light scattering. 

Monographs on the Phvsjc,r and Chemistry of Materials, 49 
"Dynamic Light Scattering: The Method and Some Applications" Clarendon Press, Oxford. 177-240. 

still-rock 

Sturrock, S.S., Dryden, D.T.F. (1997). A prediction of the amino acids and structures involved in DNA recognition by 
type I DNA restriction and modification enzymes Nucleic Acids Rev. 25, 3408-3414. 
Taylor, IA., Davis, KG., Watts, D., Kneale, G.G. (1994). DNA binding induces a major structural transition in a type I 
methyltransfcrasc 1-_'MB0 J. 13, 5772-5778 
Weber, C. ( 1952), Polarisation of the fluorescence of macromolecules, I. Theory and experimental method Biochem. .1 51, 145-155. 

Wellman, J.K. & Edeimari, G.M. (1967). Fluorescence polarization of human 	-immunoglohulins Bioc/ic'm., 6. 1437- 1447. 

Willock, D.F., Dryden. G.T.E. & Murray, N.E. (1994). A mutational analysis of the 2 motifs common to ade meIhyltransfcras 	EMBO .1., 13, 3902-3908 	
rnnie 

 
Wilson, G.G., Murray, N.E. (1991). Restriction and Modification Systems. Annu. Rec. Genet., 25, 585-627. Wim, 

C.W., Yarbrough, L.R. & Wu, F. Y.H. (1976). N-t I -Pyrene)malci inide: a fluorescent cross-linking reagent. 
Bio('hc'nl., 15, 2863-2565 

Figure Legends 
Figure 1. 

The type I R/M enzyme (oval) normally hinds to DNA (long rectangle) and recognises its DNA target sequence. If,  thi s  
sequence is unmethylated on both strands then the restriction reaction is triggered resulting in the cleavage of the DNA 
The presence of the ocr protein (small rectangle) prevents DNA binding by the enzyme and the DNA is not cleaved. 
Figure 2. 

The amino acid sequence of [he ocr protein and the predicted secondary structure apart from the C-terminal end which 
has a biased amino acid composition making structure prediction unreliable. Helices and strands are indicated by H and 
B respectively and the reliability of the prediction is indicated residue by residue with 9 being most reliable. Predictions 



of whether a residue is buried (h) or expesed (e) to solvent are also given. The locations of the amino acids selected for 
substitution with cysteinc have a placed above them. The N-terminal mcthioinc has been removed 
Figure 3a. 

Reciprocal of apparent whole-cell weight average molecular mass of wild type ocr (A) acquired at 25,000 rpm and the 
truncated ocr with only the first 99 aa o) at 25,000 rpm and (•) 32,0(X) rpm respectively as a function of loading 
concentration in sedimentation equilibrium studies. Least-squares fits to the data yield values for the whole-cell weight 
average molecular mass at infinite dilution of M°wapp 29.4 ± 0.3 kDa for wild type ocr at 25,000 rpm (---) and 

= 24.7 ± 0.2 kDa and 23.9 ± 0.2 kDa for the truncated ocr at 25,000 rpm (-) and 32,000 rpm (--) 
respectively. The gradients of these fits yield the second virial coefficient (see text). 
Figure 3k 

Apparent weight-average sedimentation coefficient as a function of loading concentration in sedimentation velocity 
studies for wild type ocr (0) and truncated 99 aa ocr (o). Extrapolation to infinite dilution of the least-squares fit to 
these data yields sedimentation coefficients of 2.5 ± 0.1 S and 2.2 ± 0.1 S respectively. 
Figure 4. 	 - 

Homodyne autocorrelauion functions of representative ocr dynamic light scattering data sets taken at a scattering angle 
of 600.  The data clearl\ depict a single decay process free from dust and other particulate contamination. 
Figure 5. 

Variation of the anisotropy of tryptophan emission as a function of temperature and viscosity. Data collected at the 
same temperature have the same symbol ( A, 45 °C;•, 35 °C; U, 25 °C; •, 15 °C; o, 10 °C) and are fitted to a set of 
parallel lines with intercepts l/r 0 t on the y axis. Points collected at the same glycerol concentration (90%, 60%, 30% 
and 0% from left to right) are joined point to point. Extrapolation of all sets of constant glycerol data to one fixed 
intercept on the y axis gives the value of l/ra, the intrinsic anisotropy of the fluorophore. 
Figure 6. 

Stern-Volmer plot of the fluorescence quenching of wild type ocr by Cs+ (0) and 1 (•) at a constant ionic strength of 
0.4M. The Cs+ data were fitted to a two-component quenching mechanism and the V data to a one component 
mechanism. 
Figure 7. 

HPLC denaturing gel filtration for the N4C and S68C mutant proteins. In the absence (top trace) of -mcrcapoethanol, 
the S68C protein elutes in a single peak characteristic of the unfolded protein monomer. The protein containing the 

N4C substitution elutes as two peaks in the absence of -mercaptoccthanol (bottom trace), corresponding to unfolded 
monomer and unfolded dumer joined covalen tly by a disulphide bond, and predominantly as a single peak in the 
Presence of the reducnig went (middle trace), Elution was monitored at 280 rim. 
Figure 8. 
Norma Ii .sed pre ne em is ni spectra 1-or  c hem cal I y- modi lied ocr containing the N4C and S68C substitutions compared 
to one of the other mutant proteins, N43('. All pyrene-modufied mutant proteins except N4C and S68C gave the same 
emIuiuri spectra. The presence of a hi'oad emission band at long wavelengths for the N4C and S68C proteins indicates 
the tonnation of an exclnicr due to close proximity of the two pvrene moities across the monomer-monomer interface in the ocr clinier, 
Figure 9. 

'File size and asyninleir\ predicted for ocr. with a hydration of O.3g/g, by hydrodynamic and light scattering 
rneasui'emeut.s is shown as an vel low ellipsoid of axial ratio 4.3:1 superimposed on top of the structural model of the 
melh\ liranslerase core of a type I RIM enzyme. This model contains partial structures of two M subunits (blue 
space) ml line) and one S subunit (urey spacefi fling) hound to 24 base pairs of DNA (red wireframe). It is apparent from 
these \ ie 	thai the ocr is approximately the correct width and length to fill the DNA binding site of the 
meth hransl'ei-ase, a, front view: h, top view. 
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