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ABSTRACT

Colum n chrom atography of M. methylotrophus extracts revealed  the  
p resen ce  of two restriction en d o n u cleases , Mme\  and MmeW. Mm e\ was active  
against DNA from  norm al E. coll s tra ins , but M m ell could only c leave DNA  
from  dam~  s trains.

A g enera l com puter m ethod was developed for determ in ing  restriction  
enzym e recognition seq u en ces , and was successfully applied to the M. 
methylotrophus enzym es. M m el recogn izes the novel sequence 5 '-T C C P u A C -3 ',  
and M m ell the sequence 5 -G A T C -3 ',  the sam e as that recognized  by the dam  
m ethylase of E. co ll ,  and several o ther restriction enzym es, including SauSA. 
The recognition  sequence of M m el was confirm ed by com paring  the c leavage  
patterns it produced with sequenced DNAs (€>X174, SV40, M 13) with those 
predicted and sim ulated by com puter. The p artia lly -p u rified  preparation  of 
M m el used always gave incom plete d igestion.

Mutants lacking M m ell activity (m m eB ~)  w ere iso la ted , and shown to be 
about one thousand-fo ld  better recip ien ts  of unm odified RP4 than w ild -typ e  M . 
methylotrophus. A test for dam  m éthylation in E. coll  using this m utant was 
devised. An unusual Tn5 m utant. C B M 22. was isolated while screen ing  for 
m m e S ::T n 5  m utants. This strain was shown to lack an endonuclease  active  
against dam ^  DNA which M. methylotrophus possesses, probably M m el, but 
conclusive proof that the m issing activity was M m el was not obtained . The  
m utant a lle le  in C BM 22 was designated endA: \ J n 5 .  a fte r the strain was shown 
to be m m e S ^ , CBM 22 appears  to be a m utator strain: enhanced  m utation  
rates to trim ethoprim , te tracycline  and nalidixic acid res is tance w ere observed. 
The m utator phenotype was exploited to aid in the construction of endA mmeB  
double m utants.

A quantitative com parison of the in vivo restriction  profiles of endonuclease  
m utants was carried  out using filte r m ating. U nder this reg im e , endA 
restriction In vivo was not d etectab le .
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ABBREVIATIONS.

N ucleo tides. (U sed  when discussing com puter o u tp u t.)

X
Y
N
1
9
2
8

or Pu 
or Py

Purine  
Pyrim idine  
A , 0 ,  G or T 
A or C 
G or T 
G or C 
A or T

Antib iotics.

Ap
Km
Nal
Rif
Sm
Tc
Tp

M iscellaneous,

am picillin
kanam ycin
nalidixic acid
rifam picin
streptom ycin
te tracycline
trim ethoprim

R /M  
w. t.
RT
O /N
SDS
bp
kb
EtBr
A m S O *
S m S O *
AdoM et

restriction /  m odification  
wild type
room tem peratu re  
overnight
sodium  dodecyl sulphate  
base p a ir (s )  
k ilo b ase (s )  
ethldlum  brom ide  
am m onium  sulphate  
streptom ycin sulphate  
S -ad en o sy l m ethionine



1 . M E P ( A A..JM P R E A  G E N T S .

M edia and reagents a re  sterilized by autoclaving for 15 m in. at 15 p . s . i ,

1 . 1 .  METHYLOTROPH M EDIA.

1 . 1 . 1 .  A S l salts (4x ) .

To m ake I I :  dissolve N a H g P O ^ 'Z H g O , 5 . 6 g and K g H P O *. 7 . 6 g  in 0.81 

sterile  w ater, then add ( N H a l g S O * .  7. 2g and stir well to dissolve com pletely. 

Add slowly, with s tirring , a 100m l solution of M gS O * ( 0 . 8 g ) .  Make up to I I  

with s terile  w ater. Adjust pH to 6 . 8 , if necessary.

1 . 1 . 2 .  A S l trace  e lem ents (xl OOO) .

To m ake I I :  C u S O a . S H g O ,  0 . 0 2 g ;  Mn S 0 4 . 4 H 2 0 , O . Ol g ;  ZnS 0 4 . 7 H 2 0 : 

G aC O g, 1 . 8 g ;  1M MCI, 3 6 . 6 m l :  m ake up to I I  with w ater.

1 . 1 . 3 .  A S l m inim al m edium .

To m ake I I :  750m l w ater; 250m l 4x A S l salts; 9m l C H gO H ; 1 ml lOOOx 

trace  e lem ents .

1 . 1 . 4 .  A S l m inim al aoar.

To m ake 400m l: 300m l molten DIfco Bacto ag ar ( 7 g /3 0 0 m l) ;  100m l 4x A S l



salts 3 , 6 m l  CHgOH; 0 . 4 m l  lOOOx trace  e lem ents .

1 . 1 . 5 .  - 7 0 * 0  storage m edium .

N . B .  M. methylotrophus strains are  viable for no m ore than 14 days on 

plates a t 4 * 0 :  it is there fo re  convenient to m aintain  stock cultures at - 7 0 * 0 .  

This is achieved by growing a 0 . 8 m l  overnight cu lture of the strain  in a 1 . 8ml  

scre w -c a p p e d  polypropylene vial ( N u n c ) .  0 . 8 m l  of 20%  glycerol in w ater is 

ad d ed , and the vial frozen and stored at - 7 0 * 0 .  S trains kept in this way are  

viable fo r at least 3 years.

1 , 2 , E. OQL/ MEDIA.-

1 . 2 . 1 .  L broth ( LB) .

To m ake I I :  bactotryptone. lO g; yeast extract. 5g; NaO I. 5g; g lucose, 

Ig .  Adjust pH to 7 .0  with 5N NaO H. For X grow th, add M gS O * to a final 

concentration  of lO m M .

1 . 2 . 2 .  2x veast trvotone (2x  Y T ) .

To m ake I I :  bactotryptone, 16g; yeast extract, lO g; NaO I, 5g.

1 . 2 . 3 .  M9 salts ( 5 x ) .

To m ake II :  N a g H P O *, 30g ; K H g P O * ,  15g; NaO I, 2 . 5g;  N H 4 OI, 5g; 

after autoclaving , add 5ml IM  M gS0 4  and 5m l 0 . IM  OaOlg-



1 . 2 . 4 .  M9 m inim al m edium  ( M M ) .

To m ake 11: 800m l w ater; 200m l 5x M 9 salts; 10ml 20%  glucose.

1 . 2 . 5 .  L ao ar ( L A ) .

As L broth but without g lucose and solidified by adding l Og/ l  of Oxoid No. 

1 ag ar prior to autoclaving.

1 . 2 . 6 .  BBL aoar.

To m ake I I :  trypticase (B a ltim o re  B iological L a b s .) lO g; N aC I. 5g; Oxoid 

No. 1 a g a r, lO g. For X growth, add M g S O * to a final concentration  of 

lO m M .

1 . 2 . 7 .  P I ao ar.

As BBL ag a r, except that 1 0 ml of IM  CaClg a re  added after autoclaving.

1 . 2 . 8 .  M9 m inim al aoar ( M A ) .

As M9 m inim al m edium , but solidified with l Og / l  Oxoid No. 1 ag ar.

1 . 2 . 9 .  W ater too ao ar ( W A ) .

DIfco Bacto a g a r, 6 . 5 g /l .

1 . 2 . 1 0 .  BBL too aoar.



As BBL ag a r, but with 6 . 5 g / l  DIfco Bacto ag ar Instead of the Oxoid a g ar.

1 . 2 .  n  . Stab m edium .

L broth solidified with 6 . 5 g / l  Difco Bacto ag ar and Including 2 0 /ig /m l  

cysteine and 4 0 /ig /m l thym ine. Stab vials contain ing 1 . 2 ml  of stab m edium  

are  inoculated with fresh cells  using a s terile  w ire and sealed  by wrapping  

N escofilm  (N ippon  Shoji Kaisha) around the tops to prevent evaporation .

S torage is at room tem p eratu re .

1 . 2 . 1 2 .  P I adsorption m edium .

To m ake 1 0 0 ml: 1 0 ml LB; 1 ml IM  C a C lg : 89m l w ater.

1 . 2 . 1 3 .  X q  plates.

25m l MA plates (+  nutritional supplem ents if requ ired ) overlaid  with 2 . 5 m l  

WA containing lO /il lOOmM IPTG (in  w a te r ) .  2 0 # l 2% ( w / v )  Xg ( in 

dim ethylform am ide) plus transfected  cells  (s e e  M E T H O D S ).

Xg = 5 -B ro m o -4 -c h lo ro -3 - in d o ly l- ;S -D -g a la c to s id e .

IPTG = ls o p ro p y l-/? -D -th lo -g a lac to p yran o s ld e . (So lu tions of the above stored at 

- 2 0 * 0 . )

1 . 3 .  BUFFERS.

1 . 3 . 1 .  Phaoe buffer (<D B ) .

To m ake I I :  K H gP O ^, 3g; N a g H P O ^ , 7g; NaO I, 5g; a fte r autoclaving add



IM  M g S O ^ , 1 ml: 0 . IM  C a C lg . 1m l; 1% g e la tin e , 1 ml.

1 . 3 . 2 .  P I storage buffer.

20m M  Tris. HCI (p H  7 . 2 ) ;  lO m M  M g S O ^ ; 1% ( w / v )  am m onium  ace ta te . 

(W a lk e r and A nderson, 1970)

1 . 3 . 3 .  TE buffer.

lO m M  Tris . HCI (p H  8 . 0 ) ;  Im M  EDTA.

1 . 3 . 4 .  T r is -a c e ta te  buffer ( T A ) .

40m M  Tris; 20m M  C H gC O O N a; Im M  EDTA; adjust pH to 8 .2  with g lacial 

acetic  acid .

1 . 3 . 5 .  A oarose ael loading buffer.

lOm M  Tris. HCI (p H  7 , 5 ) ;  20m M  EDTA; 10% g lycerol; 0 . 0 1 %  brom ophenol 

blue, 2 m g /m l agarose . A fter m elting the agarose mixture at 1 0 0 * 0 ,  allow to 

set, and convert the slurry to a smooth em ulsion by repeated ly  passaging it 

through a hypoderm ic syringe. S tore at 4 * 0 .

1 . 3 . 6 .  T r is -b o ra te  EDTA buffer ( T B E ) .

90m M  Tris . HOI (p H  8 . 3 ) ;  90m M  borate; 2. 5mM EDTA.

1 . 3 . 7 .  Polvacrvlam ide gel loading buffer.



20%  F icoll; 0 . 0 2 5 %  brom ophenol blue In 0 . 5x TBE.

1 . 3 . 8 .  T4  DNA lioase buffer ( l Ox ) .

660m M  Tris. HCI (p H  7 . 5 ) ;  6 6 mM IVIgClg: lOOmM DTT. (R ecom m ended  

by Bethesda R esearch Laboratories , Inc. )

1 . 3 . 9 .  Extract buffer ( E B ) .

lO m M  K2 H P O 4 -K H 2 PO 4 pH 7 . 0 ;  7m M jg -m e rc a p to e th a n o l; Im M  EDTA; 

10% ( v / v )  g lycero l. For long term  storage of co lum ns, Im M  NaNg was 

Included. (G re e n e  et al. , 1978)

1 . 3 . 1 0 .  S torage buffer ( S B ) .

lO m M  K 2 H PO 4 -K H 2 PO 4 pH 7 . 0 ;  7m M /3 -m ercap to e th an o l; Im M  EDTA; 

50%  ( v / v )  g lycero l. (G re e n e  et al.  , 1978)

1 . 3 . 1 1 .  6 6 6  buffer.

6 mM Tris . HCI (p H  7 . 5 ) ;  6 mM M g C lg : 6 mM /8 -m e rc a p to e th a n o l.

1 . 3 . 1 2 .  P ronase buffer.

20m M  T rIs .H G I (p H  7 . 5 ) ;  0.  I M  N aC I; Im M  EDTA; 0 . 0 0 2 %  Triton X -1 0 0 ,

1 . 4 .  MISCELLANEOUS SOLUTIONS.



1 . 4 . 1 .  Lvsis solution.

25m M  Tris. HCI (p H  8 . 0 ) ;  lO m M  EDTA (p H  8 . 0 ) ;  50m M  g lucose. Add 

lysozyme to 1 m g /m l im m ediately before use. (A dapted  from  Ish -H orow icz and  

Burke, 1981)

1 . 4 . 2 .  A lkaline SDS solution.

N aO H , 0 . 2 N ;  SDS, 1%. Always m ake up fresh . (A dap ted  from  

Ish -H o ro w icz  and Burke, 1981)

1 . 4 . 3 .  "5M" acetate  solution.

Mix equal volum es of 3M CHgCOOK and 2M CHgCO O H. pH should be ca, 

4 ,8  (A dapted  from Ish -H orow icz and Burke, 1981)

1 . 4 . 4 .  CsCI solutions for block grad ien ts.

Stock solutions a re  m ade by com bining 65%  CsCI ( w / w )  In w ater with ^  

buffer in the following proportions:

1 . 7 g / m l  CsCI = 4 . 6 6 m l  65%  CsCI + 2 .0 0 m l <I> buffer,

1. 5 g /m l CsCI = 2 . 2 2 m l  65%  CsCI + 1 . 7 8 ml  $  buffer,

1. 3 g /m l CsCI = 1 . 3 3 ml  65%  CsCI + 2 . 1 1 m l  (%> buffer.

1 . 4 . 5 .  30%  acrv lam ide solution.

A cry lam ide, 8 . 7g; b is -ac ry lam id e  0. 3g; m ade up to 30m l with deionised  

w ater. S tore in a fo il-co vered  bottle at 4®C.



2.  A N T I B I O T I C S .

Levels of antib iotics used for M. methylotrophus a re  genera lly  d ifferent from  

those used for E. coll. Stock solutions a re  m ade up in s terile  w ater, and at 

lOOx the final concentration  required for E. co ll .  except w here otherw ise  

ind icated . S torage is at 4 * C .  The final concen tra tions  used for both species  

are  tabu lated  below in / ig /m l.

E. coll M. methylotrophus Com m ents

Ap TOO 1 0 0

Km 25 1 0

Nal 25 50 Sodium salt

Rif 50 5 Dissolve in 0. 2M HCI

Sm 1 0 0 1 0 0
P

For chrom osom al Sm

Sm 10 1 0 For plasm id S m ^

Tc 1 0 2. 5

Tp 15 150 Lactate form
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3. M E T H O D S .

3. 1. IN  VIVO  M ETHODS.

3 . 1 . 1 .  Plate m atings.

This was the m ethod of cho ice  for the routine in te r -  or in trageneric  

transfer of conjugative plasm ids such as RP4 and R751 ( Datta et al.  , 1977; 

Jobanputra and D a tta , 1 974 ) .  For m atings involving M . methylotrophus. it was 

found essential to use fresh ce lls ; in m atings between E. coll s tra ins, 

however, cells  from  plates up to two m onths old could be used successfully. 

Plates w ere prepared  selective for the transcon jugant and contraselective  for the 

donor and rec ip ien t strains. One half of the plate was spread with 50/i\ of a 

thick suspension (c .  1 0  ̂ c e lls /m l)  of e ith er parent. W hen dry, a w ire loop 

inoculated with cells  of the other paren t was streaked from  the c e ll- fre e  half of 

the plate into the lawn of cells  on the other half. A fter O /N  incubation, 

growth of transconjugants should be evident only at the in tersection of the two 

strains; lack of growth anyw here else acts as a contro l, indicating that neither 

parent a lone can grow on the plate. Transconjugants w ere purified tw ice on 

plates of the sam e type before further ch aracteriza tio n . S om etim es, the  

method was varied slightly in that aliquots of a parent strain liquid cu lture w ere  

dropped onto a lawn of the o ther paren t -  the princip le is the sam e. It was 

often found convenient to perform  several m atings on the sam e p late.

3 . 1 . 2 .  F ilter m atinos.
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For chrom osom e m obilization and quantitative estim ation of plasm id transfer

freq u en c ies , m atings w ere perform ed without selection  on n itrocellu lose filters

(S arto riu s  m ebran filte rs , 0.45/Ltm pore size, 25m m  d ia m e te r). The filter was 
A

placed on a sintered plate attached to a B uchner flask, allowing suction to be 

applied  via a w ater pum p. Usually , 0 . 5 m l  of each  parent (fro m  saturated O /N  

cu ltu res) w ere m ixed, and applied to the filter. G entle  suction was applied to 

draw  off the fluid. The filter was rem oved using fine forceps and p laced on 

the surface  of a n o n -se lec tive  ag ar p late. M ating was allowed to proceed at 

3 0 *C  or 3 7 * C ,  w here ap p ro p ria te , for at least two hours for plasm id transfer, 

or at least sixteen hours for chrom osom e m obilization. A fter m ating , filters  

w ere tran sferred  to Universal g lass bottles contain ing 5ml of M9 or A S l salts, 

depending  on the rec ip ien t. V igorous vortexing was applied to resuspend the  

cells  and break up the m ating pairs . D ilutions w ere plated out on 

n o n -s e le c tiv e  m edia to obtain viable counts, and on selective p lates to obtain  

transcon jugants . Control filters with donor only and rec ip ien t only cells  w ere  

always included.

3 . 1 . 3 .  Replica p la tin a /m a tin a .

It is often desirab le  to screen  hundreds of individual c lones for various  

properties such as drug res is tan ce , etc . A convenient way of achieving this is 

by rep lica  plating. The orig inal protocol for rep lica  plating utilized velvet pads 

as a printing m edium ; how ever, I have found It convenient to use W hatm an  

No. 1 filters for this purpose. In e ither c a s e , a m aster p late contain ing  

approxim ately 1 0 0 -3 0 0  w e ll-s e p a ra te d  colonies or 5 0 -1 0 0  patches m anually  

prepared  using a suitable grid was utilized. A standard rep licating  block was 

set up In the following way: th ree  9 . 0 c m  d iam eter filters w ere p laced on the  

block and covered with a single 1 2 . 5 c m  d iam eter filter. The locking ring was
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then put o n , ca re  being taken to avoid wrinkling the filters . The surface of 

the filte r assem bly was flam ed briefly before use to reduce contam ination . The  

m aster p late was applied to the block, avoiding a ir bubbles and sm udging. A 

re fe re n c e  m ark was m ade on the rim of the m aster p late to ind icate  orientation  

before m aking prints on the re levant test p la tes , which w ere then sim ilarly  

m arked . It was found that the m aster plate would be reg en era ted  If Incubated  

along with the other p lates, so no d irect copy was necessary. Up to five print 

plates could be m ade of each m aster using this techn ique. R eplica mating is 

a slight variation of the m ethod in which the m aster p late contains one paren t 

stra in , and the print p lates a re  coated with a lawn of the other parent strain  

prior to rep lica ting . In this work, rep lica  m ating was extensively used in the  

isolation of M . methylotrophus m utants ( . q . v . ) ,

3 . 1 . 4 .  Transform ation  of E. coli.

Plasm id DNA m olecules and phage genom es can be introduced into E. coli  

cells  by a process known as transform ation . U nlike, for exam ple.

Pneumococcus  sp ec ies , E. coll Is not naturally com petent to take up DNA  

m olecu les . T h ere  is a technique consisting of treating  cells  with calcium  

ch lo ride  which m akes a certa in  proportion of the population com peten t, and it 

is this one which is outlined below. ( N . J .  G rin te r, pers. c o m m . )  S terile  

plastic apparatus Is used throughout, as calc ium  treated  cells  a re  easily  lysed 

by tra c e  am ounts of detergen t present In laboratory g lassw are . A fresh O /N  of 

the strain was diluted 1 /2 0  in 10ml LB, and grown at 3 7 * C  until cell density  

reached  2 x 1 0 8 / m l  -  usually 100 '. The cu lture was rapidly ch illed  on ice , 

and cells  pelleted at 4 * C .  The pellet was resuspended in 10ml cold lOOmM  

CaClg and spun again  at 4 * 0 .  This tim e, the cells  w ere resuspended in 5ml 

cold lOOmM G aC lj and left on Ice for 20 ' before centrifugation . F inally , the
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pelle t was resuspended in 0 . 5 m l  cold IGOmM C a C lj .  The cells  w ere now 

co m p eten t, and could be stored on Ice for up to 24 hours. 1 volum e of DNA 

was added to 2 volum es of cells  -  usually 0 . 1 m l  DNA In TE to 0 . 2 m l  cells  -  

and heat shocked at 4 2 * C  in a w ater bath for 2 '.  The cells  w ere left on ice  

for 1 hour, then 9 volum es of LB added -  usually 2. 7ml -  and the cells  

incubated with gentle aeration  for at least 1 hour to allow  the DNA taken up to 

express its genes. D ilutions w ere plated out on the re levant selective m edia. 

A lternatively , for M 13m p7 DNA transform ation (" tra n s fe c tio n " ), a fte r one hour 

on ice , 0 . 2 m l  transfected  cells  (J M 1 0 1 ) w ere added to the WA top layer mix 

described  above ( 1 . 2 . 1 3 . )  at  4 2 * C ,  before being poured im m ediately onto MA 

plates supplem ented with th iam ine.

3 . 1 . 5 .  P I Ivsates.

B efore using P ik e  to transduce m arkers , it is necessary to m ake a lysate 

of the appropria te  donor stra in . U nfortunately, P ik e  form s very sm all plaques  

on E. coli and lysates are  som etim es difficult to titre. For p late lysates, thick 

(5 0 m l) L a g a r plates contain ing lO m M  CaClg w ere p repared . These  plates  

w ere not d ried , and w ere used w here possible on the sam e day. The  

rec ip ien t strain  was grown to late log p hase, about 8  x 108 c e lls /m l, in LB + 

lO m M  CaClg 105 -  iqs P lk c  phage w ere mixed with 0 . 2 ml aliquots of the  

culture and allowed to adsorb for 2 5 '. 2 .5  -  3 . 0 m l  of BBL top ag ar + lOm M  

C a C l2 w ere added to each  mixture and the suspension poured onto a 

p re -w a rm e d  p late. A fter 8  -  10 hours (o r  O / N )  Incubation , com plete  lysis 

was usually evident. The lysate was transferred  from the surface of the ag ar  

using a glass sp read er Into a Universal co n ta in er. A few drops of chloroform  

w ere ad d ed , and the lysate vortexed vigorously for at least 30 seconds, to lyse 

and kill rem ain ing  ce lls . The lysate was p laced on Ice for 3 0 ' to solidify ag ar
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partic les . It was found best to rem ove cell debris and ag ar fragm ents by 

spinning the lysate at 1 8 ,0 0 0  rpm for 10 ' at 4®C.  The supernatant was 

rem oved and dilute tenfold In P I storage buffer. The lysate was titred on any 

conven ien t P l-s e n s it iv e  strain using P I ag ar p lates and CaClg supplem ented  

BBL top a g ar. T itres from  1 0  ̂ -  l O i i  p fu /m l w ere usually obta ined .

3 . 1 . 6 .  P I transduction.

G en era lized  transduction by phage P lk c  is an im portant techn ique for strain  

construction in E. coli.  The procedure  described  here is derived from  Lennox 

( 1 9 5 5 ) .  The rec ip ien t strain was grown to log phase (a b o u t 2  -  3 x 108 

c e lls /m l)  in LB. Cells  w ere pelleted and concen trated  10 -fo ld  by resuspension  

in P I adsorption m edium . Enough P I lysate was added to give an m . o . i .  of 

0 . 0 1  -  0 . 1 ,  and the volum e m ade up to 1ml with P IA M . Phage w ere allowed  

to adsorb by incubating the mixture without shaking for 2 5 ' at 3 7 * C .  20 /il of

50%  sodium  c itra te  w ere added and the cells  spun down at RT. The pellet

was resuspended in 10ml LB with 1% sodium  c itra te  and incubated at 3 7 * 0  for

at least 1 hour to allow expression of the transduced genes . Dilutions w ere  

plated out on the re levant selective m ed ia. N . B . ,  if the selective gene was

o
rpsL (S m  ) ,  the pellet was suspended in 25m l LB and incubated O /N  to allow

p
full expression of the Sm phenotype, before plating out.

3 . 1 . 7 .  Detection of plasm id restriction in M. methvlotrophus.

W ild -typ e  M. methylotrophus  produces a restriction  en d o n u c lease , /Vfmell, 

which recogn izes the sequence 5 -G A T C -3 '.  The sam e sequence Is also  

recognized  by the dam  m ethylase of E. coll.  A rep lica  m ating techn ique was 

devised to allow  d iscrim ination between M . methylotrophus strains producing
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MmeW (m m eB ^ )  and m utant strains lacking the enzym e ( m m e B ~ ) . The m aster  

plate consisted of isolated colonies or gridded patches of the M . methylotrophus 

clones to be tested. Two an tib io tic -su p p lem en ted  AS1 ag ar p lates appropria te  

to the plasm id In use ( i . e .  , Km or To for RP4: Tp for R751 ; Sm for S -a )

w ere  p rep ared . One was coated with a 0 . 1 m l  lawn of a dam ~ E. coll donor

strain and the other with a s im ilar lawn of the equivalent dam ^  s tra in . The  

m aster p late was rep lica  plated first on to the dam ~  p late and then on to the  

dam ^  p late . A fter 24 -  36 hours incubation , the plates could be read . Those  

M. methylotrophus  c lones that w ere m m eB *  restricted  incom ing plasm id DNA  

which lacked dam  m éthylation, and w ere thus very poor rec ip ien ts  of DNA from  

a dam ~  donor. C onversely, mmeB~  c lones did not res tric t unm ethylated DNA. 

and so w ere e ffic ien t rec ip ien ts , giving rise to a patch of growth of R^ 

rec ip ien ts  on the first print p late. All c lones on the m aster p late gave rise to

patches of growth on the second print p late , s ince the plasm id DNA transferred

in this case  was protected against MmeW restric tion .

A nother en d o n u c lease , M m e\.  which recogn izes the sequence  

5 '-T C C P u A C -3 ',  is produced by M . methylotrophus. The Isolation of a 

probable  M m e\~  m utant (C B M 2 2 ) was achieved using the following in vivo 

assay. Patches or co lonies of M. methylotrophus  to be tested w ere rep lica  

plated onto a lawn of E. coll  donor, e . g . ,  CB 12 i d a m ^ , RP4) p re -s p re a d  on 

an AST plate supplem ented with an appropria te  an tib io tic , e . g . ,  Tc . A reas of 

growth which appeared  after 24 -  36 hours w ere  of two c learly  d istinguishable  

types: the putative M m e\~  m utant CBM 22 produced patches 5 - 1 0  tim es as 

dense as M m e *  strains. At first, this phenotype was taken to be evidence of 

in vivo res tric tion , but la ter work (s e e  Results 4 . 4 . )  suggesting that CBM 22  

may be a m utator strain cast som e doubt on this in terpretation .
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3 . 1 . 8 .  Isolation of a mmoB  m utant induced bv UV lioht.

0. Im i aliquots of dilutions of the U V -m u tag en ized  O /N  culture w ere plated  

out on AS1 ag ar. A fter 48 hours grow th , the five 10  ̂ dilution plates with a 

total of ca . 3600  co lonies w ere selected  for sc reen in g . These w ere  rep lica  

m ated onto a 50 /il lawn of CB10 (d a m " , contains RP4) on AS1 a g a r + Km 

plates. A fter 36 hours incubation , one positive s ignal -  a patch of growth on 

one rep lica  plate -  was detec ted . The a re a  on the m aster p late corresponding  

to the positive signal contained  25 co lon ies. These  w ere picked with a sterile  

wire and patched onto a grid p iate for further s c reen in g . This was again  

perform ed by rep lica  m ating sim ilar to that just d escrib ed . One patch proved  

positive, and was purified by streaking for s ing le  co lon ies th ree  tim es. The  

strain thus derived was designated  C B M 13. In vitro analysis of cell extracts  

la ter showed that the strain produced no de tec tab le  M m ell activity.

