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ABSTRACT 
The RAD50 gene of Saccharomyces cerevisiae is required  for  chromosome synapsis  and  recombination 

during meiosis and  for  repair of DNA damage  during  vegetative  growth. The precise  role  of  the 
RAD50 gene  product in these  processes is not  known.  Most rad50 mutant phenotypes  can  be  explained 
by the  proposal  that  the RAD50 gene  product is involved in the  search  for  homology  between 
interacting DNA molecules or chromosomes, but there is no  direct  evidence  for this model. We 
present  here  the  nucleotide  sequence of the RAD50 locus and  an analysis  of  the predicted  153-kD 
RAD50 protein. The amino  terminal  region of the  predicted  protein  contains  residues  suggestive of 
a purine  nucleotide  binding  domain, most  likely  for adenine. The remaining 