3 . 1 . 9 .  An in vivo test for dam  m ethvlation.

The availab ility  of m m oB *  and mmeB~  strains of M . methylotrophus m ade  

possible a sim ple and specific  in vivo test for dam  m éthylation. This was used 

extensively to aid in the construction of dam  s tra ins by P I transduction.

C lones to be tested for dam  m éthylation w ere patched out in a grid pattern on 

50m l p lates supplem ented with an antib iotic ap p ro p ria te  for the resident 

plasm id. A fter O /N  grow th, each  plate was rep lica  m ated onto two

an tib io tic -su p p lem en ted  AS1 ag ar p lates, the first overlaid  with a 0. 1ml lawn of

w ild -typ e  M . methylotrophus. the second with a s im ilar lawn of CBM 13

( .m m e B ). All plates w ere incubated at 3 7 * C  for 24  -  36  hours. Patches from

the m aster p late which gave rise to patches of M. m ethylotrophus/RP4  growth 

on the first print plate w ere  d a m *:  those which did not w ere  d a m ~ . As a
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positive con tro l, all patches from  the m aster gave rise to patches of growth on 

the second print p late.

3 . 2 .  IN  VITRO  M ETHODS -  DNA.

3 . 2 . 1 .  Ethanol precip itation of DNA.

In m any experim ental p rocedures , a DNA solution has to be treated  seria lly  

with d ifferen t enzym es requiring d ifferent buffers. The most convenient way of 

changing  the buffer is to prec ip ita te  the DNA in the first buffer and resuspend  

the dried pe lle t in the second. The procedure followed in this work was as 

follows. If necessary , protein in the DNA solution was extracted with phenol, 

and the phenol extracted with e th er. The solution was m ade 0. 3M in sodium

aceta te  by adding one ninth volum e of 3M stock solution (p H  5 . 8 ) .  To this

was added two volum es of cold ( - 2 0 * 0  ethano l. If sm all am ounts of DNA  

w ere involved ( le s s  than lOOng) , Dextran su lphate T200  (P h a rm a c ia ) was 

added to a final concentration  of l^ tg /m l. This substance acts as an inert DNA  

c a rrie r ( B . K .  Ely, pers. c o m m . ) .  The DNA was precip itated  by incubating the  

mixture at - 7 0 * C  for two hours or O /N  at - 2 0 * 0 .  A lternatively , rapid  

precip itation was achieved by incubation in a dry ic e /e th a n o l bath for 15' .  The  

DNA was pelleted  by spinning in a m icrofuge at 4 * 0  for 15 '. A fter carefu lly  

rem oving the supernatan t, the pellet was w ashed with cold ( - 2 0  *  0  70%  

ethanol to e lim in ate  traces of precip itated salt. F ina lly , the pe lle t was dried  

under vacuum  before being resuspended In the desired  buffer by gentle  rotary  

shaking at 3 7 * 0 .  DNA of high m olecu lar w eight, e . g . ,  chrom osom al DNA, 

took a long tim e ( 1 - 2  days) to redissolve; usually, 1 - 5  hours was 

sufficient.
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3 . 2 . 2 .  Rapid purification of DNA on G -5 0  Seohadex colum ns.

Im purities in DNA solutions often inhibit restriction enzym es and ligase. A 

sim ple and rapid way of rem oving such im purities is to pass the DNA through a 

sm all G -5 0  colum n. The G -5 0  Sephadex was equ ilib rated  in TE buffer before  

use. 1ml of slurry was put in a blue polypropylene tip (G ilso n ) plugged with 

siliconised glass wool and spun at 3000  rpm in a  bench centrifuge to rem ove  

excess buffer. This was repeated  until no m ore buffer could be spun out.

T h en , a sm all Eppendorf vial was fitted to co llec t the e ffluent, and the DNA  

solution loaded onto the ge l. The colum n was spun as before until the volum e  

of effluent voided was n ear to the volum e loaded. Recovery of DNA was 

usually 90 -  100% .

3 . 2 . 3 .  P reparation  of plasm id DNA.

The m ethod most often used was a m odification of that of B irnboim  and 

Doly ( 1979) based on an a lk a lin e -S D S  extraction. The protocol is suitab le for 

preparation  of plasm id DNA from  200m l O /N  cu ltures of the plasm id bearing  

strain . The cells  w ere spun down at 4®C for 10' ,  10000 rpm in an MSE 6 x 

250m l rotor. The pellet was resuspended in 8m l of lysis solution and left on 

ice for 5 '. 16ml of a lka line  SDS w ere mixed in , and the lysate left on Ice for 

4 '.  12ml cold "5M" ace ta te  w ere  ad d ed , and the lysate mixed well on ice until 

the viscosity of the mixture d ecreased  noticeab ly , and large am ounts of a white  

floccu lar p rec ip ita te  form ed. The prec ip ita te  was pelleted by centrifugation  at 

10000 rpm for 10' at 4®C in an MSE 8 x 50m l rotor (n o  b ra k e ). Som e debris  

rem ained  in the supernatant at this s tage , and was rem oved by pouring the  

fluid through a funnel plugged with glass wool. 20m l isopropanol at RT was 

added to the filtra te  to p rec ip ita te  nucleic acids. A fter allowing to stand at RT
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for 15' .  DNA and RNA w ere pelleted  by centrifugation at 10000 rpm for 10' at 

2 0 * C  in the 8 x 50m l rotor. The pellet was gently rinsed with cold 70%  

ethano l. A lcohol was rem oved by e th er extraction , and the pellet dried  down 

under vacuum . W hen dry, it was dissolved In 4 . 6 m l  TE buffer. The solution  

was transferred  to a 10ml po lycarbonate tube ( M S E ) .  4 . 752g CsCI w ere added  

and dissolved by gentle  inversion. F inally , 0 . 2 m l  of ethldlum  brom ide solution  

( l O m g / m l )  was ad d ed , and the volum e m ade up to 10 ml with paraffin  oil 

before spinning for 48 hours in a fix e d -a n g le  MSE 10 x 10ml rotor at 40000  

rpm ( 2 0 * 0 .  A fter the run , two bands w ere visible under UV illum ination; a 

fa in t, d iffuse upper band of chrom osom al DNA and a low er, sharp band of 

plasm id DNA. The chrom osom al DNA was rem oved from above using a 

hypoderm ic syringe with a 38 x 1 . 1 m m  n eed le , and d iscarded . The  plasm id  

DNA was s im ilarly  rem oved in a total volum e of ca . 1ml. Ethidium  brom ide  

was rem oved by several extractions with C sC I-sa tu ra ted  isopropanol. The DNA  

solution was then dialysed against TE to rem ove CsCI. Its concentration  was 

estim ated by m easuring absorption at 260  and 280nm  , or by running a sam ple  

on a gel with a standard DNA of known concen tra tion . NOTE: If the first CsCI 

grad ien t failed  to give a sharp plasm id band , the DNA was rebanded  in a 

second CsCI grad ien t.

3 . 2 . 4 .  P reparation  of X DNA.

The c larified  lysate was centrifuged at 21000  rpm for 3 hours at 4 * C  in an 

MSE 10 X 100m l rotor to pellet the phage. To each tube was added 5ml <I> 

buffer, and the phage resuspended by gentle  rotary shaking. A fter pooling, 

rem ain ing  debris was rem oved as before. F ree  nucle ic  acids in the
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supernatant w ere enzym atically  rem oved by trea tm ent with RN ase and D N ase at 

a final concentration  of 1 0 /ig /m l for 1 hour at room tem p era tu re . O nce ag a in , 

the phage w ere pelleted by cenrifugation  at 27000  rpm for 3 hours at 4 * 0 .

The pellet was resuspended in 3m l buffer by gentle  rotary shaking , and the  

debris rem oved as before. Phage w ere  usually purified on a CsCI step  

grad ien t (M ille r , 1 9 72 ) .  3m l of a 1. 3 g /m l CsCI solution w ere pipetted into a 

14ml po lycarbonate centrifuge tube ( M S E ) .  Using Pasteur p ipettes , 2m l of a 

1 . 5 g / m l  CsCI solution followed by 2m l of a 1. 7 g /m l CsCI solution w ere  

successiveiy underla id . The phage preparation  was layered on top of the  

g rad ien t, and the tube spun for 2 hours at 35000  rpm in a 6 x 14mi sw ing -ou t 

rotor (M S E ) at 2 0 * C .  The phage band in the 1. 5 g /m l iayer was extracted  

through the side of the tube with a hypoderm ic syringe. CsCI was rem oved by 

dialysis against buffer. If a very pure phage preparation  was req u ired , this 

stage could be followed by an equilibrium  CsCI grad ien t run. For th is , the  

phage suspension was m ade 4 1 . 5 %  in CsCI by adding 0. 71g C s C i/g  phage  

suspension. The volum e was m ade up with 4 1 . 5 %  CsCI in a 14ml tube, and  

the phage banded by centrifugation  at 33000  rpm for 36 hours at 2 0 *C  in the  

6 X 14ml sw in g -o u t rotor. The band was co llected  through the side of the  

tube with a hypoderm ic syringe. P re -d ig e s te d  pronase was added to a final 

concentration  of 1 m g / m l ,  and the phage dialysed against 500m l pronase buffer 

for 2 - 3  hours a t 3 7 * C .  Protein was rem oved by two extractions with 

p re -e q u ilib ra te d  phenol. The DNA was exhaustively dialysed against TE buffer 

to rem ove aii traces  of phenoi.

3 . 2 . 5 .  Restriction.

Type II restriction  endonucleases have a strict requ irem ent for M g^^ ions to 

perform  scission: other fac to rs , particu larly  NaCI con cen tra tio n , a ffect the rate
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of reactio n . With this in m ind, assay buffers which optim ize the rates of 

reaction  have been described  for each  restriction  enzym e. Both the enzym es  

produced by M. methylotrophus  work best in a buffer contain ing no NaCI I . e . .

666 buffer. Reactions w ere usually perform ed in a total volum e of 20 /il

contain ing 0 .5  -  2 .0  /ig  of DNA. 2 /il lOx assay buffer and 0 . 5 - 5  units of 

enzym e, the volum e being m ade up with s terile  w ater. A unit is defined as 

the am ount of enzym e required  to com plete ly  c leave ^flg of DNA in 1 hour 

under optim um  conditions. For this w ork, d igests w ere incubated for 1 -  2 

hours at 3 7 * C  (excep t for Taq\. 7 0 * 0  and the reaction  stopped by heat killing  

at 7 0 * C  for 5'  or addition of loading buffer contain ing EDTA. If seria l 

digestions w ere perfo rm ed , the enzym e which required  the least NaCI was 

added first; this reaction was stopped by heat killing at 7 0 * C  for 5% NaCI 

solution added to give the appropria te  concentration  and the next enzym e added  

for the second digestion. For som e com binations of enzym es, this p rocedure  

did not work; for th ese , the DNA was ethanol precip itated  from  the first

reaction  and resuspended in the approria te  buffer before adding the second

enzym e. In som e cases , for exam ple , Hln6\\\ and EcoRI double d igests, the  

enzym es will work sim ultaneously in the sam e buffer. Reaction volum es and  

constituents w ere  scaled up for p reparative gels and production of fragm ents for 

clon ing . Digests involving X DNA w ere always heat killed before gel analysis to 

dissociate the sticky ends ( c o s ) .

3 . 2 . 6 .  Ligation.

T4 DNA ligase is an enzym e which catalyzes the form ation of 

cova len tly -jo in ed  hybrid DNA m olecules from  precursors with com plem entary  

s in g le -s tran d ed  extensions ("sticky ends" ) .  A lso, under certa in  conditions, it 

can ligate m olecules with no s in g le -s tran d ed  extensions ("b lun t e n d e d " ). It Is
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th ere fo re  possible, using ligase in conjunction with restriction  enzym es, to 

construct recom binant DNA m olecules which can be introduced into cells  by 

transform ation  or transfection . The p rocedure  Is quite s tra ightforw ard . In this 

work, the vector, usually a plasm id or M l 3 bacteriophage derivative (M essing  

et al.  , 1 9 8 1 ) ,  was cleaved with a su itable restriction enzym e and mixed with 

DNA fragm ents produced by digestion with a restriction enzym e giving s im ilar  

sticky ends. The total concentration  and relative am ounts of each  type of DNA

in the mixture is critica l: conditions which m axim ize the final yield of

recom binants can be ca lcu lated  from  the theoretica l analyses of Dugaiczyk et

al. ( 1 9 7 5 ) .  For most purposes, how ever, it is suffic ient to use “rules of

thumb" to ca lcu la te  the DNA com position of the ligation mix. For exam ple . If 

DNA was to be cloned into M 13m p7, a th re e -fo ld  m olar excess of fragm ent 

over vector was used. S im ilarly , for g en era l purpose cloning into plasm ids  

such as pB R 322, the am ount of fragm ent used ranged from  equ im o lar to a 

th re e -fo ld  m olar excess. The am ount of d igested vector Included was usually  

from 10 -  lOOng in a reaction volum e of 2 0 /il. B lu n t-en d  ligations required  

higher DNA concentrations and w ere incubated for a longer period (2 4  -  36  

h o u rs ). A typical 20 /il reaction  mix would contain  50ng DNA (fra g m e n t(s ) + 

v e c to r), 2 /il lO m M  A TP, 4 /il lOx ligation buffer and 0 .1  -  1 .0  units of T4 DNA  

ligase (B o e h r in g e r ) , the volum e being m ade up with sterile  w ater. The  

reaction  m ixture was usually incubated at 1 2 * C  for 8 - 2 0  hours before heat 

killing ( 7 0 * C ,  5 ' )  and transform ation or transfection . An a liquot of the ligated  

DNA was usually run on an agarose  gel to estim ate the extent of ligation.

3 . 2 . 7 .  A oarose oel e lectrophoresis .

All ag aro se  gels used in this work w ere run on a horizontal 200m l slab gel 

apparatus. 1% agarose  gels w ere found to be satisfactory for m ost purposes.
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although lower concentrations w ere occasionally  used to resolve high m olecu lar 

weight fragm ents . The ag aro se  was m elted in 0 . 5x TA buffer and allowed to 

cool to about 6 0 * C .  The perspex gel fo rm er was m ade w atertight by sealing  

the two ends with e n d -p ie c e s  and autoclave tap e . The sam ple wells w ere  

g en erated  by locating a com b n ear one end with p lastic ine , ensuring that the  

teeth w ere  about 3m m  from the bottom of the bed. For assaying colum n  

frac tions , up to th ree  1 2 -te e th  com bs w ere used in the sam e gel. Ethidium  

brom ide to a final concentration  of 0 . 5 /ig /m l was added to the m olten agarose  

prior to pouring. W hen set, the com b was carefu lly  rem oved. If covered with 

cling film , the gel could be stored at 4 * C  for several days before use. The  

"Concorde" gel apparatus consists of a tank (c a p a c ity  21) with platinum  w ire  

electrodes  and a platform  for the ge l. Before load ing , the e n d -p ie c e s  w ere  

rem oved and the gel p laced on the platform . 21 of 0 . 5x TA buffer contain ing  

0. 5 /ig /m l EtBr w ere added , enough to just subm erge the ge l. The sam ples  

contain ing loading buffer w ere loaded into the wells using a lOO/il Eppendorf 

m icrop ipetto r. G els w ere run at maximum cu rren t (2 0 0 m A ) driven by an LKB 

2103  power supply. U nder these conditions, the ru n -tim e  necessary  was from

0 . 5 - 5  hours, depending on the resolution des ired . O ften , the heat 

generated  by e lectrophoresis  was sufficient to evaporate  a sm all am ount of 

running buffer: ca re  was taken , th e re fo re , throughout the run to ensure  that 

the gel was still totally subm erged . Fa ilu re  to do this resulted in drying out 

and shrivelling  of the exposed a reas  of ge l.

After the run , the gel was photographed with a Polaroid M P -4  cam era  

under lon g -w ave  UV light provided by a transillum inator (Fo todyne 3 -3 0 0 0 ) .  A 

red filter (K odak W ratten filter No. 9) and Polaroid 4x5 Land film  ( No .  57) 

w ere used. For fragm ent p repara tion , the gel was p re -c o o le d  at 4 * 0  for 3 0 ':



24

this m ade the agarose  stiffer and e a s ie r to cut In stra ight lines. T h en , the  

boundaries of the band w ere m arked with sca lpe l b lade nicks using the shortest 

possible exposure to UV light. The ag aro se  contain ing the fragm ent could then  

be excised easily under norm al light.

3 . 2 . 8 .  Polyacrylam ide oel e lec trophores is .

Polyacrylam ide gels a re  used to resolve sm all DNA fragm ents of up to 

1, 2kb. In this w ork, 5% gels w ere used exclusively, but h igher percentage  

gels (u p  to 20% ) also have applications in DNA e lectrophoresis . To m ake a 

5% g e l, a gel kit consisting of two 380  x 197m m  glass plates (o n e  with 

"rabbits ears") separated  by plastic 1mm thick sp acers , and sealed  by tape  

along three edges was p rep ared , and inclined at a slight ang le  on a flat 

surface. To m ake a 5% g e l, 25m l of 30%  acry lam ide  was mixed with 5ml 

fresh 1 . 6 %  am m onium  persu lphate  solution, 7 . 5 m l  10 x TBE buffer and  

1 1 2 . 5 ml  deionized w ater. The solution was degassed before adding ^00^.\ 

undiluted TEM ED. This was then poured care fu lly  into the gel kit. avoiding a ir  

bubbles. A 14 p lace com b was inserted at the top of the ge l. After 

polym erization was com plete  (3 0 ' -  60 ) .  the tap e  and bottom spacer w ere  

rem oved. The kit was installed  in the "Shandon" gel apparatus , and held  

vertical with clips. The com b was rem oved, and the wells im m ediately flushed  

out with 0 . 5 X TBE to rem ove partia lly  polym erized acry lam ide . 0 . 5 x TBE was 

used to fill top and bottom tanks, and any a ir trapped was rem oved using a 

syringe. 5 -  10/ti loading buffer was added to sam ples prior to layering at the  

bottom of the wells using d raw n -o u t cap illa ries . G els w ere run O /N  at lOOV, 

and then stained in 0. 5 /ig /m l EtBr for 3 0 ' before being photographed as for 

agarose gels.
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3 . 2 . 9 .  E lectroelution of DNA fragm ents .

The DNA (In  ag aro se ) was p laced In a dialysis sac (V isking 2 -1 8 /3 2 "  

size) contain ing  sufficient 0 . 5x TA buffer to surround the segm ent. The end 

was tied , and the sac p laced para lle l to the e lec tro d es  on the platform  of a 

'C o n c o rd e ' apparatus filled with 21 0 . 5x TA plus 0 . 5 /tg /m l EtBr. C urren t was 

applied  (2 0 0 m A ) as for norm al subm arine gels until the DNA was eluted from  

the ag a ro s e . This event could be followed by illum inating the sac with a 

h a n d -h e ld  UV lam p (U V G L -5 8 ; UV P ro d u cts ): I . e . ,  when the DNA had e lu ted , 

a band of flu o rescen ce  was visible on the inside su rface  of the sac towards the  

anode. To d issociate the DNA from the dialysis m em b ran e , the polarity was 

reversed  fo r 30 seconds. The DNA solution was transferred  to a 10ml conical 

bottom ed polypropylene tube, and the volum e reduced  to ca . 400/zl by repeated  

extractions with isobutanol, which also rem oved the EtBr. At this s tage , DNA  

was ethanol p rec ip ita ted , dissolved in a suitable buffer (usua lly  TE) and further 

purified by passaging through a sm all G -5 0  Sephadex colum n. Fragm ents  

isolated in this way w ere good substrates for restriction enzym es and ligase.

3 . 3 .  IN  VITRO  M ETHODS -  ENZYMES.

3 . 3 . 1 .  S m a ll-s c a le  preparation  of M m el and M m ell.

The protocol described  here is a sca led -d o w n  version of the la rg e -s c a le  

purification m ethod, and was extensively used to identify which restriction  

enzym e was not produced in M. methylotrophus m utants lacking restriction  

activity in vivo. If the p resence  or ab sen ce  of M m ell a lone is of In terest, the  

volum es and weights given below may be reduced by a factor of five. A 25m l 

O /N  culture of the strain to be tested was spun at 4 * 0  for 10' at 10000
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r. p . m .  (So lu tions w ere p re -c o o le d  to 4®C and all further operations carried  

out at the sam e te m p e ra tu re ). 1ml cold EB was added , and the pellet 

resuspended. The suspension was transferred  to a 10ml plastic tube and the  

cells  disrupted by sonlcatlon (s ix  5 second bursts with 25  second cooling  

in tervals , 16 m icrons p e a k - to -p e a k ) . The lysate was transferred  to a 1 . 6 m l  

Eppendorf vial and the debris pelleted by spinning in a m icrofuge for 15 '. 

N ucleic  acids in the supernatant w ere precip itated  by adding 100/Al of a freshly  

m ade 20%  streptom ycin sulphate solution (In  w a te r ) , and inverting gently  

several tim es. The prec ip ita te  was rem oved by centrifugation as for the cell 

debris . 1 . 0 m l  of the supernatan t was taken off, and saturated  to 40%  with 

am m onium  su lphate by adding 0 . 2 3 5 g  of crystals. A fter all the crystals had 

dissolved, the mixture was left on Ice for at least 15 '. The precip itated  protein  

was rem oved by centrifugation  and d iscarded . A further 67m g of am m onium  

sulphate was added to the supernatant to m ake it 50%  satu ra ted , and the  

mixture left on ice for at least 4 5 '. A fter pelleting the protein p rec ip ita te , the  

supernatant was d iscarded and the pe lle t, contain ing w hichever restriction  

enzym es w ere present in the c e lls , was dissolved in 50/zl TE buffer. The  

protein solution was dialysed against TE for at least 90 ' with at least one  

change of buffer. The extract p repared  In this way was stable for only 24  

hours and It was found best to use it Im m ediate ly . To detect MmeW activity,

0 . 5jLtg of DNA prepared  from  a dam E. co li  strain was digested with 4 /il of 

the extract in a total volum e of 20fi\ for 6 0 ' at 3 7 * C .  To assay M m e\  activity, 

it was necessary to use lO /il or m ore of extract and DNA prepared  from  a 

cfam ^strain, all o ther conditions being the sam e. For unknown reasons, the  

am ount of M m e\  activity detected  by this m ethod varied considerab ly  from  

experim ent to experim ent (s e e  Results 4 . 5 . ) .  O ften , the extract contained  a 

sm all am ount of RNA, and this was rem oved at the end of the 60 ' by adding  

2/i\  of a 200/Ltg/ml stock solution of RNAse (S ig m a  -  ribonuclease A , bovine
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pan creas ) and incubating for a fu rther 5 ' at 3 7 * C .  A fter heat killing the 

endonuclease  reac tio n , the sam ple was run on a 1% agaro se  gel In the usual 

way.

3 . 3 . 2 .  Purification of M m el.

At the beginning of the pro ject, m uch tim e was devoted to devising a 

procedure  for purifying an endonuclease  activity from  M . methylotrophus. Even 

when an activity was identified ( M m e l ) , it was found that subsequent attem pts  

to rep eat the p rocedure  often failed  to produce detectab le  enzym e. The  

m ethod is th ere fo re  included in Results 2 . 1 . ,  in o rder to stress its lack of 

reproducibility: possible reasons for the difficu lties encountered  in purifying  

M m el a re  also given in the sam e section. Fortunately , enough m ateria l from  

succesful purifications was obtained to enab le  the recognition  sequence  of the  

enzym e to be estab lished.

3 . 3 . 3 .  Purification of M m ell.

The m ethod which follows is based on that described  by G reen e  et al. 

( 1 9 7 8 ) .  W hen a probable M m el”  m utant (C B M 2 2 ) becam e ava ilab le , M m ell 

was prepared  from  it, ra th er than from wild type M . methylotrophus. A 21 

culture was grown to saturation O /N  with vigorous aera tio n . C ells  w ere  

pelleted by centrifugation  ( 4 * 0 ,  10000 r . p . m . ,  1 0 ') in an MSE 6 x 250  rotor. 

All subsequent operations w ere carried  out n ear to 4 * 0 .  Pellets w ere  pooled  

and resuspended in 25m l cold EB. The ce lls  w ere  lysed using a F rench press  

at 12000 p . s . i . ,  and the extract diluted to 45m l with EB. Cell debris  was 

rem oved by centrifugation  (1 8 0 0 0  r . p . m . ,  6 0 )  in an MSE 8 x 50 rotor.

N ucle ic  acids in the supernatant w ere precip itated  by the dropw ise addition of
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fre s h ly -p re p a re d  20%  Sm SO^ (In  EB) to a final concentration  of 1% , or until 

no fu rther p rec ip ita te  was form ed. The prec ip ita te  was spun down ( 18000  

r . p . m . ,  4 0 ',  MSE 8 x 50 ) and d iscarded . The  volum e of the supernatant was 

d e te rm in ed , and 2 3 5 g /l solid AmSO^ added slowly to give ca . 40%  saturation. 

The extract was gently stirred for at least 1 hour using a m agnetic  stir bar. 

Protein prec ip ita ted  at this stage was spun down (1 8 0 0 0  r . p . m . ,  3 0 ',  MSE 8 x 

50) and d iscarded . A further 6 0 g /l  of solid Am SO^ was added to the  

supernatant to give a saturation of 50% , and this was stirred as before for at 

least 2 hours -  conveniently O / N .  The precip itated  pro te in , which contained  

most of the restriction activity, was pelleted by centrifugation  (1 8 0 0 0  r . p . m . ,  

3 0 ',  MSE 8 X 5 0 ) ,  and the supernatant d iscarded . The pellet was dissolved In 

1ml EB. and residual salt rem oved by dialysis against EB for 4 hours, with at 

least one change of buffer. The extract was loaded onto a p re -eq u ilib ra ted  

DE52 (W h atm an ) colum n ( 1 5 m m  x 300m m , P harm acia  K 1 5 / 3 0 ) ,  and the 

colum n w ashed with 2 - 3  colum n volum es of EB. Bound proteins w ere eluted  

with a 300m l g rad ien t of O.OM -  0 . 5 M  NaCI in EB. The flow rate was 

contro lled  with a peristaltic  pump and not allowed to exceed 4 0 m l/h . 60 5ml

fractions w ere co llected  using a LKB U ltrorac 7000 fraction co llecto r. The  

eluate  was assayed for endonuclease  activity by incubating ca . 0. 3 /tg  of DNA  

(fro m  a dam  stra in ) with 2fi\ aliquots from a lte rn a te  fractions in 2 0 /il of 666  

buffer for 1 - 3  hours at 3 7 * C .  The reactions w ere h e a t-k ille d  and run on a 

1% ag aro se  gel to identify active fractions. These  w ere pooled , and e ith er ( i )  

dialysed aga inst SB for 2 hours with one ch an g e , and then stored at - 2 0 * C  or 

( i i )  subjected to a further stage of purification by colum n chrom atography.

Prior to ( I I ) ,  the active fractions w ere dialysed against EB to e lim inate  NaC I. 

The pool was applied  to a p re -eq u ilib ra ted  phosphocellu lose (W hatm an  P l l )  

colum n (2 5 c m  x 1 c m ) ,  and w ashed, as be fo re , with 2 - 3  colum n volum es of 

EB. Elution was carried  out with a 100m l grad ien t of O.OM -  0 . 5 M  NaCI In
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EB, and 50 2m l fractions w ere co llec ted . A lternate  fractions w ere assayed as 

befo re , and active fractions pooled and dialysed against SB before storing at 

- 2 0 * C .  If a m ore concentrated  enzym e preparation  was req u ired , the pooled 

fractions w ere dialysed against solid polyethylene glycol 6000  (B D H ) before  

dialysis against SB. Enzym e prepared  In this way was stable for m any months 

at - 2 0 * 0  without ap p rec iab le  loss of activity.



BACTERIAL STRAINS

1. N on -m ethvlo troohs (E . coli)

30

Strain Genotype S o u rc e /re fe re n c e

C B l

CB2

CB3

CB4

GB9

GB10

G B l l

GB12

GB15

GB16

GB17

GB18

GB19

GB20

GB23

GB24

G M 31; dcm gal ara lac xyl thr

leu thi tonA tsx rpsL

G M 48: d a m -3  dcm gal ara lac thr

leu thI tonA tsx

G B l (p B R 322) Ap*^ T c ^

GB2 (p B R 322  d im er) A p^ T c^

W 3 n 0 :  thyA ( S - a )  G m ^ Km ^ S m ^ Su' 

GB2 (R P 4 ) A p^ T c ^  Km^

GB2 ( S -a )  G m ^ Km'^ Sm*^ Su^

J 5 -2  ( X * ,  RP4) pro m et rpoB  

G B l (R P 4 ) A p^ Tc*^ Km*^

G B l (p A T 1 5 3 ) A p^ T c^

GB2 (p A T 1 5 3 ) A p^ T c^

GB2 rpsL spontaneous m utant

J M l O l ;  lac pro supE thi

( F '  ProAB'*' traDSe lac l^  Z A M 15)

GB2 (p B R 322 m onom er) A p^ Tc'^ 

E D 8654; supE supF hsdR met  

GB23 ( R751 )  Tp^

M arinus . 1973

M arinus . 1973

This work 

This work 

N . J .  G rin ter  

This work 

This work 

N . J .  G rin ter  

This work 

This work 

This work 

This work 

M essing , 1979

This work 

W . J .  G ram m ar 

This work
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CB25

CB26

CB33

CB34

CB35

CB36

CB23 ( R 7 5 1 )  d a m -3  rpsL TpR  

C B l 2 d am - 3  rpsL

D S903 (=A B 1157  re c F ) (p L G 2 2 1 ) clb : :T n 5  

W 3110 recA (p N J 5 0 7 3 ) T c ^ , Tp^

CB23 d a m -3  rpsL  (p N J 5 0 7 3 ) T c ^ , Tp^  

GB35: p lasm id -free

This work 

This work 

B . M .  W ilkins 

N . J .  G rin ter 

This work 

This work

2. M ethvlotrophs (M . methylotrophus except w here no t ed . )

Strain Genotype SQur.fiQ/.r.9f9r9nge

G B M l Methylophllus methylotrophus -  wild type D. Byrom

GBM2 G B M l (R P 4) A p^ Tc*^ Km ^ This work

GBM3 K81; wild type D. Byrom

GBM8 G B M l Rif*^ This work

GBM13 G B M l m m eB I UV Induced This work

GBM14 GBM 13 (R P 4 ) A p^ Tc*^ Km ^ This work

GBM15 G BM 13 RIfR This work

GBM18 G B M l mmeB2 : : Tn5 This work

GBM19 G B M l mmeB3 : : Tn5 This work

GBM20 G B M l mmeB4 : : Tn 6 This work

GBM21 G B M l mmeBS: : Tn5 This work

GBM 22 G B M l e n d A I : : Tn6 This work

GBM 23 G B M l mmeB6 : : Tn5 This work

GBM36 G BM 22 (p L P 13) Ap*^ T c ^ This work
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C B M 37 CBM 22 (p L P 31) A p^ T c ^ This work

CBM 38 CBM 22 (p L P 51 ) A p^ T c^ This work

CBM 39 CBM 22 (p L P 90) A p^ T c^ This work

CBM 40 C BM 22 (p L P 99 ) Ap*^ T c^ This work

CBM41 CBM 22 (p L P 107 ) A p^ Tc*^ This work

C BM 42 CBM 22 (p L P 122 ) A p^ T c ^ This work

C B M 43 CBM 22 (p L P 130 ) A p^ T c ^ This work

C B M 44 CBM 22 (p L P 139 ) A p^ T c ^ This work

C B M 45 CBM 22 (p L P 146 ) A p^ T c ^ This work

C B M 46 CBM 22 (p L P 149 ) A p^ T c ^ This work

C BM 47 CBM 22 (p L P 155 ) A p^ T c^ This work

C BM 48 C B M l 1Na|R This work

C BM 49 CBM 13 N al^ This work

C B M 50 CBM 22 N al^ This work

CBM51 C B M l 1Sm ^ This work

C BM 52 C BM 13 S m ^ This work

C B M 53 GBM 22 S m ^ This work

C B M 54 GBM21 ( R 7 5 1 )  Tp^ This work

C B M 55 GBM 22 ( R751 )  T p^ This work

C BM 58 G B M l ( R751 )  Tp*^ This work

C BM 59 G B M l im meB7  spontaneous m utant This work

C BM 60 G B M l 1mmeBd spontaneous m utant This work

CBM61 G B M l 1mmeB9  spontaneous m utant This work

C BM 62 GBM 22 m m eB IO  spontaneous m utant This work

C B M 63 GBM 22 m m e B I I  spontaneous m utant This work

C BM 64 GBM 22 m m e B I2 spontaneous m utant This work
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INTRODUCTION

1. R estriction and m odification of co liphaae  X in vivo.

The com plem entary  phenom ena of restriction and m odification have long 

been recognized  as features  of Escherichia coll. The ea rlies t system in which  

an attem pt was m ade to study the details of both these processes was the 

in teraction  between bacteriophage lam bda and E. coll. It was observed that 

phages (d es ig n ated  X . B )  which had been grown on one s tra in , E. coli B, 

gave a very reduced plating effic iency on a strain with a d ifferen t host 

specific ity , E. coli  K, It was said that the new host had "restricted" the 

growth of the phage. Phages from  the few plaques which did form from  

X . B / E .  coli  K in fections, how ever, plated norm ally when allowed to re -in fe c t  

strain K. It appeared  that these phages, designated X . K ,  had in som e way 

been "m odified" by the ir first passage through the host such that they w ere  

resistant to fu rther rounds of restriction by E. coli  K. The converse of the  

above experim ent gives a s im ilar result: X .K  phages are  restricted  by E. coli 

B. M oreover, survivors of this first restriction a re  ab le  to re - ln fe c t strain B 

with norm al v iru lence -  they have becom e m odified to X . B .

2. A rb er's  theorv.

It was A rber ( 1 9 6 5 )  who first proposed a b iochem ical m odel to explain the  

res tric tio n /m o d ifica tio n  ( R / M )  phenotype, based on the knowledge that It was 

the DNA com ponent of the phage which was affected by both processes  

(D ussoix and A rb er, 19 6 2 ) .  He suggested that restriction and m odification
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w ere caused by two differing enzym atic activies sharing the ability to recognize  

the sam e specific  nucleotide sequence . The m odification activity, it was 

proposed , som ehow searched  its substrate DNA for the ta rg e t seq u en ce , and 

th ere  m ade a specific  ch em ical m odification to the DNA. The restriction  

activity searched  the DNA for the sam e seq u en ce , but could only recognize  

those ta rg e t sequences not previously m odified. At such a sequence  the DNA

was c leaved , rendering  it b io logically inactive. This m odel neatly and

econom ica lly  explains the phage results, and also explains how the host 

chrom osom e avoids au to -d ig es tio n .

3. Tvoe I enzvm es.

T he  publication of A rb er's  m odel led M eselson and Yuan ( 1 9 6 8 )  to search

for R /M  enzym es in E. coli K12.  W ithout m odern assay tech n iq u es , this task

proved quite tim e -c o n s u m in g , but an enzym e with the required characteris tics  

was iso lated . The enzym e proved to consist of a com plex of at least three  

distinct polypeptides. The com plex, la ter to be called  EcoK (S m ith  and  

N athans, 1973) , w as, under suitable conditions, ab le  to perform  e ith er  

restriction  or m odification. Both activities w ere found to requ ire  M g * *  Ions, 

ATP and S -ad en o sy l m eth ion ine. The conjunction of both activities In one  

com plex la ter proved to be the exception ra ther than the ru le , how ever, 

although enzym es of this nature are  still re ferred  to as Type I enzym es.

Type I enzym es have been found In E. coll strains K - 12 ,  B, 15 and A,  

and a re  assum ed to be evolutionarlly re la ted , since they all map in the sam e  

region and can be genetica lly  exchanged by P I transduction (A rb e r and Linn, 

1969 ) .  N everthe less, they all have d ifferent specific ities . The K -1 2  system , 

for obvious reasons , is the best studied, the genetic  locus being divided Into
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th ree  com plem entation  groups hsdS. hsdR  and hsdM  which m ap at 9 8 ' on the  

E. coli  chrom osom e (B ach m an n  and Low. 1 9 8 0 ) .  The genes code for the 

specific ity , restriction and m ethylase activities respectively.

4. Tvoe III enzvm es.

A sm all group of restriction and m odification enzym es, (T yp e  I I I ) , 

represen ted  by only four exam ples E c o P l, E coP 15, H /nflll and H /n e l, share  

m any properties in com m on with Type I enzym es. These enzym es also require  

M g * *  and ATP for c leava ge , but do not extensively hydrolyze ATP. For 

m éthylation , only AdoM et and M g * *  a re  requ ired . If all th ree  factors  are  

p resen t, A doM et appears  to stim ulate restriction activity as well as acting as a 

methyl group donor for the m odification activity. In this latter c a s e , restriction  

and m odification are  com peting activities of the sam e enzym e com plex.

A nother m ajor d iffe rence  between the groups is that Type III enzym es cleave  

DNA at a fa irly  fixed d istance (so m e  25bp) from  the ir recognition  sequences.

An in teresting property of Type III enzym es is th e ir ap paren t inability to restrict 

DNA to com pletion , even under ideal assay conditions. In o ther w ords, not 

every site on every m olecu le  is c leaved , resulting in com plex gel patterns when 

restricted  DNA is subjected to e lec trophores is . At p resen t, only one possible  

explanation for this phenom enon has been put forw ard. P lekarow icz and 

Brzezinski ( 1 9 8 0 ) ,  in the ir study of H /n flll, found that the enzym e's  activity 

changed after s to rage. Fresh enzym e was ab le  to m ethylate X DNA without the  

addition of A doM et, and cleaved C o lE l DNA random ly at only one of the five 

possible c leavage  sites. A fter storage for about six weeks at - 2 0 * C ,  however, 

the enzym e could no longer m ethylate X DNA without the addition of A doM et, 

and cleaved C o lE l at m ore than one site per m olecu le  In Its ab sen ce . Their 

explanation for this transition of activities was that fresh ly -p u rified  enzym e
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(w h ich  they called  H /n flll* ) had A doM et tightly bound to It, which dissociated  

during s to rag e , converting the enzym e to Its H /nflll fo rm . The p resence of 

m eth y l-d o n o r m olecules in the H /n flll*  fo rm , th e re fo re , m eans that m éthylation  

and restriction are  com peting , and explains the incom plete  c leavage  of C o lE l.  

But this can not be the full story, as in the com plete  absence  of A doM et, the  

enzym e is still unable to c leave C o lE l at every site . C learly , m ore work needs  

to be done in o rder to provide a full explanation of this pecu lia r property of 

Type III enzym es. The difficulty in obtain ing com plete  digests has m eant that 

the recognition  sequences of all the Type III enzym es have been determ ined by 

the in d irec t m ethod of locating the m éthylation sites. Briefly, DNA is 

m ethylated in vitro by the purified m ethylase in the presence  of tritiated  

A doM et. The position of the m eth y l-lab e lled  deoxynucleotide within the DNA is 

then d eterm ined  by, for exam ple , two d im ensional th in -la y e r  chrom atography. 

The sequence  com m on to all m éthylation sites exam ined is assum ed to be the  

recognition  sequence of the enzym e.

The first Type III enzym e studied was E c o P l, coded for by bacteriophage  

P I which in its lysogenic state exists as a s tab ly -in h erited  plasm id in E. coli.

It was known c lassically  that such lysogens w ere ab le  to restric t the growth of 

phages isolated from  n on-lysogens (A rb e r, 1965) Hattm an et al. ( 1 9 7 8 )  w ere  

able  to Identify the sequence (AG ACPy) recognized  by the P I m odification  

m ethylase. A c lo s e ly -re la te d  res tric tio n /m o d ifica tio n  system Is coded for by the  

P15 plasm id found in E. coll  15T~ (R e is e r  and Yuan, 19 7 7 ) .  The sequence  

m ethylated in strains harbouring P I 5 was found to be CAGCAG (Yuan et al.  , 

19 8 0 ) .  The two other known Type III enzym es, H /nflll and H /n e l, a re  also  

closely re lated  and w ere Isolated from  Haem ophilus Influenzae  strains Rf and Re 

respectively (P lekarow icz and Brzezinski, 1980; P lekarow icz, 1 9 8 2 ) .  Both 

enzym es m ethylate the sam e sequence (C G A A T) and c leave about 25bp 3 ' of
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It. The com m on feature  of all th ree  recognition sequences is the ir asym m etry. 

Thus, Type III enzym es share two properties with certa in  Type II enzym es (such  

as MboW) which recogn ize  n o n -p a lin d ro m ic  sequences and c leave the DNA a 

certa in  d istance away ( s e e  b e lo w ).

5. Tvoe II enzvm es.

Of far g re a te r s ign ificance to the developm ent of m o lecu lar biology, 

how ever, a re  the Type II R /M  enzym es, which a re  genera lly  s im pler in form  

and function than the Type I and III enzym es. Type II restriction enzym es, in 

contrast to the other two c lasses , c leave the DNA at sites close to or within 

the recognition  seq u en ce , and only requ ire  M g * *  as a co factor. Many  

g en era te  s e lf-co m p lem en ta ry , s in g le -s tran d ed  DNA extensions In the c leavage  

process , allowing the possibility of recom bin ing  the fragm ents thus produced in 

vitro and creating  novel DNA m olecu les. Again in contrast to Type I and III 

enzym es, all known Type II m odification enzym es are  physically separate  from  

the ir cognate  restriction enzym es and requ ire  only M g * *  and A doM et as 

cofactors: In add ition , no Type II restriction  or m odification enzym e m ade up of 

distinct subunits has yet been found.

The first Type II enzym e to be studied in detail was d iscovered In 

Haemophilus Influenzae  Rd by Smith and Wilcox ( 1 9 7 0 ) .  In contrast to EcoK, 

no m odification activity was found to be associated  with the restriction  activity 

an d , m oreover. It turned out that the enzym e actually  cleaved consistently  

within Its recognition sequence. This enzym e was subsequently com pletely  

c h arac te rized  and its recognition sequence determ ined . It Is now known as 

Hin6\\ (K elly  and Sm ith , 1 9 70 ) .  The cognate m odification system was also  

Investigated (Roy and Sm ith , 1973) and the enzym e responsib le turned out to
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be a m ethyiase -  i . e . ,  it m odifies the DNA by covaiently attach ing  a methyi 

group to a specific  base or bases within the recognition  seq u en ce . New  

tech n iq u es , especia iiy  agarose  siab gei e iec tro p h o res is . with DNA staining by 

ethidium  brom ide (S h arp  et al. , 1 9 7 3 ) .  greatiy  sim piified the assaying of 

coium n fractions for endonucleoiytic  activity and a wealth of know ledge about 

restriction  enzym es and th e ir recognition  sequences has been accum ulated  in 

the last decad e  ( se e  review by Roberts. 1 9 8 3 ) .

An interesting subset of Type ii restriction  enzym es of re levance  to this 

work consists of enzym es recognizing irreg u la r ( n o n -p a lin d ro m ic ) sequences. 

Less than a dozen d ifferent specific ities  of this kind a re  known (R o b erts .

1983) . and ail but one (G d /ii) have the property that they c leave  the DNA at 

som e d istance outside the recognition seq u en ce . This d istance (5  -  18bp) is 

usually invariab le  for any particu lar enzym e. M ost such enzym es produce  

staggered  breaks ranging from  Bbv\. which c rea tes  four base 5 ' p ro jections, to 

T f h l l l i l .  which creates  two base 3 ' pro jections. in teresting ly , one bacteria l 

sp ec ies . M oraxella  bovis. produces Type ii enzym es of both kinds: M bo\.  which  

cleaves GATC seq u en ces , and MboW which recogn izes the sequence  GAAGA.

The work described  below dem onstrates that M. methylotrophus is a s im ilar  

species .

M uch less, how ever, is known about Type II m odification enzym es, perhaps  

b ecause they a re  of little use as tools in the m o lecu lar cloning and sequencing  

of DNA. w hich, of course , provide the m ain im petus for research  on Type II 

restriction  enzym es. For a survey of known bacteria l m odification system s, see  

Brooks and Roberts. 1982.

6. EcoRl.
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The best characterized  Type Ii enzym e. EcoR I. is produced by p M B l .  a 

naturaiiy  occurring  plasm id cioseiy re lated  to C o iE l (G re e n e  ot a ! . .  1981 ) .

B ecause the genes coding for the EcoRi restriction and m odification system are

on a m u lti-co p y  plasm id, it is easy to purify large  am ounts of enzym e to 

hom ogeneity: consequently, most of our knowledge about the physical

properties  of Type ii enzym es has com e from study of this system . The

com plete  nucleotide sequence of the EcoRi locus has been determ ined  

independently  by two groups (G re e n e  et al. . 1981;  Newm an et al. . 1981 ) .  

In teresting ly , although each group sequenced the sam e segm ent of two related  

but d iffe ren t plasm ids (p M B l and pMB4 respectively) which had been  

propagated  separate ly  as laboratory strains for 10 years , the sequences  

obtained w ere  identical. The genes ap p ear to belong to a s ingle operon . with 

the en d o n u clease  gene ( 831 bp) transcribed  first, followed by the m ethyiase  

gene ( 9 7 8 b p ) .  The coding sequences are  separated  by an A /T  rich , 

in tergen ic  region 29bp long. M o lecu lar weights ca lcu lated  from  th e ir predicted  

a m in o -a c id  sequences are  3 1 . 0 6 3  and 3 8 . 0 4 8  daitons for the endonuclease  

and m ethyiase respectively. It is perhaps disappointing to note that com puter 

com parison of the nucleotide sequences of the genes and a m in o -a c id  

sequences of the proteins revealed no striking s im ilarities  which m ight have 

ind icated a com m on evolutionary orig in . Also, a com puter sim ulation of 

possible secondary structures adopted by each  enzym e revealed  m arked  

differences  in form . If X -ra y  crysta llographic  studies b ear this observation out. 

it suggests that the enzym es have evolved convergently  from  d iffe ren t ancestors  

to recogn ize  the sam e sequence . This would ra ise  an in teresting logical 

prob lem , because the evolutionary steps involved In such a convergen t route 

would of necessity be much m ore com plex than in the conventionally  held  

theory of d ivergent evolution from  a com m on ancesto r. The la tter idea is easy  

to describe: the ancestra l gene coded for the m ethyiase a lo n e , and gene
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duplication gave rise to a copy which evolved to c leave ra ther than m ethylate  

the sequence  still recognized by both enzym es. in the convergent evolution  

m odel, how ever, it is difficult to explain how a prim itive endonuclease  could  

evolve at all in the absence  of a m ethyiase a lread y  protecting the host 

chrom osom e from  degradation . T h ere  is also the problem  of accounting for 

the present day proximity of the genes. U nfortunately, ne ither of these  

hypotheses can be tested em pirica lly  in a reasonab le  tim e , so they will 

probably rem ain  speculative.

A peculiarity  of the EcoRi endonuclease  is its relaxed specific ity  under 

certa in  assay conditions, when it seem s to recogn ize  and c leave certa in  AATT  

sequences ra ther than the canon ica l GAATTC seq u en ce . W oodhead et al.

( 1 9 8 0 )  found that EcoR I* activity was most evident in an assay buffer contain ing  

IGOmM Tris . HCi (p H  7 . 6 ) .  75m M  N aC i. Im M  M n C lg . Indeed , with M n * *

instead of M g * *  Ions in the assay buffer, only EcoR I* activity is seen with NaCI

concentrations of up to IGOmM in a pH range of 7 .2  -  8 . 2 .  E coR i* activity is

also induced in assay buffers contain ing relatively high concen tra tions  (1 %  to

6% ) of o rgan ic  solvents such as dim ethyisuphoxide. d im ethy iacetam ide . 

dim ethylform am ide and su lphaiane. T ikchonenko et al. ( 1 9 7 8 )  com prehensive ly  

exam ined E coRl* activity under a variety of assay conditions, and cam e to the  

conclusion now genera lly  accepted  that it is a m odification of EcoRI activity 

ra th er than a sep ara te , co -purify ing  endo n u c lease . High g lycerol concentration  

also Induces EcoR i* activity: for exam ple . Pribnow et al. ( 1 9 8 1 )  used an assay  

buffer com posed of 2GmM Tris . HCi (p H  8 . 5 ) .  2m M  M g C l2 , G. Im M  EDTA. 2G% 

glycerol with a five -fo ld  excess of enzym e for the ir EcoR i* d igests, 

in teresting ly , they found that not all AATT sequences In the DNA w ere  cleaved  

by the EcoR I* enzym e: in p articu lar. NAATTM sequences in which N and M 

w ere both d ifferent from G and C respectively w ere  resistant to c leavage .
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Evidently. Eco Rl* activity is m odulated by the bases flanking the centra l AATT  

sequ en ce . O ther restriction enzym es, for exam ple eam H i (G e o rg e  et al. . 

1 9 8 0 ) .  have been shown to exhibit relaxed specific ities  under various exotic 

assay conditions.

7. M ethvlation of GATC sequences.

In E. co ll.  N 6 -m e th y la d e n in e  (6 -M e A )  accounts for 0 . 3 8  m ole per cent of 

deoxynucieotide residues (M arin u s  and M orris . 1 9 7 5 ) .  Thus, approxim ately  

one in sixty aden ine residues a re  m ethylated. W hile a sm all proportion of this 

m éthylation is due to the activity of M .E co K . most of it is the result of dam  

m ethyiase activity. M arinus and M orris ( 1 9 7 3 )  isolated th ree  dam ~  m utants, all 

of which had substantially reduced levels of 6 -M e A  in the ir DNA. M apping  

experim ents (M a rin u s . 1973) positioned the d a m -3  a lle le  at 74 ' on the genetic  

m ap of E. CO / / ,  between the rpsL (fo rm erly  strA) and trpS  loci. The  

transduction of the d a m -3  a lle le  to strains which had not been heavily 

m utagenized allowed detailed  com parative studies of the effects of the dam  

lesion. Perhaps surprisingly, there  w ere several phenotypic d ifferences  

betw een d a m * and dam~  strains: but it was not until M cG raw  and M arinus  

( 1 9 8 0 )  w ere ab le  to isolate d a m * revertants of a dam  strain that the specific  

effect of the dam lesion a lone could be assessed. They described  six 

phenotypes other than the prim ary Dam phenotype, loss of aden ine  

m éthylation:

( i )  AP®. sensitivity to 2 -a m in o p u rin e ;

( i i )  UV®. increased  sensitivity to u ltraviolet light; 

(i l l )  V rm ” . inviability of double m utants contain ing
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d a m - 3  and recA,  recB  or recC  m utations;

(iv ) FihH high frequency of hom ogenotization;

(v ) Sli , high spontaneous induction of X prophage and

i_i
(v i) Sm f . high spontaneous m utability.

These  secondary effects suggest that the dam  m ethyiase has a role in DNA  

repair: som e of them  can be suppressed by m utations in o ther genes such as 

mutL. mutS. sbcA and sbcB.  ail of which a re  loci im plicated in repa ir or 

recom bination . G iickm an et  al.  ( 1 9 7 8 ) ,  in following up the suggestion m ade  

by W agner and M eseison (1 9 7 6 ) that m éthylation may be the signal for 

p o s t-rep iica tive  strand d iscrim ination , obtained evidence that the dam  m ethyiase  

was responsib le . The W agner and M eseison m odel is s im ple to state: they 

proposed that the new iy-synthesized DNA strand is transiently  n o n -m ethyiated  

after rep lica tion ; the m ism atch rep a ir system , in scanning the duplex for 

m ism atched bases, can th ere fo re  identify and excise the in co rrec t base (w hich  

must be on the unm ethyiated, "new" strand) and rep lace  it with the base  

com plem entary  to the base opposite, on the "old" strand. in the absence  of 

m éthylation , e ith er m ism atch repa ir can not opera te  at a il. o r. with no basis 

for strand d iscrim ination , the system fixes ra ther than excises the incorrect  

base half the tim e. C learly , in both cases , h igher m utation levels will result. 

The m odel is attractive because it can account for the secondary  phenotypes  

associated  with dam~  s trains. The m utator (S m f^ ) phenotype is an obvious 

consequence  of loss of strand d iscrim ination . All of the o ther phenotypes may 

be consequences of double stranded breaks erroneously  produced when the  

m ism atch rep a ir system operates on opposing strands In the sam e reg ion . 

Excision rep a ir Involves quite extensive exonuciease activity, and c learly  the  

sim ultaneous rem oval of opposing strands will result in a c leaved duplex.

Double stranded breaks can only be repa ired  by recom bination  p rocesses .
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accounting  for the Vrm , F lh^  and S ll^  phenotypes. If the num ber of such 

breaks Is h igh , then recom binational rep a ir may not be ab le  to cope , resulting  

in ceil death . This explains the sensitivity of dam~  strains to base analogues  

such as 2 -A P  (AP® p h en o typ e); and to UV light (UV® phenotype) ; agents  

which both, in d ifferent ways, cause a large num ber of m ism atches to be 

fo rm ed . T h ere  Is no suggestion In the W agner and M eseison model that the  

m ethyiase Is responsib le for any function other than that of "labelling" DNA  

strands. T h ere fo re , one prediction of the m odel Is that m utations which  

suppress som e of the secondary phenotypes of dam~  strains will be in genes  

responsib le  for the m ism atch repa ir system Itself. G iickm an and Radm an

(1 9 8 0 ) se lected  m utants of dam~  strains which w ere no ionger sensitive to 

2 -A P . They found that ali such m utants had acqu ired  additional lesions, with 

m utator phenotypes, which m apped at the m u t H . mutL and mutS ioci: no d a m *  

revertants w ere obtained . B ecause such double m utants w ere  viable In a recA 

background , they In ferred that these mut  genes did Indeed code for structural 

or regulatory com ponents of the post-rep llca tlo n  m ism atch rep a ir system , dam  

Is also im plicated In the DNA rep lication  system of E. coli  (G o m e z-E lc h e lm a n n  

and Lark. 1 9 7 7 ).
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8. Roles of restriction endonucleases in vivo.

As described above (Introduction 1,), restriction endonucleases were 
named for their ability to destroy unmodified, invading bacteriophage DNA. 
This is insufficient reason, however, to suppose that defence is the only 
(or indeed primary) in vivo role of this class of enzymes. What can be 
said with confidence is that, in all cases so far studied, restriction 
enzymes are dispensable to the cell; viierever mutants lacking them have 
been sought, they have been found (delGiudice, 1979; Duncan et al., 1978; 
this work). Protection against phage attack is not solely a laboratory 
phenomenon: many types of phage have evolved mechanisms to avoid host-
encoded restriction either by harbouring méthylation genes (e.g. PI;
Hattman et al., 1978); anti-restriction endonuclease genes (e.g. T7;
Studier, 1975) : or by use of unusual bases in their DNA (e.g. the
glucosylated hydroxymethylcytosine-containing DNA of T4; O'Farrell et al., 
1980). The powerful effect of a restriction system (Mnell) in greatly 
reducing (under certain conditions) intergeneric conjugal plasmid transfer 
to M.methylotrophus is described in this work. Unfortunately, no ecologicai 
work has been published describing the efficacy or otherwise of restriction 
systems in protecting bacterial species in a natural environment.

One possible role for restriction enzymes in vivo is that of site- 
specific reccambination, a role hinted at by their use in vitro to create novel 
DNA molecules in molecular cloning (see Introduction 5.). In a series of 
experiments to determine whether a lype II endonuclease could mediate site- 
specific DNA rearrangements in vivo, Chang and Cohen (1977) introduced
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plasmids containing EcoRI recognition sites into an E.coli strain Wiich 
produces the EcoRI endonuclease and found that reccanbination did indeed take 
place between the plasmids: subsequent in vitro gel analysis of the
recombinants revealed that they had acquired or lost specific EcoRI fragments. 
These results appear to confirm that the EcoRI endonuclease can perform site- 
specific recambination in vivo, but imhether this is a biologically 
signfleant phencanenon outside the laboratory is another question.

Although there has been considerable speculation on the roles of 
restriction enzymes other than the two described above, there is very little 
experimental evidence to support such roles. I will therefore confine 
myself to instances viiich are, at least in part, experimentally confirmed.

Lacks and Greenberg (1977) investigated two closely related strains of 
Diplococcus pneumoniae Wiich produce ccmplementary endonucleases, Dpnl and 
DpnII. Both enzymes recognize the sequence GATC, but Dpnl cleaves only 
vhen the adenine residues are methylated, and DpnII only viien they are not. 
Hemimethylated DNA is not cleaved by either enzyme. By inference, therefore 
the corresponding methylases are complementary and, presumably, exchange of 
genetic material between the strains is subject to severe restriction.
In their Discussion, the authors entertain the possibility (supported by 
strain provenance) that the DpnII strain arose from the Dnpl strain by a 
(reversible) differentiation process. They point out a number of 
phenotypic differences between the strains, and suggest that the genes 
responsible for these differences are controlled at the level of
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transcription by the corrpleraentary restriction/modification systems. That 
is, each strain contains both systems, but only one is expressed. Each 
methyiase, they postulate, modulates expression (specifically, by 
methylating prcmoter or operator sequences) of a different set of genes, so 
that the differentiated state of the bacterium can be arrived at by 
switching on one or other of the restriction/modification systans. The 
presence of a restriction endonuclease simply acts to maintain the current 
differentiated state. They do not specify the mechanism by vhich one cell 
type, albeit rarely, can give rise to the other type. Such a 
differentiation role for restriction systems cannot be widespread, however, 
since Dpnl and DpnII are the only known pair of conplementary restriction 
enzymes.

A role for restriction enzymes in DNA repair has not been demonstrated: 
but, as discussed at length above (Introduction 7.) , the dam methyiase of 
E.coli clearly plays an important part in the mismatch repair system. It is 
not inconceivable that cognate restriction/methylation systems in other 
species act in concert to mediate Dî̂ A repair. Evidence is presented in this 
wcrk which suggests just such a role for the Mmel endonuclease of 
M. methylotrophus. But much more data must be obtained before this final 
possibility can be seriously considered.

9. Methylophilus methylotrophus : in industrial microorganism.

The obligate methylotroph Methylophilus methylotrophus (ASI), a gram- 
negative rod, was isolated from activated sludge by Imperial Chemical
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Industries (ICI) workers (D. Byrcm, Pers.ccrnra. ) for use, on an industrial 
scale, as a single-cell protein (SCP) organism protein-rich animal feedstuffs, 
Unfortunately, pure research on the organism has been conducted in widely 
separated centres, and few results have been published, so much of the 
available information is anecdotal.

Genetically, M.methylotrophus is a relatively poorly characterized 
organism. Despite intensive work, no transformation systems or phage have 
been described, so conventional genetic analysis is impossible. Despite 
these drawbacks, Windass et al. (1980) were able to irtprove the carbon 
conversion efficiency of the organism by replacing its endogenous ammonia 
assimilation pathway, vhich uses a two-stage process dependent on glutamine 
synthesis (GS) and glutamate synthase (GOGAT), and that of E.coli, Wiich 
uses the energetically more efficient glutamate dehydrogenase (GDH) process. 
The E.coli gdh gene was first subcloned into a broad host range cloning 
vector pTB70 (based on R300B). 550 temperature-sensitive mutants of
M.methylotrophus were isolated after treatment with the mutagen N-methyl- 
N'-nitro-N-nitrosoguanidine, and four were found to grow at the non- 
permissive tenperature (37°) after the introduction, by conjungation, of 
pTB70:gdh. Extracts frcm these four mitants lack detactable GOGAT 
activity at 37°C, and thus the plasraid-bome amnonia assimilation pathway 
(GDH) must be the one being used by the plasmid-containing mutants. One 
plasmid-containing mutant was found to give 4-7% higher carbon conversion 
than the wild-type bacterium. This increase in efficiency is conmercially 
significant, especially since the mutant strain retains the improvement in
industrial scale fermentors.
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Modem genetic techniques, including cloning, offer many ways to explore 
the genetics of M.methylotrophus (Brarrmar, 1981). Most of our present 
knowledge of this organism's genetics, however, has come from more classical 
conpleraentation studies in another species. Pseudomonas aeruginosa PAO.
Mcore et al. (1983), used the broad host range, chraraoscme-mcbilizing plasmid 
R68.45 to generate R primes containing M.methylotrophus DNA. These were 
screened for their ability to ccmplement auxotrophies in a large number of 
well-characterized P.aeruginosa strains to vbich they had been transferred 
by conjugation. The most attractive feature of this system was that mutants 
of Ĵl.methylotrophus were not required, because only functional genes of the 
methylotroph were being assayed. Of course, a potential danger was that 
M.methylotrophus genes may not have been expressed in: the other species, 
but since ccmplementation of about ten amino-acid auxotrophies and various 
mutations in purine/pynmrLdine metabolism was actually observed, this problem 
seemed negligible. R primes containing large (>100kb) inserts of 
M.methylotrophus DNA vhich complemented a range of P.aeruginosa mutations 
simultaneously were isolated, thus allowing a redimentary genetic map to 
be constructed. Clearly, this approach is limited by the availability of 
suitable P.aeruginosa mutants and their ability to be complemented by 
M.methylotrophus genes. Until many more M.methylotrophus mutants are
isolated and characterized, however, mobilization of R primes into 
P.aeruginosa remains the most rapid way of genetically analysing the 
methylotroph.

In order to use M. methylotrophus efficiently as a host organism for 
cloning (for example) it is essential to have a thorough knowledge of any 
restriction/modification (R/M) systems it may possess. Such knowledge of
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E.coli K12 has led to the universal use of restrictionless (hsdR) mutants 
in the cloning of heterologous (e.g. eukaryotic) DNA. in that species (see 
Introduction 3.). It was with this goal in mind, therefore, that this work 
was concentrated eventually into an investigation of the genetics rather than 
the biochemistry of the two R/M systems discovered in M.methylotrophus. One 
vindication of this approach came frcm the observation that P. aeruginosa 
strains containing conjugative plasmids were unable to transfer them 
directly to M.methylotrophus (D.Pioli, pers.ccami.). Plasmids of interest 
had first to be transferred to E.coli before being introduced into the 
methylotroph. In the light of the results presented in this work, this can 
easily be explained: P.aeruginosa lacks a damrtype methyiase which E.coli
possesses, and thus is unable to protect its DNA frcm restriction (after 
conjugation) in the methylotroph recipient by Mnell. It is extremely 
fortunate that E.coli does possess a dam methyiase, since otherwise 
routine plasmid transfer between E.coli and M.methylotrophus would have been 
all but impossible (cf. transfer frcm dam E.coli strains to 
M.methylotrophus, Results 5.3.) .

M.methylotrophus has significant potential as a "safe" host for cloning 
experiments, since, unlike E.coli, it will not survive in the gut, and is 
strictly dependent on methanol (or simple derivatives) as carbon source, 
so containment is much simpler. The lack of a transformation protocol, 
hcwever, is the main stumbling block to its use, since the initial cloning 
steps must, at the moment, be carried out in E.coli and suitable vectors 
containing cloned segments of DNA subsequently transferred to M.methylo­
trophus by mobilization. Small cloning vectors able to replicate in
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both species are being developed for this purpose by G. Sharpe in the 
ICI Joint Laboratory; at Leicester. Clearly, intergeneric transfer of 
plasmids into M.methylotrophus is going to remain of importance until or 
unless a transformation protocol can be devised, so knowledge of the 
methylotroph R/M systems described in this work is of seme practical value,
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Results and D iscussion: CHAPTER 1.

1 . 1 .  C om puter m ethod for determ in ing  recognition sequences.

T h ere  a re  essentia lly  two distinct approaches to determ in ing  the recognition  

sequences of restriction enzym es. The first developed was the obvious one of 

e n d -la b e llin g  restricted DNA fragm ents , and subjecting them  to sequencing  

techniques: orig ina lly , this was done by tw o -d im ensiona l th in -la y e r  

chrom atography of o ligonucleotides (Jay  et  a l . .  1 9 7 4 );  la ter on , the m ore  

powerful sequencing  m ethods of Maxam and G ilbert (1 9 7 7 ) and S anger et  al.  

(1 9 7 7 ) could be applied . (S e e  also Brown and Sm ith , 1980 for the use of 

sequencing  ladders In the determ ination  of points of c leavage . ) The second  

m ethod used took advantage of the fact that several DNA rep llcons ( e . g . .  

pB R 322. (DX174 and SV40: S utcliffe . 1978; S an g er et al.  . 1978; F iers et al.  . 

1978) w ere com pletely sequenced: If the sites c leaved by a novel endonuclease  

In such a DNA w ere accurate ly  m apped , the recognition  sequence  could be 

deduced by Inspection and com parison of the known sequences around the  

m apped cut sites. Any un ique, com m on sequence  ch arac te ris tic  of a 

restriction enzym e recognition sequence would alm ost certa in ly  be the one  

recognized by the new enzym e. The Identification could then be confirm ed by 

com paring the restriction patterns obtained using other sequenced  DNAs with 

those pred icted  from  the proposed recognition  sequence . The m ethod Is 

lim ited by the definition of which sequences are  ch aracteris tic  of restriction  

enzym es and which are  not -  a problem  which has not been com plete ly  solved, 

and will be considered  In g rea te r detail below. A com plex corre la tion  process  

of this nature would be difficult to ach ieve m anually , but Is em inently  suited to
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m odern , h ig h -sp eed  com puters. O nce a suitab le program  has been w ritten . It 

can be used to analyse any sequenced  DNA without fu rther m odification.

Fuchs et  al.  (1 9 7 8 )  used this m ethod to correctly  deduce the recognition  

sequence of Avail. G G (A /T )C C . They also published co m p u te r-g e n e ra te d  

tab les of locations of palindrom ic sequences In 0 X 1 7 4  which could be used to 

Identify recognition sequences of other enzym es cleaving the phage DNA. 

U nfortunately, the tables w ere not com prehensive , and would fall to Identify 

palindrom ic recognition sequences with certa in  d eg en era te  bases and w ere not 

app licab le  to n o n -p a lln d ro m ic  sequences at a ll. An e a rlie r  attem pt by M urray  

et al.  ( 1 9 7 6 ) .  using the e n d -la b e llin g  tech n iq u e , proposed the Incorrect 

sequence G ( A / T ) C G ( A / T ) G for Avail. As m ore and m ore restriction enzym es  

w ere discovered with novel types of recognition seq u en ce . It becam e c le a r that 

the heuristic method requ ired  cons iderab le  en h an cem en t to m ake It genera lly  

app licab le . A com puter program  ( RECOG) has been developed here which  

attem pts to overcom e the draw backs of the Fuchs program  by taking Into 

account many m ore variations In the form ats of recognition  sequences.

The problem  can be divided Into two unequal parts corresponding to 

enzym es which recogn ize  (a )  palindrom ic and (b )  n o n -p a lln d ro m ic  sequences.

It Is easy to see that part ( a )  Is a far s im pler problem  to solve than part ( b ) ;  

for exam ple, (ign o rin g  d eg en era te  bases for a m om ent) th ere  a re  42 = 16 

possible te tram eric  pa lindrom es, but 4^ -  4 2  = 240 possible n o n -p a lln d ro m ic  

te tram ers . The disparity betw een these c lasses Increases exponentially with the  

num ber of bases; so th ere  a re . In g e n e ra l, many m ore cases to consider In 

part (b )  than part ( a ) .  The difficulties a re  far m ore severe (In  both cases) 

when d egenerate  bases are  a llow ed, but. unfortunately, of the 89 known (Type  

II) specific ities (R o b erts . 1 9 8 3 ) .  33 Include at least one d eg en era te  base, so
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this featu re  cannot be om itted.

The problem  of dealing  with d eg en era te  base positions. Indeed , Is the  

m ajor one In the heuristic approach: It Is c le a r that the diversity of deg en era te  

recognition sequence types Is la rg e , and new types a re  constantly appearing . 

The program  must th ere fo re  be provided with suffic ient sequence "tem plates" to 

red iscover all known spec ific ities , and also be flexible enough to discover a 

substantial proportion of new spec ific ities , m any of which will have degeneracy  

patterns not previously en co u n tered . A tem p la te . In this sen se . Is defined to 

be a string of ch arac te rs  which represents  a class of possible recognition  

sequences: for exam ple , pppqqq is the tem plate  for all possible ( I . e . .  64) 

palindrom ic hexam ers with no d eg en era te  positions (A A A TTT -  T T T A A A ). and  

ppNqq Is the tem plate  for all palindrom ic pentam ers w here the the centra l base  

can be A. C . G or T . such as G CNGG. The program  th ere fo re  must have 

the tem plates SppqqS and pSpqSq. because two known restriction enzym es  

recognize those sequence  types. I . e . .  Hae\  (8G G G G 8) and HgiAW (G 8 G G 8 G ). 

No known restriction enzym e, how ever, recogn izes the type pp88qq. but that 

tem plate  ought to be Included In o rd er to an tic ipate  the discovery of an 

appropriate  enzym e. The problem  lies in decid ing how fa r to carry  the  

anticipation process. Obviously, the num ber of d ifferen t specific ities  of 

restriction enzym es In N ature Is fin ite , but there  Is no way of knowing how 

m any tem plates a re  needed to be sure of Identifying the recognition  sequences  

of every new enzym e d iscovered . A p ractica l difficulty also exists In that every  

new tem plate  added to a program  based on this m ethod Increases  the com puter 

tim e needed to search  for appropria te  seq u en ces , and exp erien ce  has shown 

that this can be a serious draw back. Inevitably, a com prom ise had to be 

sought, and the one adopted In this work was to define a set of tem plates  

which was (a )  suffic ient to red iscover the known spec ific ities , and (b )  genera l

* See pi for nucleotide abbreviations 1, 2, 8, 9, X, Y, Pu&Py.
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enough . It was hoped, to an tic ipate  the m ajority of specific ities  yet to be 

d iscovered . The  set finally arrived  at Is shown In Tab les  1-1  and 1 -2 :  the  

first tab le displaying palindrom ic tem p la tes , and the second one  

n o n -p a lln d ro m ic  ones. The tem plates are  displayed with the nam es of type  

enzym es fitting them . If known, dem onstrating the diversity of d eg en eracy  

patterns a lready d iscovered , and justifying the Inclusion of extra tem p la tes  to 

antic ipate  novel specific ities . For exam ple. It was felt that the existence of 

A cc l. recognizing the sequence  G T19A C . was justification enough to inc lude five 

o ther tem plates with A / C .  G / T  d e g e n e ra c ie s , even though, at the tim e of 

writing and using the p ro g ram , no o ther known enzym e recognition  seq u en ce  

had such unusual d eg en erac ie s . It is gratifying to note that s ince then  

(R o b erts . 1983) the recognition sequence of NspBW has been found to be 

C 1G C 9G . conform ing to the tem plate  p lp q 9 q . The num ber of tem p la tes  with 

no type enzym e Is much la rg er for n o n -p a lin d ro m ic  sequences (s e e  T ab le

1 - 2 ) :  this Is because only a few such enzym es have yet been ch a ra c te rize d .

It was fe lt, how ever, that all the tem plates devised here could be reasonab ly  

justified on a theoretica l basis , e . g . .  the fact that one enzym e ( T f h l l l l l )  

recognizes a n o n -p a lln d ro m ic  hexam er with a p u rln e /p yrlm ld ln e  d eg en eracy  

suggested that enzym es recognizing  pentam ers with a s im ilar d eg en eracy  m ight 

also exist. It m ay well be that m any known restriction enzym es whose  

recognition sequences a re  not yet determ ined  recogn ize  n o n -p a lln d ro m ic  

sequences whose Identities , so fa r. have been obscured by the ir un fo reseeab le  

pattern of d eg en erac ie s .

The vast m ajority of known specific ities  a re  six or few er base pairs long: a 

sm all num ber, how ever, recogn ize  sequences longer than six base pa irs . It Is 

probably s ignificant that none of these sequences have m ore than six specified  

bases: no known restriction enzym e recogn izes a sequence  like A A CG CG TT or



1. N o n -d e g e n e ra te  te tram eric  pa lindrom es. AATT -  TTAA:

ppqq
Alu\

2. P entam eric  palindrom es with centra l degeneracy ;

ppNqq
H/nfl

ppSqq
EcoRII

pp2qq
Caull

3 . N o n -d e g e n e ra te  hexam eric  pa lindrom es. AAATTT -  TTTAAA:

pppqqq
Eco Rl

4 . D egenerate  hexam eric  palindrom es:

ppXYqq
Af/lll

PpYXqq
HincW

pp88qq pp22qq p p l9 q q
Accl

pp91qq

pXpqYq
Acyl

pYpqXq
Aval

p8pq8q
Hg/AI

p2pq2q p lp q 9 q
NspBW

p 9 p q lq

XppqqY
Haell

YppqqX
CfrI

8ppqq8
Hae\

2ppqq2 lp p q q 9 Gppqql

N o n -d e g e n e ra te  te tram eric  and hexam eric  palindrom es with one to six 
unspecified cen tra l bases: (ppN qq covered In 2. above)

ppNNqq ppNNNqq ppNNNNqq ppNNNN Nqq ppNNNN NNqq

pppNqqq
Saul

pppNNqqq pppNNNqqq pppNNNNqqq
Xmn\

pppNNNNNqqq
8g /l

pppNNNNNNqqq
HglEW

6. D egenera te  hexam eric  palindrom es with one to six unspecified  
centra l bases:

(T h is  Is an obvious extension of section 4. . com prising tem plates  ranging  
from  ppXNYqq to 9 p p N N N N N N q q l. A ccord ing ly , th ere  a re  6 x 18 = 108 
tem plates a ltogether. No known enzym es fit any of these tem p la tes . )

TABLE 1 -1 : Palindrom ic  tem plates used by RECOG.



1. N o n -d e g e n e ra te  te tram eric  seq u en ces , AAAA -  TTTT:

PPPP
Mnl\

2. N o n -d e g e n e ra te  pen tam eric  seq u en ces . AAAAA -  TTTTT:

PPPPP
MboW

3 . D eg en era te  pentam eric  sequences:

Xpppp pXppp PpXpp Ypppp pYppp PpYpp

4. N o n -d e g e n e ra te  hexam eric  seq u en ces . AAAAAA -  TTTTTT: 

PPPPPP

5. D egenerate  hexam eric  sequences:

Xppppp pXpppp PpXppp Yppppp pYpppp PpYppp 
-------------------------------      GdiW   ™ m i l

TABLE 1 -2 : N o n -p a lln d ro m ic  tem plates used by program  RECOG,
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CCG ATG CATCG G . They a re  longer than six base pairs only because the ir 

sequences a re  "padded out" with c e n tra l, unspecified bases; for exam ple  

HgiEW.  recognizing  the palindrom e A G G N N N N N N G G T. The proposed natural 

function of restriction enzym es suggests a possible explanation for this upper 

lim it on specific ity . If a restriction enzym e Is to provide an effective d efence  

against Invading phage or plasm id D NA. then there  must be at least one  

recognition  seq u en ce  for the enzym e on the DNA. The best way to m axim ize  

the probability that the Invading DNA should be a substrate for the enzym e Is 

for the recognition sequence to be short enough to statistically ensure  Its 

occu rren ce  on alm ost every p iece of DNA. C learly , the shorter the recognition  

seq u en ce , the m ore often It will occur by ch an ce  In a given length of DNA. A 

four base pair palindrom ic sequence will occur about once every 256 ( = 4 * )  

base pairs , and a s im ilar six base pair sequence  will occur about once every  

4096  ( = 4 6 )  base pa irs , on a "random" p iece of DNA. (O bviously . In reality , 

these figures vary with the base com position of the recognition  sequence and  

that of the Invading DNA. but th e ir o rd er of m agnitude Is c o rrec t. ) S ince  

m any small DNA phages have genom es of the o rder of 5kb long. It Is obviously 

disadvantageous for a cell to produce a restriction enzym e recogn izing , say.

8bp which would occur only about once every 65536  ( = 4 8 )  base pairs , and 

would there fo re  be absent from  most Invading DNA m olecu les . Taking this 

argum ent to Its logical conclusion . It may be objected that even a 4bp  

recognition  sequence  m ight, by c h a n c e , not occur on an Invading DNA. and  

that restriction enzym es with even shorter recognition  sequences would be m ore  

effective. A bacterium  producing a restriction enzym e, how ever, has to pay a 

price for the protection thus obtained; It has to m ethylate all the recognition  

sequences on Its own genom e to avoid su ic ide . The fact that no restriction  

enzym e recognizing a sequence less than 4bp long has yet been Isolated  

suggests that the energy cost of m ethylating a much m ore frequen t 2 or 3bp
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s eq u en ce  is so high that the selective advantage afforded by such a 

hypothetical enzym e Is outweighed by the m etabolic  d isadvantage. It Is perhaps  

becau se  of these conflicting evolutionary pressures that. In spite of the m anifest 

diversity of known recognition  seq u en ces , none of them  possess m ore than six 

or less than four (fu lly -d e fin e d ) bases. (S o m e  Type I restriction enzym es, 

e . g .  EcoB and EcoK, recognize sequences contain ing m ore than six defined  

bases . In contrad iction  of the above argum ent: how ever, this c lass of enzym e  

Is known only In E. col i .  and caution must th ere fo re  be exercised  In drawing

g en era l conclusions about the ir function and evolution. )

P alindrom es with cen tra l tracts  of one or m ore unspecified  bases a re  of 

specia l In terest. Only six exam ples of this class have been found. I . e . .  Ecal 

(G G T N A C C ). Saul (C C TN A G G ) . Tth^^'\\  (G A C N N N G TC ) . XmnI (G A A N N N N T T C ) . 

Bgl\  (G C C N N N N N G G C ) . BsfXI (G G A N N N N N N TC C ) and HglEW

(A G G N N N N N N G G T ). Strictly speaking , how ever, five enzym es which recognize

pen tam eric  palindrom es contain ing a s ing le , unspecified base should also be 

Included In this c lass . I . e . .  Asul (G G N G G ). Dde\  (G T N A G ). Fnu4H I (G G N G G ) . 

HinW (G A N TG ) and ScrFI (G G N G G ). It Is noteworthy that none of the  

sp ecific ities  listed above contain d eg en erac ies  In the defined bases: but since  

so few exam ples a re  known. It would be rash to conclude that no d eg en era te  

spec ific ities  a re  yet to be found. REGOG th ere fo re  takes Into acco u n t this 

possibility, and gen era tes  18 d eg en era te  tem plates correspond ing  to the  

h exam eric  series  (T a b le  1 -1 .  6 . )  for each  num ber of centra l bases from  one  

to six. m aking 108 tem plates In a ll. T h e ir Inclusion can be justified  

theo re tica lly  by considering  these "Interrupted hexam ers" as being "related" (In  

som e sense) to uninterrupted hexam ers. For Instance. E ca l. recogn izing  

GGTNAG G . Is re la ted . In this sen se , to Kpn\ which recogn izes GGTAGG. It Is 

a rem arkab le  fac t that all but two of the enzym es cited above can be sim ilarly
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m atched with an enzym e whose recognition  sequence lacks n o n -sp ec lfled  

bases, the rem ain ing  pairs being: Saul. Avril; Tth^' \^\.  A afll; Xm nl. Eco Rl; 

B g/I. A/ael; BsfXI. Bam HI; Asul. H ae lll; Fnu4H I. Hha\:  H /n fl. SauSA  and S crF I. 

HpaW. The two enzym es lacking a m atch so far are  HgiEW and Ode I. (S e e

Roberts. 1983 for s e q u e n c e s .)

The tem plates described  and justified In som e detail above form  the  

backbone of RECOG. which can be expanded readily  to cope with new  

tem plates that m ay becom e ap p aren t. O peration of the program  Is divided Into 

four sections (p a s s e s ) , and various com binations of these a re  appropria te  to 

searches  for palindrom ic or n o n -p a lln d ro m ic  sequences. A listing of the 

program  Is given In Appendix 1 -1 . S um m aries of RECOG operating  procedures  

used to determ ine the recognition sequences of Mme\  and MmeW a re  given In 

Results 2 . 3 .  and 3 . 2 .

1 . 2 .  Relationship between m o lecu lar w eight and oel m obllltv.

It Is possible to d ed u ce , in various w ays, the size of DNA fragm ents  from  

their m obilities on ag aro se  or polyacrylam ide gels . Still the most com m only  

used method Is to plot m obilities of standard DNA fragm ents against 

lo g (m o le c u la r w eight) and draw  a straight line through the points. M olecu lar 

weights of unknowns can then be read from  the graph . U nfortunately , on a 

plot of this kind for agarose  g e ls , linearity of the gel Is restricted  to fragm ents  

less than ca . 6kb; above this s ize , the graph curves appreciab ly  upwards. 

Duggleby et al.  ( 1 9 8 1 )  attem pted to Im prove on this m ethod by fitting a 

parabola  ra ther than a straight line to standard mobility d a ta , using a sim ple  

com puter program .
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An a lternative  to this lo g -lin e a r  plot, first described  by Southern ( 1 9 7 9 ) .  

uses the Idea (b ased  on theoretica l considerations) that m obility and size of 

DNA fragm ents  on agarose  gels a re  re lated  rec iprocally . That Is. for any 

p articu lar frag m en t In a gel track , the product of Its size and m obility Is 

roughly constant. A plot of size versus 1/m o b ility  does Indeed give a straight 

line fit. even for fragm ents g re a te r than 6kb long. S chaffer and Sedero ff

( 1 9 8 1 )  developed this Idea , and found em pirica lly  that a better fit was obtained  

If the size ( S ) /  mobility (M )  relationship  was m odified slightly to:

(S  + a ) ( M + b) = k.

w here a . b and k a re  constant for any p articu lar ge l. They. too. wrote a 

program  to fit this equation to m obility data.

S ince an im portant part of the work described  in this thesis re lied  on the  

ability to accu ra te ly  estim ate DNA fragm ent sizes from ag aro se  gel m obilities . It 

was decided at an early  stage to com pare  these two m ethods. F igure  1-1  

sum m arizes this com parison . The “+" signs Ind icate  s ize /m o b lllty  points from  

an actual run of a X /H /n d lll/E c o R I s tandard . M o lecu lar weights of X fragm ents  

w ere deduced from  the prelim inary (S a n g e r et al.  ) sequence of the phage  

D NA. obtained via F. B lattner. The narrow  line shows the lo g -lin e a r  fit. and  

the broad line the rec ip rocal fit. Obviously, the rec ip roca l fit most nearly  

In tersects with each  point, even In the high m o lecu lar w eight ran g e . At one  

point, ( ca .  17mm m o b ility ), the d iscrepancy between the estim ates of 

m olecu lar w eight approaches I kb .  showing the Inadequacy of the lo g -lin e a r  fit 

In this size ran g e . The rec ip roca l fit. th e re fo re , and a sim ple program  into 

which It was Incorporated  (G E L F IT ) w ere used for all fu rther agaro se  gel
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FIGURE 1-1: Comparison of the reciprocal and log-linear fits to
agarose gel mobilities of a DNA molecular weight standard. This example 
is based on a X Hindlll/EcoRI double digest.
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analyses. E xperience showed that erro rs  of, on ave rag e , 1 -  2% In fragm ent 

size estlam tes could be expected using this m ethod. G ELFIT also works for 

polyacrylam ide g e ls . If fragm ents  g re a te r than Ik b  a re  not Included.
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Results and Discussion: CHAPTER 2.

2 . 1 .  Detection of Mme\  activity in vitro.

Many variations of the basic purification procedure  (G re e n e  et  al. , 1978) 

w ere tried  until one was found which resulted in detection of endonuclease  

activity. One source of the fa iiu re  of early  attem pts may have been the use of 

frozen ( - 7 0 * 0 )  cell paste as a source of enzym e. Such paste took several 

hours to thaw at 4 * 0 ,  with stirring; the resulting sludge was extrem ely viscous; 

and it was obvious that most of the cells  had lysed in the freeze -th aw in g  

process. It may be that under these conditions endonucleases a re  rapidly

d egraded . Success was only achieved when fresh cells  w ere used, and lysed

rapidly using a French press (s e e  M ethods 3 . 3 . 2 . ) .  Eventually, however, 

endonuclease  activity was detected  in the e luate  from  a phosphocellu lose  

colum n (a t  ca . 0 .2  -  0. 25M  N a O l ) , and a sam ple was dialysed against 

storage buffer and kept at - 2 0 * 0 .  The rest was applied to a hydroxylapatite

co ium n, but no activity was detected in the e iuate . The activity eluted from

the first co lum n, th ere fo re , was used for all subsequent analyses. Subsequent 

attem pts to purify Mme\  w ere rare ly  successfu l, even when the m echanics of 

purification apparently  proceeded w ell. It may well be that am ounts of Mme\  In 

the cell a re  so low that purification on the scale  attem pted here was usually 

not sufficient to detect activity. It was felt that the large investm ent of tim e  

and m ateria ls  needed to devise a foolproof purification protocol for Mme\  was 

not scientifica lly  justified , especia lly  since the genetic  Investigation of the 

restriction system of M. methylotrophus was turning out to be so fruitful. 

N everthe less, enough m ateria l was obtained from  the successful colum ns to 

c h arac te rize  the enzym e to the point of deducing its recognition sequence . 

Sim ple assays of Mme\  activity in a variety of buffers showed that it was
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inhibited by high (>50m M ) NaCI co n cen tra tio n , required M g * *  ions, but did not 

requ ire  ATP or S -ad en o sy l m eth ion ine. The latter th ree  observations confirm  

that the enzym e is Type II and not Type I or III. 666 buffer proved to be the  

one in which Mme\  activity was m axim al, and was used subsequently in all 

digests. One property of Mme\  observed from  an early  stage was that a large  

num ber of partial d igest products w ere always seen . Unlike the partials  

produced by other Type II enzym es how ever, these could not be distinguished  

from  com plete  digest products by inspection of band intensity; ( i . e . ,  partials  

are  norm ally  considerably less fluorescent than com plete  digest bands of 

g rea te r m obility) since the d ifference of in tensities of the bands was not 

suffic ient to allow such d iscrim ination . ( S e e  Results 2 . 7 .  for discussion of this 

point. )

2. 2. MaPDino of /Vfmel sites in oBR322.

In o rd er to use the com puter m ethods described  e a rlie r  to identify  

restriction enzym e recognition sequences , it was necessary to m ap the c leavage  

sites form ed by Mme\  in a sequenced DNA, in this case pBR322.

U nfortunately, it was c le a r (a s  described  above) that the enzym e never 

produced a com plete  digest -  bands correspond ing  to partial digestion products  

w ere always found as well as lim it digestion products. In the early  s tages, 

this com plicated  m apping attem pts. The first site to be accura te ly  m apped was 

one at coord inate  2 8 6 0 , la ter to be called  M 4. Initially, this was defined by a 

seria l d igestion experim ent. In a H ln 6 \ \ \ /M m e \  double d igest of pBR322, two 

prom inent bands of ca . 1520bp ( I )  and 1690bp ( I I)  w ere seen , in relative  

isolation from  several o ther bands close to g eth er (d ig es t not sh o w n ). 10/ig  of 

plasm id DNA was digested with these two enzym es, and run on a preparative
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1% agaro se  gel. Bands I and II w ere excised, and ca. 1/Ltg DNA purified from  

each . The fragm ents w ere digested with H a e lll, and run on a 5%  

polyacrylam ide ge l, next to a H aelll d igest of total plasm id DNA (F ig u re  2 - 1 ) .

In the digest of intact pB R 322, 16 bands (o n e  a doublet) representing  

fragm ents > 50bp can be seen , which correspond well to the sizes of H aelll 

fragm ents predicted from the pBR322 seq u en ce . The accom panying digests of 

I and II reveal only the H aelll fragm ents A , D , F and N. R eference  to the  

restriction  m ap of pBR322 (F ig u re  2 -2 )  shows that these fragm ents are  

contiguous, in the order D - N -F -A  (2 9 5 3  -  4 3 4 5 ) .  C learly , the H /ndlll sites at 

one end of each  of fragm ents I and II define the A end of this DNA tract.

The s im piest in terpretation of the g e l, then , is that the Mme\  sites at the other 

ends of I and II lie within the H aelll E fragm ent.

But here was a paradox: two obviously d iffe ren t-s ized  DNA fragm ents (I 

and I I ) ,  when purified and re -d ig e s te d  with H a e lll, gave apparently  identical 

restriction  patterns. M oreover, no additional bands, which might be expected  

by the p resence  of at ieast one Mme\  site within H aelll E, seem ed to be 

produced. Because of this am biguity, the oniy fact which could be deduced  

with n ear certa in ty  from this experim ent was that there was one (a t  least) Mme\  

site a t, or anticlockw ise of, the end of H ae lll D ( 2 9 5 3 ) ,  probably within H aelll 

E. The presence  of exonuclease In the fragm ent preparations was blam ed for 

the am bigu ities in this experim ent. ( It  turned out, how ever, that there w ere  

indeed two sites in H aelll E, and that the fragm ents thus generated  

c o -m lg ra te d , respectively for I and II, with the F and N H aelll fragm ents of 

pBR322. C lose com parison of tracks 1 and 2 in F igure 2 -1  reveals that the 

suspected doublets are  brighter than the ir s ing le  counterparts . )

Inspection of the pBR322 sequence (S u tc liffe , 1978) revealed  that the



1 2 3

K/K' 124/123

FIGURE 2-1: 5% polyacrylamide gel analysis of a Haelll restriction
digest of purified pBR322 Mnel/Hindlll fragments. 1, pBR322/Haelll; 2,  
169Cbp Mhiel-Hindlll fragment/Haelll ; 3, 1520bp lYknel-Hindlll fragment/ 
Haelll. Fragments common to all three tracks are A, D, F and N.
(See Fig. 2-2.)
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Mme\  site thus positively identified was within the la rg est Taq\  fragm ent (2 5 7 6  -  

40 1 9 ) and also within the largest SauSA fragm ent ( 1 6 6 8  -  3 0 4 1 ) :  observations  

which w ere confirm ed In M m e \ /T a q \  and M m e \ /S a u 3 A  double d igests. In 

neither case was the large fragm ent com plete ly  d igested  by /Vfmel although  

there  was a c le a r dim inution of intensity of the band. The size of the extra  

band obtained in a M m e \ /T a q \  double digest was 1155bp: taken with the 

previous resu lt, this positions site M4 at about coord inate  2860  ( = 4019 -  

1 1 55 ) .

In the case of the Sau3A  double d igest, two additional bands of sizes 

1208bp and 1029bp are  form ed by /Vfmel activity. Ind icating an additional /Vfmel 

site in the region 1668 -  3041 ( M 3 ) .  (T h is  was the o ther site hinted at by 

the H aelll experim ent described  above. ) C leariy , the 1208bp band is due to 

M4 (2 8 6 0  -  1 6 6 8 ) ,  so M3 is e ither at coord inate  2700 (=  1668 + 1029) or at 

2012  (=  3041 -  1 0 2 9 ) .  The position of this site  and the two rem ain ing  ones  

w ere determ ined  by consideration of a M m e\ /P s t \  double d igest of pBR322.

Psfl cuts pBR322 uniquely at coord inate  3 6 0 9 . If M3 is located at 20 1 2 , a 

fragm ent of length 1597 (=  3609  -  2012 ) would be expected; conversely , the  

other possible location for M3 would g en era te  a fragm ent of 909bp (=  3609  -  

2 7 0 0 ) .  Inspection of an actual Psfl//Vfmel doub le  d igest of pBR322 reveals no 

fragm ent In the size range 1100 -  2300bp: th e re  Is, however, a fragm ent of 

approxim ately 920bp. This positions M3 at 2 7 0 0 . Of the four fragm ents less 

than l l OObp long In the double d igest ( ca .  105 0 , 9 70 , 920 and 7 5 0 b p ) , two 

are  accounted for by M3 and M4 -  I . e . ,  MS -  3609  = ca . 920b p , M4 -  3609  

= ca . 750bp . The other two fragm ents m ust be due to the presence  of at 

least two additional /Vfmel sites ( M l  and M 2) In pBR322. Obviously, each site 

may be e ith er clockwise or anticlockw ise of th e  Psfl site: but only the  

in terpretation  that M l and M2 are  both clockw ise of the Psfl site Is consistent
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with the fragm ent length data derived from  a /Vfmel d igest of pB R322. Given  

this fac t, the double d igest data position M l at ca . 217 (=  3609  + 970 -  

43 6 2 ) and M2 at ca. 297  (=  3609  + 1050 -  4 3 6 2 ) .  Using these coord inates , 

it is easy to deduce that the four com plete  /Vfmel d igest products of pBR322  

would have lengths of ca . 2 4 0 3 , 1719 , 160 and 80bp. The two sm allest 

fragm ents are  not seen on 1% agarose  g e ls , e ither because they a re  produced  

in insign ificant quantities, or because the bands are  too diffuse. Bands closely  

corresponding  to the predicted sizes of the two largest fragm ents a re  seen , 

how ever, and all o ther bands can be accura te ly  in terpreted  as being partia ls; 

there  is no need to invoke the existence of a fifth /Vfmel site.

The derivation of a m ore accura te  map of /Vfmel sites in pBR322 was 

achieved by use of the program  described  by S chroeder and B lattner ( 1 9 7 8 ) .  

The data from  /Vfmel, /Vfm el/Sau3A, M m e \ / T a q \ . /Vfmel/Psfl digests w ere  used to 

obtain refined /Vfmel coord inates of 212,  2 9 6 , 2697 and 2874 . S ee  Appendices

2 -1  and 2 -2  for the input to and output from  the S c h ro e d e r/B la ttn e r program  

which produced these coord inates . C om pare with F igure 2 -2  for identification  

of re ievant restriction sites. It should be noted that the use of this program , 

in conjunction with accu ra te  fragm ent length determ ination  using G ELFIT , can  

give restriction maps with site positions In e rro r by, on averag e , only 1 -  2% . 

This com bination of program s has been extensively used In Leicester by D. W. 

Burt (pers .  c o m m . )  for the accu ra te  m apping of recom binant DNA carried  In 

the X vector L47 (Loenen  and B ram m ar, 1 9 80 ) .

2. 3.  D eterm ination  of /Vfmel recognition  sequence .

The gel analyses described  above accu rate ly  define four /Vfmel sites In 

pBR322. The com puter approach was used to Identify the recognition  sequence
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FIGURE 2-2: Restriction map of plasmid jBR322 (4362bp). Enzyme
sites and fragments used in mapping the four Mmel sites (Ml - M4)
are shown.
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of the enzym e. Naturally , the first Idea to be tested was that Mme\ recognized  

a palindrom ic sequence , (te tra m e r. pen tam er or h e x a m e r). as do most other 

known restriction  enzym es. The section of the program  RECOG which deals  

with palindrom ic sequences allows the user to se lec t a size range (w indow ) In 

which a restriction fragm ent lies, and p red icts , for each  seq u en ce , how many 

fragm ents  would He within the window If that sequence was c leaved. From  the  

refined gel data . It was deduced that the four com plete  digestion products of 

M me\  activity on pBR322 had sizes of approxim ately 2 4 0 1 . 1701 . 176 and 84 

base pairs . Allowing an e rro r m argin of 2%  each way. a window of 2350bp  -  

2450bp  was defined. Using RECOG. only five palindrom ic sequences w ere  

Identified which could produce a single fragm ent In that size range. These  

w ere 1ATAT9. 1G G CC9. C2A T2G . TC 88G A  and XCATGY which occur 

respective ly  3 . 4 . 3 . 9 and 4 tim es In pBR322. C learly , th en , the first and 

third sequences  can be re jec ted , simply because they occur less than four 

tim es. The  other three can also be re jected  because the ir locations a re  very 

far from  the sites m apped for Mme\:  1GGCC9 Is found at coord inates 5 94 .

82 8 . 938 and 2 516 ; TC88G A Is at 4 8 9 . 2 8 4 1 . 2 9 3 9 . 3 0 3 7 . 3 1 2 0 . 3 1 9 4 . 4202 . 

4307 and 4 356 ; and XCATGY occurs at coord inates 561 . 1815 . 2109  and 2474 . 

These data prove that Mme\  recognizes none of the palindrom ic te tram ers . 

pentam ers or hexam ers covered by the set of tem plates used by RECOG.

B efore conclud ing , however, that /Vfmel did not recognize a palindrom ic  

seq u en ce . It was necessary to e lim inate  hexam eric  palindrom es Interrupted by a 

centra l trac t of one to six unspecified bases, such as the one recognized  by 

Bgl\. G C C N N N N N G G C . The program  RECOG was run for each  of these six 

additional c lasses of palindrom es, using the 2350  -  2450 window described  

above. S equences which could produce a sing le  fragm ent of this size a re  

shown In Tab le  2 -1 .  ( N . B . .  only those sequences which occur four or m ore



4 2440 1GGCC9 1578) 4 2374 A9TNNNNA1T 1005)
4 2449 XCATGY 1254) 4 2407 9CX5NNNNCC1 1437)
9 2352 TC88GA 1008) 5 2381 TA9NNNN1TA 855)

6 2352 C2CNNNNG2G 1005)
4 2351 1C3TNAC9 1077) 7 2424 GA9NNNN1TC 561)
4 2356 8CTNAG8 1115) 9 2363 1TGNNNNCA9 818 )
4 2410 8TGNCA8 1242) 10 2397 2CC3NNNNCG2 711)
5 2378 9ATNAT1 803)
7 2447 AGXNYCT 767) 5 2367 AYCNNNNNGXT 1009)

5 2367 GXANNNNNTYC 614)
4 2352 2TCNNGA2 1008) 6 2375 T8ANNNNNT8A 900)
4 2401 AT9NN1AT 1817) 9 2384 TA8NNNNN8TA 463)
5 2359 CG9NN1CG 1404) 10 2381 2CC3NNNNNCG2 657 )
5 2385 C1GNNC9G 883)
5 2442 XAGNNCTY 908 ) 4 2350 XGC3NNNNNNCCY 1339)
7 2390 2ACNNGT2 696) 4 2352 (3A9NNNNNN1TC 1283)
8 2432 2GCNN(X:2 866) 4 2373 1ACNNNNNNGT9 1437)

4 2384 AG1NNNNNN9CT 962 )
4 2356 CG8NNN8CG 850) 4 2444 AC2NNNNNN2GT 1082)
4 2375 CT9NNN1AG 1044) 5 2368 2CCNNNNNNGG2 882 )
5 2370 TT2NNN2AA 1125) 7 2357 TYANNNNNNTXA 1056)
5 2383 1TTNNNAA9 1039) 7 2359 9CANNNNNNTG1 1351)
5 2418 TC9NNN1GA 914) 8 2439 2GCNNNNNNGC2 682 )
5 2435 C2CNNNG2G 1470) 9 2438 GC2NNNNNN2GC 760)
6 2390 XTTNNNAAY 786)

TABLE 2 -1 :  Palindrom ie sequences which are  cand idates for the recognition
sequence of M m e\.  Each sequence Is p receded  by two num bers: ( I )  the
num ber of occu rren ces  In pB R322, ( I I)  the size of the largest gap between
ad jacen t sequences (w hich  would correspond to the largest frag m en t seen on a 
ge l ) .  The num ber which follows (In  brackets) Is the size of the second  
la rgest gap between ad jacen t sequences. Thus, the sequence 1GGCC9 occurs  
4 tim es, with the two largest gaps being 2440  and 1578bp long. (M od ified
from  program  RECOG output. )
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tim es a re  shown, and the hexam ers a lready  discussed are  included for 

co m p leten ess . ) The num ber In brackets following each  sequence Is the 

pred icted  size of the second largest fragm ent which It could produce.

Inspection of these figures reveals that none of the sequences could yield a 

frag m en t within 2% of the size of the second largest fragm ent actually  produced  

by /Vfmel, I . e . ,  1667 -  1735. Having exhausted all the palindrom ic sequence  

types tested by RECOG, It could be concluded e ither that M m e I recognized a 

palindrom e of unforeseen type, or that It recognized  a n o n -p a lln d ro m ic  

s eq u en ce .

R ecourse was th ere fo re  m ade to the section of RECOG which dealt with 

n o n -p a lln d ro m ic  sequences. A p rIn t-o u t of the successful run of the program  

Is given In Appendix 1 -2 . The operation of the program  Is In two stages.

Pass 1 operates  on the following data: (a )  DNA sequence (p B R 3 2 2 ), (b )  

length of n o n -p a lln d ro m e  to be considered  (=  hexam er, 6 ) ,  (c )  num ber of 

subsequences to be g enerated  ( = num ber of sites, 4 ) ,  (d )  length of 

subsequence to search  (lO O bp) and (e )  coord inates of m apped sites (2 1 2 ,

2 9 6 , 2697  and 2 874 ) . RECOG then extracts four lOObp subsequences from  the 

total pBR322 seq u en ce , centred  on each cut site coord inate . Every hexam er 

In the subsequences Is then parsed using the n o n -p a lln d ro m ic  tem plates  (T a b le  

1 -2 )  to g en era te  a file  of hexam ers which a re  potential recognition sequences. 

For exam p le , the first hexam er of subsequence 1, CG G TAC, Is output as eight 

hexam ers: CG G TAC, YGGTAC, CXGTAC, CGXTAC and com plem entary  

sequences  GTACCG , XTACCG, GYACCG, GTXCCG. Pass 1 Is com plete  when 

all subsequences have been treated  In this way.

The  file  of hexam ers Is then sorted and processed through Pass 4 of 

RECOG, which simply picks out sequences com m on to all four subsequences
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and prints them  out. Appendix 1 -2  shows that the refined m apping data of 

Mm e\  sites In pBR322 w ere sufficiently accu ra te  for RECOG to discover a unique  

sequence  GTYGGA ( = TCCXAC) com m on to all four short regions around the  

cut sites. Given the fa ilu re  of RECOG to find any palindrom ic sequences with 

this property , the n o n -p a lln d ro m ic  sequence found was a very likely candidate  

for the recognition sequence of M m e\.  In support of this contention , a 

com puter search  of the whole of pBR322 for this sequence showed that It only 

o ccurred  four tim es. In the sam e o rien tation , at coord inates 197 -  202 ( M l ) ,  

284  -  289  ( M 2 ) ,  2664  -  2669  ( M 3 )  and 2848  -  2853  ( M 4 ) ,  close to the  

m apped cut sites. S ince the located sequence GTYGGA actually  resides on the 

negative strand of pB R322, as It Is norm ally draw n. It will be re ferred  to 

henceforth  by Its com plem ent TCCXAC. Most o ther restriction enzym es which  

recogn ize  Irreg u lar sequences cut the DNA som e d istance away (s e e  

In troduction 5. ) : the d iffe rence  between the m apped cut s ites, and the actual 

location of TCCXAC sequences , suggested strongly that the enzym e /Vfmel cut 

the DNA a short d istance to the 3 ' of Its putative recognition sequence.

2 . 4 .  G eneration  of partials -  theorv.

The pecu lia r property that /Vfmel possesses of generating  partial as well as 

com plete  digestion products led to the writing of a sm all set of com puter 

program s (G E LS IM ) which sim ulate the gel patterns that should be obtained If 

all possible digestion products w ere produced. The theory behind the program s  

Is very s im p le , but differs slightly between linear and c ircu la r m olecu les. For 

exam ple . If a linear m olecu le  Is partially digested at a s ingle s ite , three  

distinct, lin ear fragm ents are  produced: but If a c ircu la r m olecu le  Is so 

digested , only one such fragm ent will a rise . (U nd igested  c ircu la r m olecules  

are  d iscounted because the ir m igration properties on gels a re  less well
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understood than those of linear m o lecu les , and cannot at the m om ent be 

p re d ic te d .)  By sim ple m athem atical Induction, two fo rm ulae  can be written  

down which give the total num ber of fragm ents obta inab le  from  a partial digest 

of e ither lin ear or c ircu la r m olecu les. They are  as follows:

T = ( N + l ) ( N + 2 ) / 2  (fo r  linear m o le c u le s ); (1 )

T = N 2 -N + 1  (fo r  c ircu la r m olecu les) (2 )

In both c a s e s , the num ber of possible products (T )  Increases  with the  

square of the num ber of c leavage sites ( N ) ;  Indeed , as N In creases , T tends  

to N2 for c irc u la r m olecules and to half that value for lin ear m olecules: e . g . ,  

a hundred sites partia lly  cleaved In a c ircu la r m olecule gen era tes  9901 

products, but only 5151 products In a linear m olecu le .

It has proved Instructive (an d  largely co rrec t) to suppose that all possible  

cleavage products a re  generated  In M m el d igests, and to use GELSIM to 

ca lcu la te  frag m en t lengths of these products from the coord inates of the Mme\ 

sites within the DNA m olecu le  co n cern ed . From  these d ata , given the equation  

relating m o lecu lar w eight to gel mobility based on the rec iprocal relationship  

discussed above (R esu lts  1 . 2 . )  It Is possible to construct a graphical 

representation  of M m el digests of any sequenced DNA m olecu le . With 

appropria te  lin ear sca lin g , the correspondence  between the actual gel 

photographs and sim ulations Is striking and unequivocal. GELSIM Is flexible  

enough to allow  the user to specify a site at which a c ircu la r m olecu le  (such  

as a plasm id or phage genom e) has been lin earized , thus enabling  the 

sim ulation of double digests. S im ulation of digests by enzym es which do not 

g en era te  partia ls  Is also possib le, using GELSIM .
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2. 5. C onfirm ation of Mme\  recognition sequence.

The most convincing way of proving that TCCPuAC Is the recognition  

sequence  for M m el Is by digesting other sequenced DNA m olecu les  with the  

enzym e, and by showing that the digest pattern obtained Is the sam e as that 

deduced from the sequence . GELSIM offers an objective way of com paring the  

theoretica l and actual gel patterns. S ince the sequence TCCPuAC had been  

deduced from analysis of digests of pBR322 DNA, the obvious first step was to 

sim ulate  these gel patterns (F ig u re  2 -3  ( a ) ) .  By way of Illustration , a M m el 

digest of pBR322, with four TCCPuAC sequences at coord inates  197, 2 84 , 2664  

and 2 8 4 8 , should g en era te  (by  form ula (1 )  above) 13 c leavage  products, of 

sizes ( b p s ) :  4 3 6 2 , 4 2 7 5 , 4 1 7 8 , 2 6 5 1 , 2 5 6 4 , 2 4 6 7 , 2 3 8 0 , 1982, 1895, 1798 , 

1711,  184 and 87.  Using GELSIM , and the appropria te  s ize /m o b lllty  equation , 

these data  w ere transform ed Into a graph ica l representation  of the gel. (S e e  

Appendix 3 -1  for exam ple run of GELSIM package to s im ulate a p B R 322 /M m el 

digest. ) S im ilar calcu lations w ere perform ed for M m el d igests of pBR322 

linearized  with Psfl, or p re -d lg es ted  with Taq\, and SauSA. F igure  2 -3  (a )  

shows these sim ulations displayed alongside the actual gel p ic tu res , 

dem onstrating the striking correspondence  between them . The s ize /m o b lllty  

equations for tracks 1 - 4  w ere derived , using G ELFIT , from SauSA  band  

m obilities: the equation for 5 and 6 was derived from  a X /H /n d lll/E c o R I 

standard . The Identity of TCCPuAC as the recognition sequence  was confirm ed  

beyond doubt by sim ulation of M m el digests of o ther sequenced  DNAs, nam ely  

<tX174, SV40 and (w ith a sm all qualification described below) M l 3 and 

M 13m p 7. The first com parison was with a M m el d igest of P sfl-d lg es ted  0X 174

RF DNA. The DNA sequence of 0 X 174  (S a n g e r et al. , 1978) contains five

TCCPuAC sequences at coord inates -2 2 5 ,  2 6 9 1 , -3 2 3 7 ,  5197  and 5376 . (A

coord inate  preceded by a negative sign Im plies that the com plem entary
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FIGURE 2-3: (a) Agarose gel analysis of pBR322 (1-6) and j0Xl74 (7) 
digests used to deduce and confirm the Mnel recognition sequence 
5 '-TCCPuAC-3 '. Gel photographs are shown flanked by appropriately scaled 
ccirputer simulations. Enzymes used were: 1, Taql ; 2, Taql/Mnel; 3,
Sau3A; 4, Sau3A/MneI; 5, Mnel; 6, Pstl/Mnel; 7, Pstl/Mnel. (184bp and
87bp bands predicted in the simulations of 5 and 6 were cut off and were 
not visible on the gel.)
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simulations of 3 and 4 were cut off and ytere invisible on the gel. )
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seq u en ce  GTPyGGA is found at that lo c a tio n .) S ee  F igure  2 -4  for a restriction  

m ap of 0 X 1 7 4  DNA showing relevant sites. Note that the fifth site at 5376  Is 

so c lose to the unique Psfl site at 5386 that It can be Ignored for the purpose  

of the gel s im ulation. B ecause, on this DNA, not all the Mme\  sequences a re  

In the sam e orien tation , the size of the fragm ents produced depends how far 

the enzym e's  cut site Is from the 3 ' end of Its recognition  seq u en ce . As this 

had not been determ ined exactly, an estim ate of 12bp, based on 

experim entation  with G ELSIM , and by com paring M m el with sim ilar enzym es  

(such  as F f / ï l l l l l ) ,  was arrived at and used In all fu rther sim ulations. All 

fragm ent lengths displayed In F igures are  c o m p u te r-p re d ic te d , and not those  

em pirica lly  derived . The fragm ent lengths deduced from  a <I>X174/Psfl/M m el 

digest, then , w ere  5386 , 5214 , 5174 , 5 0 0 2 , 3 2 2 4 , 3 0 1 2 , 2 7 0 8 , 2 6 7 8 , 2 5 0 6 , 

2496  2 1 6 1 , 1990 , 516 , 212  and 172 (b a s e  p a irs ). Use of GELSIM  produced  

the sim ulation shown In F igure 2 -3  ( a ) ,  an d , once ag a in , the corre la tion  Is 

striking. B ecause the m olecu lar weight standard on the gel used In this 

sim ulation did not work, the s ize /m ob lllty  equation was derived by using the  

pred icted  fragm ent lengths In the double d igest track them selves as standards.

In this c a s e , however, au to -co rre la tlo n  Is leg itim ate: because so m any figures  

w ere fitted to the sim ple reciprocal equation with so little e rro r ( < 3%  

m a x im u m ), any doubt as to the veracity of TCCPuAC as the recognition  

sequence  of M m el Is rem oved.

The DNA sequence of the eukaryotic virus genom e SV40 (F le rs  et al. ,

1978) contains two TCCPuAC sequences at coord inates 1020 and -4 5 6 4 .

Thus, th ere  a re  two com plete  digest products of 3514  and 1729bp , as well as 

the partia l fu ll-len g th  lin ear fragm ents of 5243bp . These are  visible In the  

actual gel photograph (n o t show n), but a re  som ew hat obscured by bands  

produced by the sm all am ount of M m e 11 contam ination  In the M m el p repara tion .
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(S in c e  SV40 Is of eukaryotic o rig in , its GATC sequences are  not m ethylated, 

and hence a re  substrates for MmeW) .

2 . 6 .  M m e\ sites in M 13 and M 13m p7.

The identity of the M m e\ recognition  sequence  was confirm ed by com paring  

actual DNA digest patterns of sequenced DNAs (S V 4 0 . <DX174) with those  

predicted from  the seq u en ce . As was seen above, the corre la tion  is good 

enough to prove without reasonab le  doubt that /Vfmel recognizes TCCPuAC and  

cuts ca . 12bp 3 ' of this seq u en ce . U nexpectedly, when another sequenced  

DNA. M 13m p7. was digested with /Vfmel. th ere  w ere few er bands visible than  

the sequence data pred icted . M 13m p7 is a hybrid DNA m o lecu le , constructed

by Messing et al. ( 1 9 8 1 )  and consists of the genom e of the filam entous,

s in g le -s tran d ed  DNA b acteriophage M l 3 fused to a portion of the lac  operon of 

E. coll,  contain ing  a synthetic m u lti-enzym e cloning site, it is w idely used, 

along with other c lo s e ly -re la te d  M l 3 derivatives, for the cloning of DNA  

fragm ents and preparation  of DNA tem plate  for the S an g er dideoxy sequencing  

method ( 1 9 7 7 ) .  B ecause it is a hybrid of sequenced  DNA m olecu les , its 

sequence has been deduced rather than d irectly  d eterm ined . A com puter  

search of the sequence (o b ta in ed  from N. i. M. R. Mill H ill. London via B. K.

Ely) revealed four TCCPuAC sequences at coord inates - 3 0 0 .  5441 . -5 7 6 2  and

6613 . GELSIM  predicts 13 fragm ents from  these data , with lengths of 7236 . 

694 5 . 6 3 5 5 . 6 3 4 3 . 6 0 6 4 . 5 4 6 2 . 5171.  2 0 6 5 . 1774. 1172. 893 . 881 and  

291 bp. C learly . (F ig u re  2 - 3  (b )  ) ,  not ail of these fragm ents a re  present. 

Careful exam ination of those fragm ents which w ere present suggested that one  

predicted /Vfmel site (a t  coord inate  5441 . within the M 13 portion) was not being  

cut at a il. if this site is rem oved from  the GELSIM analysis , oniy 7 fragm ents  

are  pred ic ted , with lengths of 7236 . 6 3 5 5 . 6 3 4 3 . 5462 . 1774 . 893  and 881
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bps. As shown in F igure 2 -3  ( b ) .  the gei sim ulation based on these lengths  

is a good fit to the actual photograph. Also shown is a s im ilar analysis of an 

M 13m p7/E coR i//V fm e l double d igest, which supports the idea that the M 13m p7  

sequence at 5441 is resistant to Mme\ c leavage . That is. seven extra 

fragm ents , of which at ieast one (7 6 9 b p ) should be v isib le, a re  absent from  

the gel photograph. Several explanations for this observation suggested  

them selves: (a )  sequences flanking TCCPuAC at 5441 prevent /Vfmel activity.

(b )  the sequence  is m ethylated at this position or (c )  th ere  has been a 

m utation in M l 3 (s in c e  it was sequenced) changing  the /Vfmel site th e re . in 

order to investigate possibility ( c ) .  i wrote to Professor J . G . G .  S choenm akers . 

in whose laboratory M 13 had been sequenced  (van  W ezenbeek et al. . 1980) 

describ ing  these results. in his reply, he stated that there  was a possibility  

that the sequence  in question was not TCCAAC. since in som e sequencing  runs 

TCTAAC could be read instead . He enclosed som e M 13 RF DNA from  the  

strain actually  used for sequenc ing , and this was subjected to fu rther analysis .

From  the M 13 seq u en ce , with /Vfmel sites at coord inates - 3 0 0 .  5441 and  

-5 7 6 2 .  GELSIM predicts 7 fragm ents with lengths of 6 4 0 7 . 6116 .  5 4 6 2 . 5171 . 

1236 . 945  and 291 bp. Only th ree  frag m en ts , plus a sm all am ount of uncut 

superco iied  M 13 RF. are  actually  visible on the g e l. how ever, correspond ing  to 

6 4 0 7 . 5462 and 945bps. which are  the lengths predicted by GELSIM if the  

sequence at 5441 is d iscounted. This d isproves possibility ( c ) .  and  

strengthens the idea that th ere  may have been a sequencing  e rro r at 5441 -  

5446 . C ircum stantia l ev idence for this view can  be gained by considering  the  

hom ologous reg ions of the c lo se ly -re la ted  phages fd and f l  (S ug im oto  et al. . 

1978; Beck and Zink, 1 9 8 1 ) .  (T h e  nucleotide sequence hom ologies between  

these phages and M 13 a re  9 7 . 0 %  and 9 9 . 1 %  re s p e c tiv e ly .) S ign ificantly , 

neither of these phages has the /Vfmel site corresponding  to the M l 3 site at
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544 1 , w hile retain ing the other two sites: both have the sequence  TCTAAC  

instead , which is not a substrate for M m el. On b a lan ce , then , it seem ed  

likely that a sm all sequencing  e rro r had o ccu rred , giving rise to the results  

described  above. It is the sim piest exp lanation , and th ere fo re  takes  

p reced en ce  over possibilities (a )  and (b )  above. The digests of M13 RF with 

M m el. and M m e \/B a m H \  a re  shown in F igure 2 -3  ( b ) ,  together with the 

sim ulations. The absence  of 3 2 4 0 . 3167  and 1236bp bands in the latter 

double d igest photograph is consistent with the above in terp retation . Note also  

the pers is tence  of a 5462bp  M m el fragm ent in track 4 due to incom plete

c leavage  by B am H i. (S e e  F igure 2 -5  for restriction map of M 1 3 m p 7 . )

2. 7.  C om parison of M m el with analogous enzvm es.

The results described  above p lace M m el in the subset of restriction  

enzym es which recogn ize  n o n -p a iin d ro m ic  sequences ( s e e  Introduction 5 . ) .

All but two of these enzym es. TfAl 1 111 (CAAXCA) and Gd/il (Y G G C C G ). have 

n o n -d e g e n e ra te  recognition  sequences: M m el brings the total up to th ree .

S in ce , ap p aren tly . GdiW c leaves within its recognition sequence ( Roberts.

1 9 8 3 ) .  the c losest known analogue to M m el Is T O l l l l i .  In ano ther respect, 

how ever, there  is a m ore s im ilar enzym e. H g a l. which recogn izes  the  

n o n -p a lin d ro m e  GACGC (S u g isak i. 19 78 ) .  Brown and Sm ith ( 1 9 7 7 )  discovered  

that H g a \,  like M m el (R esu lts  2 . 1 . ) .  gave persistent non -s to ich io m etric  

digestion products. They suggested that this may be due to the heterogeneity  

of the sequences  actually  c leaved , as distinct from the recognition sequences. 

Hph\ behaves in a s im ilar way (unpublished results cited in Brown and Sm ith . 

1977 -  see  also K leid . 1 9 8 0 ) ,  It is possib le, th e re fo re , that the generation  of

partia ls  by M m el is not caused by im purities in the enzym e p rep ara tio n , but is

an in h eren t property of the enzym e.
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FIGURE 2-5: Restriction map of cloning vector M13mp7 RF (7236bp).
The four Mnel sites predicted from the sequence are indicated, including 
the one (marked with an asterisk) vhich is not detectably cleaved by 
Mnel in vitro.
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2. 8. C leavage  point of M m e\.

The preparations of M m el obtained in this work w ere not considered  to be 

pure enough to use in c leavage  point determ ination . No such experim ent was 

th e re fo re  attem pted: m ethods which m ight have been tried a re  d iscussed in 

Results 1 . 1 .  S ince it is alm ost certa in  that M m el cleaves outside its 

recognition  sequ en ce , oniy m ethods which accura te ly  d eterm ine  the lengths of 

s in g le -s tra n d e d  DNA derived from restriction fragm ents a re  approria te .
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Results and Discussion: CHAPTER 3.

3 . 1 .  D etection of M m ell activity in vitro.

A second endonuclease activity was not detected  in M. methylotrophus until 

about half way through the project: this was for the sim ple reason that, until 

th en , d am -m o d ified  X DNA had been used as the substrate for assaying colum n  

fractions: and it subsequently turned out that the new enzym e, M m eii, could 

not d igest such DNA. The first hint of M m eil activity was found when  

developing a m odification to the purification protocol for M m el, which involved 

am m onium  sulphate fractionation of nucleic acid free  crude extract. pAT153  

DNA from  a dam ” strain was used as the assay substrate for the frac tio n s , and  

gei analysis of the digests c learly  revealed  endonuclease  activity in the 40 -  

50%  frac tio n . ( p A T I 53 is a deletion derivative of pBR322 -  see Twigg and  

S h erra tt, 1 9 8 0 ) .  This extract was subsequently loaded onto a phosphocellu lose  

co ium n, and eluted with a NaCi g rad ien t. The coium n fractions w ere  assayed  

both with dam ” and dam"*” DNA, and restriction activity was observed oniy when  

dam ” DNA was used (n o t shown) .  it was obvious that the enzym e was 

com plete ly  unable to c leave d am -m o d ified  DNA, explaining the fa iiu re  to detect 

its activity previously.

Subsequent experim entation with purification techniques led to the protocol 

d escribed  in M ethods 3. 3. 3. , involving D E 5 2 -c e iiu io s e  chrom atography of an 

am m onium  sulphate fraction followed by P 1 1 phosphocellu lose chrom atography of 

the peak fractions from  the first coium n. F igure  3 -1  is a representative  gei 

assay of DE52 fractions during the purification of M m eil from , in this case .
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FIGURE 3-1: Agarose gel assay of DE52 column fractions in the
purification of Mnaell from CBM22. The peak of activity (fraction 29) 
is clearly visible. Substrate DNA was "dam"" pATl53 from CB17.
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CBM 22 (se© Results 4 . 3 . ) .  fractions from  the first coium n. Purification of 

MmeW proved to be m uch eas ie r and reproducib le  than that of M m e\.  perhaps  

indicating a h igher activity of the fo rm er enzym e in the ceil. The partially  

purified enzym e was assayed in a variety of buffers, and it was found to be 

inhibited by high NaCi concentrations (of .  M m e l) ,  and to work best in 666  

buffer.

3. 2. identification of M m eii recognition seq u en ce .

The power of the com puter approach to identification of endonuclease  

recognition sequences was c learly  seen when applied to the new ly-found  

enzym e M m eii; a single d igest of pBR322 with partially purified m ateria l yielded  

several bands, the largest two of which represen ted  fragm ents of approxim ately  

1360bp and 650bp . The program  RECOG was run to attem pt to identify

palindrom es fitting these data. A window of 670 -  1385 was se lec ted , and 128

palindrom es w ere found which could produce a single fragm ent in this size 

ran g e . Fortunate ly , this fragm ent was (a )  the largest and (b )  between  

1300bp and 1400bp long for oniy four seq u en ces , nam ely YCATGX, 2C C G G 2, 

ATNAT and G ATC, with predicted lengths of 1390 , 1395 , 1332 and 1374 base

pairs respectively. Only the last, G ATC , produces a fragm ent within 2% of the

estim ated size. B efore using RECOG to explore the possibility that MmeW 

recognized  a longer p a lin d ro m e, or even a n o n -p a lin d ro m e , it was decided to 

test the hypothesis that GATC was the recognition  sequence . This is the  

sequence  recognized  by a large  class of restriction enzym es produced by 

diverse bacteria l sp ec ies , but most notable am ong them  are  Sau3A  and Mbo\ 

(S tobberingh  et a l ,  1977; G eiinas et al. , 1977) from Staphylococcus aureus  3A  

and Moraxella  bovis respective ly . S ign ifican tly , it is also the sequence  

recognized  by the dam  m ethyiase of E. coll  (M o d rich  and G e ie r, 1979 ) .
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SauSA  is not affected by dam  m éthylation, but Mbo\ (a n d  M m eli) a re , and  

cannot c leave dam  m odified DNA. The existence of other restriction enzym es  

which recogn ize  GATC m ade the confirm ation of this sequence as the one  

recognized  by M m eii a sim ple m atter. pBR322 DNA prepared  from  a dam~  

strain  was digested ( I )  by M bo\.  ( i l )  by M m eii and ( il l)  by Mbo\ and M m eii. 

The DNA was run on a 1% ag aro se  g e l, and no d iffe rence  was observed  

betw een the banding patterns of all th ree  d igests, apart from  the p resen ce  of a 

sm all am ount of partially d igested DNA in the M m eii track (n o t shown, but 

co m p are  the Sau3A  d igest of pBR322 in F igure 2 -3  (a )  with the M m eii digests  

of the sam e DNA in F igure 3 - 2 ) .  This experim ent dem onstrated  unequivocally  

that M m eii recogn izes the sam e sequence as M bo i, nam ely, GATC.

3 . 3 .  Detection of M m eii restriction in vivo.

Of the m any ch aracterized  restriction enzym es, only a few have been  

shown to restric t (d e g ra d e ) fo re ig n , invasive DNA in vivo. The best known 

exam ple is the EcoK (T yp e  i) enzym e of Escherichia coii K -1 2 , which effic iently  

destroys the unm odified DNA of a phage such as X (Dussoix and A rb er,

1962) . it was th ere fo re  of in terest to attem pt to dem onstrate  in vivo restriction  

in Methyiophiius methylotrophus. U nfortunately, no phage has been found which  

infects this sp ec ies , so the only way to investigate in vivo restriction  was to 

look at its e ffec t, if any, on the conjugal transfer of b ro ad -h o s t range  

plasm ids, it was a lready known that plasm id (R P 4 ) transfer from  E. coii to 

M . methyiotrophus  was very effic ient: how ever, this at first d iscourag ing  fact 

could be explained by considering  the in vitro properties of M m eii. In 

p articu la r, as was shown above, DNA from  a dam^  strain of E. coii is 

res istan t to c leavage  by M m eli. T h e re fo re , even if M m eii did res tric t in vivo, 

DNA transferred  from  "norm al" (d a m ^ ) E. co ii .  being m ethylated , would be
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protected against c leavage . Based on this know ledge, a sim ple way of probing  

for in vivo restriction im m ediately suggested itself, i . e . ,  dam ~  strains of E. 

coii should be poor donors to M. methylotrophus. because ail the GATC  

sequences In the p lasm id, being unm ethyiated, would be substrates for M m eli. 

To test th is , 0 . 0 5 m l  of an O / N  culture of M . methylotrophus was spread on 

half of an AST agar p late containing 1 0 /ig /m i Km. Into this lawn was streaked

(a )  CB10 (.dam /R P 4 ) and (b )  CB15 (d a m ^ /R P A ) .  A fter 36 hours incubation  

at 37®C,  th ere  was a c lea r d iffe rence  between the streaks; on the dam^  

streak, there  was confluent growth of M . methyiotrophus/RPA  transconjugants  

indicating effic ient transfer; on the dam ~  streak, only a few ( <20) 

transcon jugant co lonies had ap p eared . The sim plest explanation of this result 

is that M m eli does restrict incom ing , unm odified plasm id DNA in vivo, but it 

could be argued that the observed d iffe rence  was due to a d iffe rence  between  

the donor strains unrelated  to dam  m éthylation: however, when the above  

experim ent was repeated  with K81 (C B M 3) as rec ip ien t instead of M. 

methyiotrophus. no d iffe rence  in m ating effic iency was seen between the two 

donor strains. K81 is an obligate m ethyiotroph of unassigned genus (D .

Byrom , pers. com m . ) crude extracts of which ap p ear to contain no 

endonucleases active on X DNA (d a ta  not sh o w n ). A m ore convincing  

dem onstration that dam  m éthylation was solely responsib le for the d iffe rence  in 

m ating effic iency was obtained when the first experim ent was repeated  with 

otherw ise (essen tia lly ) isogenic d a m ^ /d a m ~  RP4 donors, CB12 and C B 26. The  

result was identical.

3 . 4 .  Isolation of U V -in d u ced  M m eii m utant ( m m e B ) .

T he experim ents described  above strongly suggest a link between the in 

vitro activity of a partia lly  purified endonuclease M m eli and the existence in vivo
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Of a restriction system effective oniy on DNA donated by a dam ~ e. coii strain . 

G enetics offers the best way of confirm ing that the sam e enzym e is responsible  

for both activ ities. Specifica lly , if a m utant unable to restrict dam ~  DNA in 

vivo could be iso lated , and if it was shown not to contain  MmeW activity in 

vitro, then the conclusion would follow autom atically . Soon after in vivo 

restriction was dem onstrated , th e re fo re , an experim ent was devised to isolate  

such a m utant. Details of the UV m utagenesis and screen ing  procedures are

given in M ethods 3 . 1 . 8 .  The rationale  behind the experim ent is based on the

prediction that a restriction iess m utant of M. methylotrophus  should be as good 

a rec ip ien t as w iid -typ e  M . methyiotrophus  of both dam ^  and dam ~  DNA from  

E. coii. In the screen ing  process, th en , a m utant colony would m anifest itself 

by giving rise to a confluent patch of M. m ethylotrophus/R P4  transconjugants on 

the print p lates coated with dam ~  donor. At the first a ttem pt, of approxim ately  

3600  co lonies s c re e n e d , one c lone with the desired  phenotype was isolated  

( C B M 1 3 ) .

3 . 5 .  UV m utant lacks M m eli in vitro.

After purification , crude extracts of an overnight cu ltu re  of C B M 13 w ere  

assayed for M m eli activity. The sam e procedure  ( s e e  M ethods 3 . 3 . 1 . )  was 

carried  out sim ultaneously with five crude extracts of w iid -typ e  M .

methyiotrophus. ( T h e  extracts had been m ixed, and labelled  A -  F by a

co lleague before the s m a ll-s c a le  enzym e purification was attem pted to e lim inate  

unconscious bias. ) Dam ~  pBR322 DNA was digested with each  of the six 

extracts and run on a 1% agarose  gel. Five of the extracts gave the  

distinctive M m eli banding pattern , but the one derived from  C B M 13 did not 

(F ig u re  3 - 2 ) .  H en ce  it was proved conclusively that M m eii restricts DNA both 

in vitro and in vivo.
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FIGURE 3-2: Agarose gel analysis of pBR322 treated with extracts from
CBMl (w.t.) and CBM13 (inneB~). CBML extracts (1-4, 6) all gave 
characteristic Mnell bands which are absent from the digest produced by 
the CBM13 extract (5). Traces of Mnel activity are visible in track 5.
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3. 6 . C leavage point of M m eli.

O ne b iochem ical property of M m eii of in terest is the position of the  

d o u b le -s tran d ed  break within the recognition sequence  GATC. This property  

has a lready  been determ ined  for th ree  o ther enzym es with a s im ila r specific ity , 

nam ely Sat/3A , Mbo\ and Dpn\ (R o b erts , 1 9 8 3 ) .  Both Sau3A  and Mbo\ c leave  

at the 5 ' side of the guanine residue leaving a s in g le -s tra n d e d  four base  

extension on the DNA duplex ("sticky" e n d s ). In contrast, Dpn\ (w h ich  can  

cleave GATC sequences oniy if both aden ine residues a re  m ethylated) cleaves  

the duplex between the aden ine  and thym ine res idues , gen era tin g  fragm ents  

with no single stranded extensions at a il, or "blunt" ends (M o d ric h  and G e ie r, 

1979; Lacks, 1980)

As a p relim inary to determ in ing  the c u t-p o in t of M m eii by in vitro 

techn iques , it was decided to test the possibility that the enzym e generated  the  

sam e sticky ends as Sau3A  by an in vivo assay. if this was the c a s e , then  

M m eii fragm ents should annea l with B a m H i-c ieav ed  M 13m p7 DNA generating  

recom binan t m olecu les . A fter ligation and transfection , these would then give 

rise to white p laques on Xgai ind icator p lates. if no white plaques w ere  

d etec ted , then the conclusion would be that M m eii was cleaving differently  from  

Sau3A. The experim ent was perform ed in the following way. 0. 5/j.g of dam  

pBR322 DNA was digested with (a )  colum n purified M m eii and (b )  Sau3A.

50ng aliquots of each  w ere m ixed, in sep ara te  reac tio n s , to 50ng  

B am H i-c ieav ed  M 13m p7 R F, and 0. lu  ligase (B o e h rin g e r) added in the  

presen ce  of ligase buffer and 0 . 4 m M  A TP. Both m ixtures w ere incubated O /N  

at 1 0 * C .  C om petent ceils  of J M l O l  (C B 1 9 ) w ere transfected  with the ligation  

m ixes, and im m ediate ly  p lated out on Xg ind icator plates ( s e e  Methods

3. 1 . 4 .  1 ) .  The total b lu e /w h ite  p laque counts for (a )  and (b )  w ere 1 1 3 5 / 0 ,
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1 0 0 2 /3 0 2  respectively. W hereas 23%  of the plaques resulting from  the Sau3A  

cloning w ere recom binant ( w h i t e ) , no recom binan t plaques at ail w ere  obtained  

from  the attem pted M m eii c lon ing . This would be expected if M m eii produced  

differen t sticky ends from  the 4bp 5' extensions produced by Bam Hi and Sau3A. 

A lternatively, the M m eii enzym e preparation  m ay have contained contam inants  

(exonucieases  or phosphatases) ab le  to dam age any sticky ends produced by 

the restriction enzym e. A fu rther cloning experim ent was done to investigate  

the latter possibility. 0 .5 / ig  dam ^  pAT153 DNA was digested with (a )  Sau3A  

and (b )  Sau3A + M m eii. /S in c e  the plasm id DNA itself (b e in g  d am -m o d ifie d )  

was resistant to M m eii c leavage , the ends produced in (b )  would all have 

Sau3A  ends. Any phosphatase or exonuclease in the M m eli p rep ara tio n , 

th e re fo re , would d am ag e the Sau3A  ends, reducing the yield of recom binants in 

(b )  com pared  to the yield from  ( a ) .  Ligation reactions and transfection  of 

JM101 w ere carried  out exactly as before , and transfected  ceils  p lated out on 

Xg plates. The b lu e /w h ite  p laque counts w ere  3 8 7 / 8 5  and 4 7 0 /3 8  for (a )  and

(b ) respectively, giving recom binant p ercen tag es  of 1 8 . 0 %  and 7 . 5 % .

Although the figure for (b ) is less than half that for ( a ) ,  it suggests that the  

M m eii preparation  was not so grossly contam inated  that contam ination  a lone  

could account for the inability to c lone M m eii fragm ents of pBR322 into the  

BamHi site of M 13m p7 RF. The sim plest in terpretation  of the above is that 

M m eii c leaves GATC sequences differently from  Sau3A.

The position of the M m eii cut site still rem ains to be estab lished . One 

attem pt to d eterm ine  the c leavage  point was m ade, using th in -la y e r  

chrom atography (TLC) of m ononucleotides produced by X exonuciease digestion of 

3 2 p -ia b e lie d  M m eii frag m en ts , following exactly the m ethod used by M olem ans  

et al. ( 19 8 2 )  to d eterm in e  the c leavage points of Caul and C aull. T h e ir  

m ethod was based on a sim ple TLC p rocedure  for identifying
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m onoribonuciootides developed by Vo lckaert and Fiers ( 1 9 7 7 ) .  U nfortunately , 

the a ttem pt did not w ork, and there  was no tim e left to rep eat this experim ent. 

The point of c leavage  is of b iochem ical in terest, especia lly  if it d iffers from  that 

of Sau3A.  as seem s likely.
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Results and Discussion: CHAPTER 4.

4 . 1 .  Use of M. methylotrophus to m onitor dam  oenotvpe.

The striking d iffe rence  between the m ating effic iencies  of dam ^  and dam~  

strains of E. coll with M. methylotrophus suggests a sim ple test for the  

p resence or absence of dam  m éthylation in a strain . F irstly, a broad  

h o s t-ran g e  plasm id such as RP4 has to be introduced into the stra in ; then , 

the strain must be tested for its mating effic iency with w iid -type M.  

methylotrophus. if this is h igh, then the orig inal strain is dam^:  if barely  

d etectab le , the strain is d a m ". As a positive contro l, the strain bearing RP4 

can be tested for its m ating effic iency with CBM 13 (m m e B I)  . This should be 

high for any donor, regard less  of the dam genotype. A rap id , rep lica  mating  

technique which can be used to screen  hundreds of clones sim ultaneously is 

given in M ethods 3 . 1 . 3 .  and 3 . 1 . 9 .

4 . 2 .  P I transduction of dam .

One application of the test is the construction of dam ” strains of E. coll.  

which are useful for the preparation of DNA susceptib le to c leavage  by 

restriction enzym es inhibited by dam m éthylation, e . g . .  Mbo\ (M m e ii) ,  Bc/i and  

Xbal. Strains CB25 and CB26 w ere constructed by P I transduction of CB23  

and CB12 respective ly, using this test to detect dam ” c lones. In o rd er to 

transduce a n o n -s e le c ta b ie  m arker like dam , it is necessary to transduce a 

nearby se lectab le  m arker, and screen  a few transductants for the p resence  of 

the other gene . A convenient m arker in this case  is a point mutation in the 

rpsL gene which confers h ig h -leve l streptom ycin resistance on the ce ll.

p
A ccord ing ly , a spontaneous Sm m utant of CB2 was isolated ( C B 1 8 ) ,  and a
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P lk c  lysate of the strain p repared . A suitable plasm id ( e . g . .  RP4 or R751)

was Introduced by conjugation Into the dam'*'. Sm® stra in , and the rpsL a lle le

Introduced via the CB18 P lk c  lysate. 100 S m ^ transductants w ere patched out

in a grid pattern and subjected to the screen ing  procedure described  in

Methods 3 . 1 . 9 .  About 5% of the clones w ere dam ” , a slightly lower

cotransduction frequency than the published 10% value (M a rin u s , 1973) There

is another m ethod for screen ing  for the dam ” a iie ie  which re lies  on the fact

that dam ” strains a re  highly sensitive to the base analogue 2 -a m in o p u rin e

(2 A P ). Dam  strains will not grow on m inim al plates containing 2 0 0 /zg /m i 2AP

(G iickm an et al. , 1978) in one experim ent to construct C B 36, 100 S m ^  

transductants w ere screened  by the rep lica mating test, and w ere also rep lica

plated onto a 2AP plate. Three  dam ” clones w ere detected by the first test,

and only these th ree  w ere sensitive to 2AP. T h ere fo re , the two tests give

identical results, showing in particu lar that no dam ” transductants w ere missed

by the new test described here .

4 .3 .  Tn5 m utagenesis of M. methylotrophus.

G enetica lly , M. methylotrophus is a poorly characterized  organ ism . Part of 

the reason for this is the difficulty of obtaining m utants requiring certa in  am ino  

acids, because the cell apparently  lacks the necessary perm eases (D . Byrom, 

pers. com m . ) ,  so a lesion in the biosynthetic pathway would be lethal. Lack 

of a transducing phage (o r  effic ien t sex factor) m eans that the construction of 

m ultip ly-m arked  strains is also difficult (B ra m m a r, 1981 ; Holloway, 1 9 8 1 ). 

M odern cloning techn iques, how ever, allow the possibility of exam ining genes  

from M. methylotrophus in isolation, and in a w e ll-ch arac te rized  g enetic  

background such as E. coll.  The latter point was the rationale  behind the next 

step in the genetic  characterization  of restriction genes in M. methylotrophus.
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This was to genera te  mmeB  mutants using the transposon Tn6 as a m utagen, 

an approach which stably inserts a se iectab ie  m arker (K m ^ ) into the gene  

(s e e  Heiim ann et al. , 1 9 8 0 ). The idea was then to cione out the transposon  

with flanking DNA sequences and physically ch arac te rize  the mmeB  gene. 

Fortunately, a convenient system for effic iently  introducing Tn5 into the M. 

methylotrophus chrom osom e was a lready availab le in the form  of a Coii plasmid  

derivative produced by B. M. W ilkins and G. Bouinois (p e rs . c o m m .) This 

plasm id, pLG221 (B ou ino is , 1 9 8 1 ) , has a b ro ad -h o st range for conjugation , 

but a narrow  one for rep lication . M. methylotrophus is one of the organism s  

for which this is tru e , so an effective way of m aking Tn5 m utants of M . 

methylotrophus is to m ate it with an E. coll strain harbouring pLG221 and to

p
select for Km colonies. S ince the plasm id cannot rep licate  in M.

p
methylotrophus. the oniy Km ceils  that can arise  must be due to transposition  

of Tn5 onto the chrom osom e. Tn5 is one of the least s ite -s p e c ific  

transposons, and can insert apparently  at random  along a stretch of DNA  

(H e iim an n  et al. , 1980; Calos and M ille r, 1 9 8 0 ). Thus, oniy 103 -  104 Km^  

colonies need be screened  to detect a m utant in any particu lar g en e , assum ing  

a genom e of about the sam e size as E. coll.

0. 5mi of O /N  DS903 (p L G 221 ) w ere filter m ated with an equal volum e of

O /N  C B M l (s e e  M ethods 3 . 1 . 2 . )  at 37®C for 22 hours. The filte r was

transferred  to 5ml A S l salts and vortexed to rem ove cells . 5 x 0. 1ml were  

plated out on m edium  containing lO /ig /m l Km, and the rem ain d er spun down. 

The pellet was resuspended in 1ml A S l salts , and 5 x 0. Im i plated out as

before. (T h e  rem ain ing 0. 5mi was diluted to lOm i with A S l m inim al m edium

plus Km, and shaken O /N  at 37® C, but was not used, s ince the num ber of
p

Km colonies which grew on the plates just described  w ere suffic ient to carry  

out the screen ing  process. ) The plates w ere incubated at 37®C and m utant
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colonies allowed to grow for two days. Each of the five plates from the  

concentrated  ceil suspension contained about 1 4 ,5 0 0  Km® colonies in all: 

th ere fo re , the filter itself must have had approxim ately 3 x 104 such ce ils  in a 

total population of approxim ately 10^ ceils . The frequency of transposition to 

the chrom osom e in this experim ent, then , was about 3 x 10“ ^.

p
The next step was to screen  the Km colonies for the restrictioniess  

phenotype, in a way sim ilar to that described  for the isolation of C B M 13.

p
U nfortunately, since the colonies w ere a lready Km , use of RP4 lim ited the 

choice of antib iotics for screen ing  to Ap or Tc. Ap has the draw back that 

cells  contain ing RP4 secrete  /? -iac tam ase  into the m edium , and can th ere fo re  

allow Ap® cells  in the vicinity to grow. So, although w iid -type M. 

methylotrophus  is extrem ely sensitive to it, Tc was the antib iotic used. The five 

plates w ere rep lica  m ated onto m edium  containing 2. 5p Q /m \  Tc and overlaid  

with 0. Im i lawns of CB IO  (d a m ” , RP4) . A fter th ree  days incubation, ten  

positive signals w ere identified , although background growth was considerab le  

on som e p lates. B ecause the colonies on the regenera ted  m aster p lates were  

essentially  confluent by then , 1cm d iam eter c irc les  around the sources of the 

positive signals w ere isolated and excised. These w ere transferred  to liquid 

m edium  plus Km and grown O /N , before being diluted and plated out on Km 

plates. The ten plates contain ing ca. 200 colonies each w ere subjected to a 

further round of screen ing  exactly as described  before. This tim e, oniy eight 

plates gave positive signals: all colonies from  the m asters that corresponded to 

these signals w ere picked and streaked for singles on Km plates (2 4  in a i l ) .  

Two single co lonies from each of these purification plates w ere picked and  

grown up O /N  in liquid m edium . 10/zi of each  culture was spotted onto each  

half of Tc plates overlaid (o n  one half) with C B IO  (d a m ” , RP4) and (o n  the 

other) with CB15 (d a m ^ , R P 4 ) . Patches on which transfer was equally
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effic ien t from  each donor w ere taken to correspond to restriction iess m utants. 

C B M l and CB M 13 contro ls  w ere included on each  p late. Although this test 

identified som e defin itely restriction iess m utants, there  was doubt about some  

clones. The availability of darn 'd /dam ” strains of E. coll  contain ing R751 

instead of RP4 (G B 24  and GB25 respectively) allowed the repetition of the  

above test on plates contain ing Tp. This was much m ore conclusive, and , 

using this test, 16 clones corresponding  to 6 d ifferent regions on the orig inal 

five plates proved to be restriction iess. Six representative clones w ere  selected  

and purified tw ice on Km plates before being assigned strain num bers GBM18 -  

G BM 23. On the basis of the sim ple plate m atings described  above, ail but 

one (G B M 22) of the six Tn6 mutants appeared  phenotypicaily indistinguishable  

from  the orig inal mmeB  m utant, G BM 13. The exceptional strain ap p eared  to be 

a better rec ip ien t than G B M l (o r  G B M 13) of d am -m o d ified  DNA: in contrast, 

as a rec ip ien t of unm odified DNA, it appeared  much better than G B M l, but 

slightly and reproducib iy worse than G BM 13. One explanation that sprang  

im m ediately to mind was that this isolate did not lack M m eli, but had lost the 

other endonucleolytic  activity, M m el. P late m atings, however, give essentia lly  

qualitative results, and any idea of this kind could only be assessed through  

m ore rigorous, quantitative m ating experim ents -  to be described  below  

(R esu lts  5 .3  ) .  it should perhaps be noted that the five m m eB: : Tn5 m utants  

are  not necessarily  independent: because the orig inal cross was perform ed on 

a single filte r, and the filter incubated for alm ost a day on m inim al m edium , 

th ere  is a possibility that som e isolates a re  sib lings. Until the m utants are  

physically c h arac te rized , there  is no way of knowing how they a re  re la ted . Ail 

further analyses, th e re fo re , w ere conducted with the sam e strain G B M 21, taken  

to be representative of the others. Sm all sca le  assays of GBM21 extracts (c f. 

Results 3 . 5 . )  confirm ed that this strain does not produce M m eli (n o t shown) 

but does produce M m el (F ig u re  4 -1  ( b) ) .
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The success of this experim ent c learly  dem onstrates  the power of the  

relatively new techn ique of using transposons to g e n e ra te  m utant genes with 

seiectab ie  m arkers inserted in them . The com plete ly  unexpected bonus of 

isolating a potentially M m el” m utant was particu larly  gratify ing , and  

characteriza tion  of this m utant becam e the dom inant objective of the project.

So, the orig inal motive behind the Tn5 m utagenesis , that of physically  

ch aracteriz ing  the mmeB  g e n e , was postponed due to pressure of tim e. As 

will be seen below , CBM 22 has som e Interesting properties  which justified this 

change of d irection .

4 . 4 .  CBM 22 -  a m utator strain?.

As a prelim inary to chrom osom e m obilization experim ents , it was necessary  

to construct derivatives of C B M l, CBM 13 and CBM 22 with chrom osom al 

anti b io tic -res is tan ce  m arkers for counterseiection  of donors. M utations to 

nalidixic acid res is tance (5 0 /z g /m i)  in M . methylotrophus  occur at a low 

frequency of ca. 10”  ̂ (D . Byrom , pers. c o m m . ) ,  so this seem ed an ideal 

drug to use. A ccord ing ly , ca . I Q i o  ceils  of each strain  w ere plated out on 

m edia contain ing S O /ig /m i N a i, and incubated at 37®C.  After two days, a few  

( <10) m utant co lonies of Nal® C B M l and C BM 13 a p p e a re d , but on the CBM 22  

plates, there  w ere at least a thousand colonies (a lb e it  of variab le  s iz e ). This 

phenom enon was at first thought to be an effect of T n 5 , which CBM 22  

contains: but when a sim ilar experim ent was carried  out with equal am ounts of

C B M 22 and CBM21 (bo th  Tn5 m u tan ts ), oniy CB M 22 had an (a p p a re n t)

increased  mutation rate  to nalidixic acid res is tance . So the effect seem ed to

be restricted to the specific  Tn6 m utant C B M 22. Two possibilities existed:

e ither that the lesion In CBM 22 was specifically  affecting  the m echanism  of 

nalidixic acid res is tance ; or that CBM 22 w as, sim ply, a m utator strain . To
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test th is, the mutation rate of C BM 22 to drug res is tance against a variety of

antib iotics was m easured. At this late s tage , oniy a sim ple experim ent was

perform ed to investigate the possible m utator phenotype. 0. Im i of O /N

cultures of C B M l and CBM 22 w ere each spread on A S l plates contain ing Ap,

T c , Rif, Sm , Nai or Tp. A fter 2 days growth, CB M 22 gave significantly m ore

m utant co lonies (1 0 ^  -  10^ x) than C B M l (1 0  -  100 co lon ies) on T c , Nai and

Tp. No elevation of mutation rate in CB M 22 to Ap, Rif or Sm resistance was 

R Robserved. The Tp and Tc m utants w ere  sm all, slow growing and thus 

distinguishable from M. methylotrophus strains contain ing p iasm id -b o rn e  genes  

for these antib iotic res is tances. These results support the idea that CBM 22 is 

a m utator s tra in , but m ore sophisticated experim ents, such as the m easurem ent 

of reversion rates of well characterized  nonsense m utants, need to be done in 

o rd er to strengthen the hypothesis. A fu rther p iece of evidence supporting the 

hypothesis is presented in Results 5. 2.

4. 5. C haracteriza tion  of m utants In vitro.

W hen the U V -induced  m utant C BM 13 was iso lated, a rap id , s m a ll-s c a le  

purification technique was ail that was required  to show that the strain lacked  

M m eli activity. N aturally , it was desirab le  to assay extracts of the novel 

T n 5 -in d u c e d  m utant CBM 22 for endonuclease activity. Detection of M m el 

activity using the s m a ll-s c a le  m ethod Is not usually as unequivocal as detection  

of M m eli, probably due to the sm all am ount of In trace llu la r M m el enzym e. 

Several attem pts w ere m ade to try and dem onstrate  that CBM 22 lacked M m el 

activity, but none of them  w ere com pletely unequivocal. It can be said with 

certa in ty , how ever, on the basis of such experim ents, that CBM 22 does 

produce M m eii, but lacks an endonuclease which Is produced by C B M l active  

against dam -m o d ified  DNA. The best dem onstration of this is seen in F igures



(a)

(b)

FIGURE 4-1: Agarose gel analysis of pAT153 treated with extracts fran
CBMl (w.t.) and CBM22 (endA~). (a) ”dam~” DNA: 1, uncut; 2 & 3, CBMl;
4 & 5, CBM22. (b) "daitf̂ N̂A: 1 & 2, CBMl; 3 & 4, CBM22; 5, ^ 1 ;  6, 
uncut. A and B indicate band patterns characteristic of gæl activity. 
Tracks 1-4 of (b) shew that a substantial amount of linearization (and 
traces of A and B bands) are produced by CBMl extracts but not by CBM22 
extracts. Note that both extracts esdiibit Mnell activity in (a), tracks 
2-5. (sc = supercoil; oc = open circle; 1 = linear.)



(C)

FIGURE 4-1 (œntimed): (c) "dam+" DNA: 1, CBMl; 2, CBM21 (inneB~) ;
3, CBM22; 4, Mnel; 5, uncut. A, B and C indicate band patterns 
characteristic of Mæl activity. As in (a) and (b), only the CBM22 
extract failed to produce these bands. (Note that the gel was run for 
such a short distance that supercoils apparently co-migrated with 
linear DNA.)
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4-1 (a ) and ( b ) , where crude extracts of CBMl and CBM22 were assayed for 

endonuclease activity on both dam*  and dam DNA. Very clearly, both strains 

(Figure 4-1 ( a ) )  produce MmeW, as unmodified DNA is digested identically by 

each extract. A difference is clearly seen, however, in the digests of 

dam-modified DNA: here, the CBMl extracts have substantially cleaved the 

supercoiled plasmid DNA into a linear form; no such conversion by the CBM22 

extracts is visible (Figure 4-1 ( b ) ) .  Traces of other Mmel bands formed by 

C B M l, but not by CBM22 are also Indicated (A  and B ) . Figure 4-1 (c )  

shows a separate experiment In which extracts from CBM21 (mmeB) and CBM22 

were compared with a CBMl extract. Traces of bands indicative of Mmel 

activity are again missing from the CBM22 track, although they do appear in 

the CBMl and CBM21 tracks, perhaps more convincingly than In the previous 

figures. Thus, CBM22 lacks an endonuclease possessed by C B M l, and though 

It Is tempting to surmise that this endonuclease Is Mmel. the in vitro evidence. 

Is, as yet. insufficient to confirm this suspicion. Accordingly, the mutant gene 

in CBM22 is designated endA I’.'.TnS until its true identity can be ascertained.
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Results and Discussion: CHAPTER 5.

5 . 1 .  SimpiQ wav of isoiatino mmeB  m utants.

Two ways of isolating mmeB  m utants w ere described  above: (a )  UV 

m utagenesis (R esu lts  3 . 4 . )  and ( b )  Tn5 m utagenesis (R esults  4 . 3 . ) .

Tow ards the end of the p ro ject, a third m ethod was devised which Is s im pler 

and qu icker than the first two. It was based on the idea that the M m eii 

restriction b arrie r against d am -unm od ified  DNA was so strong that virtually ail 

incom ing plasm ids would be res tric ted , and fail to establish them selves. in a 

cross between M . methylotrophus  and a dam ” E. coii strain harbouring a 

b ro ad -h o s t range p lasm id, then , the recip ien ts  should be at least en riched  for 

mmeB  m utant ceils  which had lacked M m eli in the orig inal M . methylotrophus 

population, and w ere thus good recip ients for such unm odified DNA. An 

experim ent to test this idea was conducted as follows. 10ml O /N  cu ltures of 

C B M l and CB 35 (d a m ” , pN J5073) w ere concen tra ted  tenfold by cen trifugation , 

and filte r-m a te d  at 37®G for ca . 24 hours. pN J5073 is a derivative of an 

RP4: : Tn7  plasm id and is Ap®, Km®, Tc® , Tp®, Sm ®, Su®, Tra^ but unable  

to transpose. it is highly unstab le , and rapidly lost from cu ltures grown  

without selection  (G rin te r , 1 9 8 3 ). Ceils w ere  rem oved from  the filter in 10ml 

A S l salts and spun down before being resuspended in 0 . 5 m l  salts. Five Tc 

contain ing plates w ere spread with aliquots of this suspension and incubated for

p
two days at 37®C.  After this tim e, ca . 500 Tc colonies in all had arisen: 

evidence of the strength of M m eli restriction In vivo. 100 co lon ies w ere  taken  

from a single plate and patched onto two A S l plates without antib io tics. It was 

hoped, given the instability of pN J5073, that most of the ceils  in the  

fu lly-grow n patch would be plasm id fre e , and thus not exhibit incom patib ility  

towards incom ing plasm ids of the sam e group. The next day, the m aster
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plates w ere rep lica  m ated onto Km supp lem ented  AST plates overlaid with (a )  

CB26 (d am  , RP4) . then (b )  CB12 ( d a m * .  RP4) . Ail plates w ere incubated  

at 37®C for 48 hours. The result was as expected: 67 patches had given rise  

to confluent growth on both copy p lates, indicating lack of M m eli restriction .

All the others had reta ined  the restriction system , since they form ed no 

patches of growth on the dam ~  donor p lates. Using the d a m *  donor p la te , it 

was also established that all c lones had retained the M m eii m odification system , 

since they transferred  RP4 equally well to CBM51 and C B M 52. Mutants  

obtained in this way w ere purified , checked for loss of pN J5073 ( la c k  of Tc 

and Tp res is tan ce ) before being stored. C B M 59, CB M 60 and CBM61 are  

independent, spontaneous mmeB  m utants obtained in this way. The m ethod is 

recom m ended  for the introduction of mmeB  m utations Into M. methylotrophus  

strains with o ther m arkers.

5. 2. Construction of double m utants.

it was c le a r from  the results described  above ( 4 . 3 .  and 4 . 5 . )  that CBM 22  

produces M m eii and that In vivo, it restricts the entry of dam ~  p lasm id DNA  

( a lbeit less effic iently  than C B M l, see Results 5 .2  ) .  The construction of a 

derivative of CB M 22 which lacked M m eii activity, then , was of cons iderab le  

in terest. In itia lly , the m ethod considered  best for the strain construction was

p
to m obilize out the endAf : : Tn5 m arker into a Sm m m e B I  s tra in , C B M 52,

R Rselecting  for Km Sm (H o llow ay , 1 9 8 1 ) .  The most e ffic ien t way of achieving  

this (in  M . methylotrophus) is to use RP4 prim es contain ing fragm ents of M . 

methylotrophus chrom osom al DNA. These prim es m obilize the chrom osom e by 

virtue of recom bination  between the regions of hom ology between plasm id and  

chrom osom e im m ediate ly  prior to con jugation , in a m anner presum ed to be 

sim ilar to that observed with F ' m obilization in E. coll.  Fortunately , a series
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Of RP4 prim es containing M . methylotrophus DNA had been constructed In vitro 

by D. Pioii (p e rs . c o m m . ) .  Random HIndWi fragm ents of M. methylotrophus 

DNA w ere  cloned into RP4 c ieaved at the single H /ndlll site within the Km® 

g e n e , and recom binants introduced into E. coll by transform ation . These w ere  

ideal for the m obilization experim ent because they had lost the Km® gene. 

M obilization of a chrom osom al m arker by an RP4 prim e is most effic ien t when

the chrom osom al part of the plasm id is ad jacen t to the m arker, so the first

task was to attem pt to identify a prim e of this kind. The RP4 prim es w ere  

in troduced Into CBM 22 by conjugation with an assortm ent of twelve E. coll

a
strains contain ing the p lasm ids, selecting  for Tc ,

A g rea t deal of tim e was spent in trying to c rea te  a double m utant by

m obilisation , but the difficulty of sim ply screen ing  transconjugants for both

ch arac te rs  m eant that not enough clones could be tested s im ultaneously,

resulting in a lack of success. T h ere fo re , the experim ents will only be

described  briefly , as a d ifferent technique described  afterw ards was im m ediately

successful. In one experim ent, 0 . 1 ml of each  RP4' O /N  cu lture was mixed

with an equal volum e of C B M 52, and dilutions plated out on m edium  containing

R RStreptom ycin and kanam ycin. After two days growth, the num ber of Sm Km

colonies on plates spread with the undiluted mixture ranged from 0 to 14 (w ith

oniy pLP31 and pLP149 giving no colonies at a i l ) . The expectation had been

that an RP4' with hom ology n ear to the chrom osom al Tn5 , and in the correct

o rien tation , would give rise to chrom osom al m obilization orders of m agnitude

m ore frequently than m ore "distant" prim es. C learly , this had not happened

here . At the tim e , how ever, there  was little reason to suspect that the

d oub ly -res is tan t co lonies which had grown w ere  not the result of bona fide

(a lb e it ineffic ien t) chrom osom e m obilization. Thus, the strain  giving rise to 

R  Rmost ( 1 4 )  Sm Km co lon ies , CBM 42 (co n ta in in g  p L P 1 2 2 ), was chosen for
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fu rther analysis . At the sam e tim e . 25 Sm ® Km® co lonies (resu lting  from  the 

best donors CB M 36 and C B M 42) w ere gridded onto a p late contain ing Sm and 

Km. W hen the patches had grow n, they w ere rep lica  plated onto m edium  

contain ing te tracyc line . All patches gave rise to confluent growth on T c , 

indicating that each  c ione had (p robab ly ) received an intact R P 4 ', even If 

chrom osom e m obilization had also o ccurred . This is apparently  a com m on  

feature  of RP4' m obilization in E. coii ( N . J .  G rin te r, pers. c o m m . )  and 

distinguishes it from  F' m obilization, in which recip ients a re  aim ost always F“ .

in an experim ent of this na tu re , Sm® Km® transconjugants can arise  in two 

distinct ways: e ither (a s  des ired ) by m obilization of chrom osom al T n 6 , or by 

transposition of Tn5 onto the RP4' and subsequent plasm id transfer without 

concom itant chrom osom e transfer. Transconjugants which have arisen  by the  

second route can be identified by taking advantage of the fact that they now

p o p
contain a Tc , Ap , Km sex fac to r, and should be able to tran s fer all th ree  

m arkers sim ultaneously and effic iently to ano ther host, for exam ple , E. coll.

To test th is, the plate with 25 clones was rep lica  m ated onto a m inim al agar  

plate contain ing 25/Ltg/mi Km and coated with a O . l m i  lawn of C B 23. In all 

but one c a s e , effic ient transfer of kanam ycin resistance to E. coll  was 

observed. In this m obilization experim ent, then , the most frequent event was 

the transposition of Tn5 to the RP4' and subsequent tran s fer, by sim ple  

con jugation , to the Sm® rec ip ien t C B M 52. (A lthough not tested , it is likely 

that the exceptional c ione was also an R P 4 ' : : T n 5  plasm id, but was unable to 

transfer itself to E. coll because the transposon had inactivated a tra g e n e ) . 

it could be argued that the conditions of the experim ent, i . e . ,  the im m ediate  

plating out of the mating mixture on selective m ed ia , was likely to bias the  

results in favour of recovering R P 4 ' : : T n 5  p lasm ids, ra ther than m obilizing the  

chrom osom e, s ince transfer of the fo rm er would be much qu icker than the
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la tter event. Even when the m ating was perform ed on a filte r, how ever, most 

of the rec ip ien ts  (a s  before) w ere capab le  of transferring  kanam ycin resistance  

effic iently  to E. co ii .  suggesting transposition ra ther than chrom osom e  

m obilization as the most frequent event.

The approach which finally  yielded a double m utant relied  on evidence  

accum ulated  e a rlie r  that CBM 22 was a m utator strain (R esults  4 . 4 . ) .  it had 

been shown (R esu lts  5 . 1 . )  that most M. methylotrophus ce lls  which succeeded  

in receiving plasm id DNA from  a dam~  donor w ere spontaneous mmeB  m utants. 

Com bining these two facts with the observation that C B M 22, in sim ple plate  

m atings, was a 10 -  100 fold better rec ip ien t of dam~  DNA than C B M l, results  

in the idea that the d iffe rence  may not be solely due to the alleviation of M m el 

restriction In vivo, but may be due to the h igher proportion of mmeB  m utants in 

the orig inal cu lture of C B M 22. To test th is, th e re fo re , CBM 22 was filter m ated  

O /N  with C B 35, the dam ~  strain carrying the unstable RP4 derivative pNJ5073  

coding for Tc and Tp . (T h e  donor ceils  w ere concentrated  tenfold prior to 

m ating, a s light m odification to the norm al p ro c e d u re .)  D ilutions w ere plated

OLft on m edium  contain ing Tc and Tp, and ceils  allowed to grow for two days.

R  R96 w e ii-iso la ted  Tc Tp colonies w ere picked and patched onto two 

a n tib io tic -fre e  m inim al p lates. Each plate had a control patch of C B M l3 and  

C B M 22. The idea behind growing the patches on unsuppiem ented plates was 

to allow  the unstable plasm id to segregate  out, and to m axim ize the num ber of 

p la s m id -fre e  ceils  in the fu lly -grow n patch. W hen the plates w ere  grown, 

then , they w ere re p lic a -m a te d  onto plates supplem ented with Tc and Ap, and 

overlaid with O . l m i  lawns of CB26 (d a m ” , R P 4 ) , a fter being rep lica  plated  

onto s im ilar p lates lacking donor ceils . Two days la ter, none of the patches  

had grown on the control p lates, but all 96  test patches had given rise to 

confluent growth of R P 4-co n ta in in g  recip ients at a h igher e ffic iency , it seem ed .
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than e ith er C BM 13 and C B M 22. This was an encourag ing  s ign , s ince double 

m utants would be expected to have this phenotype. Many of the ceils  in the 

test pa tches , how ever, would have reta ined  the Tc® plasm id pN J5073 , and may 

thus have in fluenced the result of the plate m ating , so it was necessary to 

purify a few clones from the patches and be certa in  that pN J5073 was 

e lim inated  before re -te s tin g  the restriction phenotype. C eils from  four out of 

the 96 patches w ere arb itrarily  p icked , and streaked for single co lon ies on 

m inim al p lates. Two single colonies from each of these plates w ere repurified  

on s im ilar p la tes , and sim ultaneously tested for te tracycline  res is tance on 

T c-su p p lem en ted  plates. Four of the six co lonies tested w ere Tc® , so three  

belonging to distinct patches on the orig inal p late w ere reta ined  (C B M 62  -  

64) . These w ere subsequently found to be Tp® as w ell, indicating com plete  

loss of the plasm id pN J5073. P late m ating tests using d a m "  donors and  

com paring these th ree  clones with C B M l3 and CBM 22 as rec ip ien ts  confirm ed

the e a rlie r  observation that they appeared  significantly better recip ients than the

strain from which they w ere derived , C B M 22. Oniy a slight im provem ent over

C B M l3 was d etected , however. As has been stated befo re , p late m atings oniy

give an indication of conjugation e ffic ien c ies , and filter m atings ( s e e  below) 

are  necessary to obtain re liab le , quantitative data on the e ffic ienc ies  of d ifferent 

strains.

5. 3 . Quantitative com parison of m utant restriction ohenotvpes.

The availability of M. methylotrophus  mutants lacking en donucleases e . g . ,  

C B M l3 (m m eB )  , CB M 22 (endA )  and C B M 64 (m m eB  endA) allowed a 

quantitative com parison of the ir restriction phenotypes. The rec ip ien t abilities  

of the above strains (a n d  C B M l)  w ere thus tested in crosses with 

R P 4-co n ta in in g  d a m *  and dam~ E. coll  donors, CB12 and C B 26. 0 . 5mi of
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O /N  donor was mixed with 0. 5mi of O /N  rec ip ien t in ail e ight possible pairw ise  

crosses , and filte r-m a te d  on n o n -se iec tive  A S l plates for 24 hours. A fter this 

tim e , ceils  w ere rem oved into 5mi A S l salts , and dilutions plated out onto A S l 

plates supplem ented with Ap and Tc. (T h e  inclusion of both antib iotics was 

necessary  to e lim inate any effects of the possible m utator phenotype of endA 

strains on the experim ent. ) The results of one experim ent are  shown in Tab le

5 -1 .  V iable counts of M. methylotrophus ce lls  on the filte r at the end of 

m ating w ere also perfo rm ed , and each was found to contain  5 x 10® -  10^® 

ce ils . C arefu l study of this tab le  reveals m any interesting featu res. if the  

section with a d a m *  donor is considered  first, it is im m ediately apparen t that 

ail four recip ients have s im ilar colony counts. With such a donor, the status

of the M m eii restriction system is irre levant, so the sim ilarity between the C B M l 

and CB M 13 figures is p red ic tab le . On plate m atings ( s e e  M ethods 3 . 1 . 7 .  and 

C hapter 4 ) ,  however, CBM 22 was easily d istinguishable from  C B M l: so the 

results of the top half of Tab le  5 -1  with resp ect to the endA a iie ie  are  

surpris ing . it may be that part of the e ffect seen on plate m atings is due to 

the m utator phenotype of CBM 22: but this cannot be the whole story, because  

control p late m atings in which no donor was present showed that the growth of 

antib iotic resistant m utants was insufficient to form  patches as dense as those  

obtained when donor was present. Taken a lo n e , the filter m ating result 

suggests that endA ( = M m el? ) restriction does not operate  on plasm id DNA In 

vivo: but the problem  of accounting for the p late m ating effect rem ains. One 

possible in terpretation  is that endA does res tric t In vivo, and that plate m atings  

(in  which selection  is applied im m ediate ly , so only a lim ited num ber of m atings  

per rec ip ien t can take p lace) can detect this restric tion , but that the endA 

system is unable to cope with the repeated  rounds of m ating encountered  on a 

filter. This would be easy to test by carry ing  out much shorter (3 0  m inutes) 

filter m atings. inspection of the results obtained with a dam  donor reveal very



DONOR:

RECIP:

DILN:

CBMl
W . t .

CBM13
mmeB

CBM22
endA

CBM64
mmeB
endA

0 CONF. CONF. CONF. CONF.

CB12 -2 CONF. CONF. CONF. CONF.

dam^ -4 150 33 125 9 6

- 6 2 0 1 1

0 50 CONF. CONF. CONF.

CB26 -2 0 1400 30 2000

dam” -4 0 5 0 28

- 6 0 0 0 0

TABLE 5-1: Results of quantitative mating experiment. DILN,
logarithm of dilution factor: CONF. = confluent growth.
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Clearly the e ffect of the m m eB  restriction system . About a thousand tim es as 

m any C B M 13 cells  succesfuiiy received RP4 as C B M l c e lls , and work described  

above has shown that most of the C B M l rec ip ien ts  a re  likely to be 

spontaneous mmeB  m utants present In the orig inal m ating population (s e e  

Results 5 . 1 , ) .  It is Interesting to note that C B M 22 was a hundredfold better 

rec ip ien t than C B M l. The sim plest way to account for this is to repeat the  

hypothesis that CBM 22 is a m utator, and g enerates  mmeB  m utants at a g rea te r  

rate than C B M l. This w as, of course , the ra tionale  behind the isolation of 

endA m m eB  double m utants (R esults  5 . 2 . )  and Tab le  1 -1  shows that such a 

m utant (C B M 6 4 ) is as good a rec ip ien t as C B M l3 of dam ~  DNA (b u t no 

better) . A ga in , the sim ilarity  between the figures for CB M 13 and CBM 64  

suggest that the effect of endA on in vivo restriction is not detectab le  by long 

filter m atings. Although C B M 64 has not been shown to lack MmeW activity  

directly , the phenotypic d iffe rence  between it and CBM 22 as recip ients of dam~  

DNA is c le a r enough to be ab le  to assign the mmeB  description with 

confidence . The other two double m utants, CB M 62 and C B M 63, have also  

been shown to be as good recip ients  of dam~  DNA as C B M 13.

5 . 4 .  M odification in endonuclease m utants.

R 751 -co n ta in in g  derivatives of CBM21 and CBM 22 w ere constructed , and  

w ere found to be equally good donors to CBM51 im m e B ^ )  and CB M 52 im m eB ~  

) .  Thus, both m utants have retained the M.MmeW  m odification system . An 

RP4 derivative of C BM 13 (C B M 1 4 ) was shown, in a s im ilar w ay, to contain  

this system . (S e e  also Results 5 . 1 . )

The cognate m odification system of endA.  if it exists, was not investigated, 

since results described  In the previous section had suggested that true endA
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restriction m ight not be detectab le  in vivo.
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CONCLUSION.

1. Pro logue.

The am ount of literature  on the subject of restriction enzym es, which now 

(R o b erts , 1983) num ber nearly 4 0 0 , including over 90 d ifferen t sp ecific ities , is 

extensive. Of these , the vast m ajority a re  Type ii enzym es, reflecting the  

cu rren t trend in m olecu lar biology towards research  likely to yield practical 

applications in biotechnology. A typical paper in this a re a , th e re fo re , will 

describe  purification p rocedures , optim um  assay conditions, recognition  

sequence  and point of c leavage  of a restriction enzym e with little or no 

investigation of b io logical aspects , such as in vivo activity. Indeed , so finely  

focused is the g enera l approach that now, m any bacteria l species are

known only by specific  nam e, culture conditions and the restriction  e n zym e(s )  

they produce. This parsim ony, how ever, is am ply justified by the fact that the  

ready availab ility  of a large  num ber of distinct w e ll-c h a ra c te rize d  restriction  

enzym es has m ade possible the investigation of m olecu lar b io logical phenom ena  

not access ib le  by c lassical techn iques. For exam ple , much m ore has been  

learn t about eukaryotic gene organization in the last ten years than in all 

previous history; a fea t which would have been im possible without restriction  

enzym es.

B ecause of the g enera l narrow ness of research  into restriction enzym es, 

our deta iled  knowledge of the operation of restriction and m odification systems 

in vivo is largely confined to work on E. coii enzym es including EcoK, Rl, Rii, 

P I and P15. (S e e  Introduction for re fe re n c e s .)  With a few exceptions, 

restriction in vivo has not even been dem onstrated  in most o ther species from  

which restriction enzym es have been Iso lated. One exception here  is the work
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of Duncan et ai. ( 1 9 7 8 )  on Bacilius giobiggi who w ere ab le  to show that Bgi\ 

and Bgiii  (reco g n iz in g  G C C N N N N N G G C  and AGATCT respective ly) w ere effective  

in restricting  phage DNA in vivo by isolating m utants lacking e ith e r or both 

enzym e activities. Each single m utant, as expected , was m ore susceptib le to 

in fection by phage grown on a non-m odify ing  host; and the double m utant was 

ind ifferent to the m éthylation state of the phage.

The only o ther species in which a deta iled  genetic  study of restriction and  

m odification systems has been carried  out is the "type" G ram -p o s itive  organism  

Baciiius subtiiis. A profusion of d ifferent R /M  systems has been found in 

various isolates of this one species (S h ib a ta  et ai. , 1976; Roberts, 1 9 8 3 ) ,  

perhaps hinting at the relative mobility ( a n d ,  indeed , d ispensability) of the  

genes involved. Although p h a g e -b o rn e  R /M  systems have been found in 6 . 

subtiiis  ( N o yer-W e id n er et ai. , 1981; W itm er and Franks, 1 9 8 1 ) ,  several 

chrom osom al loci do exist as w ell. Ikawa et ai. ( 1 9 8 1 )  w ere ab le  to construct 

(b y  transduction ) a 6 . subtiiis  strain contain ing four R /M  system s (m app ing  in 

distinct chrom osom al reg ions) from  parental strains possessing one system  

each . Two of the five genes investigated (.hsrR. hsrC)  m apped at the sam e  

site; and an h srf^h srC ^  strain could not be constructed ,

suggesting that this pair of genes is a lle lic  (cf .  EcoK, E c o B ). None of the  

system s m apped in regions contain ing known prophages. This exam ple  

suggests that R /M  systems (lik e  transposons) a re  genetica lly  m obile In nature , 

and m ight be considered analogous to sexual isolation m echanism s found in 

som e eukaryote species which are  c lo se ly -re la ted ; I . e . ,  two populations of the  

sam e bacteria l species with d iffering R /M  system s would not be ab le  to 

effic iently exchange g enetic  Inform ation by chrom osom e m obilization , for 

exam ple.
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2. Purification and other b iochem ical aspects.

As described  in Results 1. and 2 . .  the developm ent of la rg e -s c a le  

purification m ethods for both M . methylotrophus restriction enzym es was 

curta iled  when protocols sufficiently effective to yieid active and substantiaily  

e x o n u c ie a s e -fre e  preparations w ere ach ieved , Obviousiy, there  is scope for 

cons id erab le  im provem ent here  -  especia ily  in the purification techn ique for 

M m e\.  It may be that, for M m el, a departu re  from the conventional 

io n -exch an g e  chrom atography route wouid be m ore effective: for exam ple, 

affinity chrom atography with D N A -c e iiu lo s e , or d ye-iin ked  agarose  beads, might 

work better (B aksi et al. , 19 78 ) .

Turning now to assay conditions. Type II enzym es in gen era l work best in 

siightly a lka line  buffers, at physiological tem peratu res  appropria te  to the  

organism  from  which they w ere purified (P o h l et al.  , 1982: W oodhead et al. , 

1 9 8 1 ) .  The critica l com ponent In the assay buffer, apart from  the m andatory  

p resen ce  of M g * *  ions, is the ionic strength . Both M. methylotrophus 

enzym es conform  to this c rite rio n , being m arkedly inhibited by NaCI 

concentrations above 50m M . Why the optim um  sait concentration  should vary 

so m uch between enzym es of s im ilar size and function Is not c le a r. An assay  

buffer contain ing ace ta te  ra th er than ch loride  Ions, however, has been used for 

a la rge  variety of enzym es with considerab le  success (O 'F a rre ll et al. , 1980; 

N . J .  G rin te r, pers. c o m m . ) .

Further b iochem ical analysis of M. methylotrophus restriction enzym es would 

be greatly  facilita ted  by the cloning and consequent increased expression of the  

genes co n cern ed . Progress to this end has been m ade by the isolation of

p
m m eB: : Tn5 and e n d A : :T n 5  insertion m utants. Km recom binants from  a
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"shotgun" cloning of chrom osom al DNA from  these m utants could easily be 

constructed . Given the likely close proximity of restriction and m odification  

genes (of .  EcoRi: Newm an et a l . .  1981; G reen e  et  a l . .  1 9 8 1 ) .  it is possible  

( in  the case  of m m e B : : T n 5 )  that som e clones with sufficiently long inserts  

wouid express d am -typ e  m odification , which could be assayed In vivo. Such a 

clone could then be used as a probe to search  for the mmeB'*' ggne in a 

suitable M. methylotrophus  gene library. Only a few genes for 

ch ro m o so m ally -lo ca ted  R /M  system s have yet been cloned: one exam ple is the 

Khali system (M an n  et al. . 1 9 7 8 ) .  Expression of c loned M. methylotrophus 

genes in E. coll has been described  by G rin te r ( 1 9 8 3 ) .

3. The endA gene product -  a DNA rep a ir enzvm e?

It seem s ap p ro p ria te , finally , to com m ent and speculate  on the link, if 

any. between the apparen t m utator phenotype of GBM22 and its lack of an 

endo n u c lease . W hile It Is, of co u rse , possible that each  tra it Is caused by a 

sep ara te  mutation (T n 5  insertion) , the likelihood is that a single m utational 

event creating  CBM 22 has o ccu rred . M utator genes in E. coll  a re  usually  

found to be involved in DNA rep a ir pathways (In troduction  7 . ) .  Although there  

are  dangers  involved in genera lis ing  from a single m utant s tra in , it seem s  

possible that the endA product could be an enzym e involved In a M.  

methylotrophus DNA rep a ir system , and that Its loss results In enhanced  

m utation rates. The involvem ent of an endonuclease In such a pathway would 

not be surprising: DNA rep a ir requires that the duplex be broken (c le a v e d ) at 

least on one strand , by a n u clease. W hat would be novel is that if the link 

between Mme)  and endA could be firm ly estab lished , th en , for the first tim e, it 

wouid m ean an In vivo role for a restriction enzym e other than that of 

protection from  invading DNA had been estab lished . in c ircum stantia l support
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of this id e a . Results 5. 3. suggest that endA restriction against fo re ign  DNA in 

vivo is Ine ffec tua l, In contrast to that of mmeB. It is tem pting to specu late  

that the m ain ro le of som e restriction enzym es (p e rh a p s  confined to those  

w hich , like M m el, recogn ize  n o n -p a lin d ro m ic  sequences) Is as part of DNA  

rep a ir system s. A necessary  first step in Investigating this possibility is the  

Isolation of m ore endA  m utants in o rd er to verify that the m utator phenotype  

is always linked to the loss of an endonuclease. A lso, it needs to be firm ly  

estab lished that the en d o n u clease  missing from  CBM 22 is, indeed , M m el.
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4. Potential applications of restrictionless mutants.

The work described above demonstrates that Mnell activity rn vivo is 
a formidable barrier to transfer of conjugative plasmids from dam E.coli 
strains to M. methylotrophus. Mutations in the inneB gene encoding the 
Mmell enzyme alleviate the restriction so that transfer frequencies fron 
methylating and non-methylating donors are indistinguishable (Results 5.3.). 
The effect of mutations in the putative gene (endA) encoding Mnel on in vivo 
restriction is less clear and certainly less striking, and so will not be 
considered further. Restrictionless (irmeB) mutants are potentially useful 
in the future development of this organism as a host for cloning experiments 
(see Introduction 9.). It has already been demonstrated, in a very simple 
experiment not described above, that R.aeruginosa (RP4) is as proficient a 
donor of RP4 as E.coli (RP4) to CMB13 (mmeB) ; vhereas transfer from the 
pseudcmonad to wild-type M.methylotrophus is undetectable in plate matings.
It is therefore possible to transfer plasmids directly frcm P.aeruginosa 
to M.methylotrophus using a mmeB recipient, thus avoiding the use of E.coli 
as an intermediate host. Clearly, this will also be true of any gram- 
negative species lacking a dam-type methylase vhich may be required to act 
as a donor of useful, plasmid-bome genetic material to M.methylotrophus.

Indeed, one potential use of irmeB mutants is as a probè for the 
detection of dam-like méthylation systems in other genera. All that is 
needed is to introduce a broad host range plasmid (such as RP4 or R751) into 
the species of interest, and to test for transfer efficiency into both 
wild-type M.raethylotrophus and a mmeB mutant. Those species with a dam-lik
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methylase will transfer equally well to both methylotroph strains, but 
those (like P. aeruginosa)- lacking one will only transfer well to a mmeB 
strain. Since no gram-negative species has yet been described in vhich RP4 
is not maintained, this method should have wide application.

In the search for a transformation protocol for M.methylotrophus 
(D. Pioli, pers.camm. ), the plasmid DNA (R300B) heing tested is isolated frcm 
the methylotroph, and is therefore already protected frcm endogenous 
endonucleases. If such a protocol is discovered, then the use of 
restrictionless mutants as hosts will be of even greater importance for 
M.methylotrophus than it is for E.coli, since Mmell sites are far commoner 
than EcoK sites, and heterologous (e.g. eukaryotic) DNA cloned into 
methylotroph vectors will almost certainly contain seme GATC sequences, vhich 
are substrates for Mmell. Although the lack of a transducing phage, or 
well-characterized Hfr-equivalent of M.methylotrophus is a considerable 
obstacle to the construction of multiply-marked derivatives, the method 
described in Results 5.1. allows the ea^ isolation of spontaneous mmeB 
mutants of existing strains. Restrictionless mutants appear to be as viable 
as the wild-type, so the routine introduction of mmeB alleles into important 
M.methylotrophus strains is recommended. G. Sharpe, vho is developing 
vectors for M.methylotrophus (see Introduction 9.), uses CMB13 as a 
recipient in most experiments, and in many cases observes slightly better 
transfer into this strain than into wild-type even from dam"*" donors (pers.comm. 
This may be accounted for by suggesting that some dam sites in some plasmid 
molecules escape méthylation before being mobilized into M.methylotrophus.
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Finally, restrictionless imitants may well be of use in the search for 
phages vhich can multiply in M. methylotrophus. Extensive screens for 
phage vhich attack the methylotroph have been carried out (D.Byron, pers.corm 
using material fron sewage, soil samples etc. as phage sources, so far 
unsuccessfully. It is possible that DNA phages vAiich grow on 
M.methylotrophus do exist, but vhose DNA is umethylated and therefore subjèct 
to (especially) Moell restriction. The normal hosts for such phages are 
envisaged as species related to M.methylotrophus vhich lack the Mnell 
restriction system. Clearly the isolation of a generalized transducing 
phage like coliphage PI (Lennox, 1955) vhould greatly facilitate the 
further genetic analysis of the methylotroph. Future phage screenings 
should therefore be carried out using a mmeB mutant of M.methylotrophus as 
host, to circumvent the potential restriction problem altogether.
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Appendix 1 -1 :  Program  RECOG listing.



AXXl^ECY USER : BCA *** BASIC FORMATTER *** BASIC 3.4 80209 8 3/08/27.

j 00001 
00002
00003
00004
00005
00006
00007
00008 

I 00009
I 00010  
' 00011  
i 00012
■ 00013
00014
00015 

. 00016 
‘ 00017
00018 

I 00019
j 00020
I 0 0 0 2 1  

0 0 0 2 2

00023
00024
00025
00026 
00027

i 00028
; 00029 
; 00030 
• 00031 
I 00032 
i 00033 
; 00034 
j 00035 
i 00036 
I 00037
00038
00039
00040
00041
00042 

I 00043
00044
00045
00046
00047
00048
00049 

i 00050

r<EW
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM

REM
REM
REM

REM

*

* PROGRAM WRITTEN BY CHRIS BOYD, DEPT. OF BIOCHEMISTRY,
* UNIVERSITY OF LEICESTER, 1979-1982

* ALL RIGHTS RESERVED. NO COPYING (OUTSIDE LEICESTER) WITHOUT
*  PERMISSION. NO LIABILITY ACCEPTED FOR ERRORS ARISING FROM
* USE OF THIS PROGRAM.

PROGRAM <<< RECOG >>>

*** DETECTS 4/5/6 BP PALINDROMIC REGIONS 
IN A DEFINED DNA SEQUENCE

INPUT IS ON FILE TAPEl WHICH HAS FORMAT (E.G.), 
AAAAA7uCR>AAAAAC<CR>...ETC

SEQUENCES ARE DEALT WITH IN THE ORDER 
TETRA-, PENTA-, AND HEXAMERS

DIM C0(200),L0(200),Cl(50),C2(50)

* * *  FILES USED

FILE E2="TAPE1"
RESTORE £2

FILE £20="TAPE20"
RESTORE £20

REM

REM

REM
REM
REM

REM
REM
REM

REM
REM
REM

FILE £3="A5YM" 
RESTORE £3

FILE £4="RESULTS" 
RESTORE £4

*** REAL CONSTANTS

Nl=l

*** STRING CONSTANTS

B8$="ACX19YGT" 
L8=LEN(B8$)

WHICH PASS ?

•STORES IRREGULAR SEQUENCES

'FOR COMPLEMENTATION ROUTINE 
•ALSO FOR FNC$



Il JP

i,

: I

i l  :

sr

B *H
4- ü b. exb. CU M Û4

.d

i?P
D w
A w
ti w N

8 =

î  8

!' s o 1 N
g j;
rt N

l * J | l
f  ^ 
. £

È È ? s i È £Ë
Ï Ï Ê È S S kg

il

_ _ ir\or'Ore'0 '-4 N f n < ' i n \ o r ~ a ) ? ' O M N m c & n \ o r ~ m a ' Q M N m < ' * r \ ^ r ' '
6 d O Ô d Ô b O G ) ' - 4 M M r s M M r 4 , M M M N N ( \ N ( \ i N N N N ( s m m m m m m m f n m m < ' < ' < ' < ' 4 ' 4 ' < ' ^

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 § 8 8 8 8 8 8 8 8 § 8 8 g 8 8 § 8 8 8 8 § 8 § 8 8 8 8 8 8 8 8

. I
a g

e a

i !
s g

: : v.i
s g g g g  gsgg

8

l  AZ O wii
PaH3 8

I8.' < i, 3
gg

</7 V>

is
I I I

W w

i  5 i i

!  i

g

? ^ I
; r  % U : r ï  * ! P
ë y Ë |c K
S S 2 II? S
Cm ii, n  û, eu H s ï  g

8

8 "

3 § 

^25

w< U. w« u tm y. «• U" w. 't; %, 't; -X/ •• 'H «f »*> ‘.o *.; r r r t~
8  ̂%  ̂  ̂ 8 % > ; 9 V ^ V - M n



Si

kg
; f  ^ t c ? s

è  ë C ë : ë

a i a  i a  i
u. S C ë C ë

ga g 
Fa F
66 oë
gBzs

:%5i3 u ^
Bd S5

F S -

ï l l

^ L r & c r ~ c B C ' O H C 4 m<'*nkor~ ^ ^ f\f N N N N "8 8 % S S S S S S 3 3 : 3 3 3 3 3 3 3 : : S % S 3 2 S S 3 3 3 3 3 : 3 3 3 : 3 S : S S S S S : 3 S S
8 8 8 8 § 8 8 8 8 8 § 8 8 § g g g 8 g 8 8 8 8 g 8 8 § g 8 S 8 8 g 8 8 8 8 2 8 8 8 8 8 8 8 8 8 g g §

»c c3  ̂o

KE

k. O %
M

i s

I '

p2%
2%2.
%25È à K

sF

3Eo

kg§

ü

K L
ïp
< Z
*1 vT

3 F 
:2

si

S L

b z

ar

à g
ZC <•";-i

SI

2 b

< Z

r\I :3f

îÊ
ii

Eë

F_ L>
kh 2 L
§H o W
< z b z
Èi i l|f.^ ir F C F

 ̂!
3 f 3 F%2 «2o ̂
r  £ T£< b Î5 b
2 ^ 8 P. ̂m Z T
E ( :k g § Esas

8 8

X % % y V X %:;:' •: ':
'jO a. «Z/ Cf̂ m a; 7*
V V V 9 V ".'

? ?



sg
g -

M
I I
2 q

sg

L
6 6 6 6 6 6 ^ ^  
£ S 2 2 S S « obCî CWCUĈCutOU
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Appendix 1 -2 :  Example RECOG run,



/GET,DNA1=PBR322 
/RECOG
PASS 1, 2, 3 OR 4? 
i? 1
I HOW MANY BASE PAIRS IN EACH SEQUENCE (4-6)
I ?  6
I DO YOU WANT TO ANALYSE SUBSEQUENCES (Y/N) 
i ?  Y

HOW MANY SUBSEQUENCES ARE THERE

i”
HOW LONG SHOULD EACH SUBSEQUENCE BE (BP)

! ?  100
I
iENTER CENTRAL COORDINATES 
i? 212 
;? 296 
I? 2697 
i? 2874
I OUTPUT ON 'TAPE20' & 'TAPEl' - RENAME AS 'TAPEl' FOR PASS 2 

' I PASS 1 COMPLETE
*'i 45.746 CP SECONDS EXECUTION TIME
^/RENAME,TAPE1=TAPE20 
RENAME,TAPE1=TAPE20.
/GET,LGODNA
/LGODNA
I 5.944 CP SECONDS EXECUTION TIME.
I/RECOG
IpASS 1, 2, 3 OR 4?
I? 4
I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

;*** RUN FOUND - SEQUENCE IS >>> GTYGGA

PASS 4 COMPLETE
11.194 CP SECONDS EXECUTION TIME



Appendix 2 -1  : input to MAP program.

Appendix 2 - 2 :  Output from MAP program
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Appendix 3 - 1 :  Example GELSIM run



in
u
3O
O
L •H
a Li-
» z
fC o

•  L
•  T <  O

L3 «Utt £<ï 00 en ÜJa. n _j »-« o  oer
X  w < ï  2 (SJ tu
< LL û .  zm <  oo  L 4 < I  LU $- o
Z  <t U .Q . OC
1-4 z>
W. a* ou. o j - ^ a : ? L n c \ j c 3 N - ^  w a o i f \ ( \ j U j
3  L w  w c ro ^ g o Q O iD U J u \h ^ # s - \0
O  & # -  o t / )  W N .N . {£> CT'fO-J’ LPv O»4C \JP 0 W
ü j  r Y O O t-4 W v 4 f4
^  H- ozir

m tn
2O

Ui
lA r(T rtx -J

en Z? 000. z 2Il
i n

ODO XfO <T» oin h. CJ- «o t4 Of r%o O1 L- U.T4 (\j (X<rh-fo ao t4 J- • rj <ïr̂ O II Gcr» UJ 00 row  • ^ •►Qf 00 corco 3 -UMU û. <r <3
X w <3

T 4 N Z œ ozoo » o w (Z
z a < N j O X - J a a
(X  "  v4 o P4 o _ j

#- #z Ü_ Ü o
a. 9-<x» ru N  %) LU o

k-
O i£>

%  m a -taie LU z
4 o z  w o

a» V
3
C (M VI

1-4 «4
P4l-4*-4 1-4 ̂  v4 —

C P4»-4X(KH4 W I-4l-40M l-4w4 0)
O 3 —» (/» O ® (D £ ♦ - O 3 X X  XV»
u — {çt/>u içxûv» i/jro  û4- 4- <p 

d c n c D iu ix x  Jfztnm H ' g
0

N ...l< rH © )iA rj< yvvû70oK ^ — N
w r j r u r n  ^  j -i a û n . n - od c
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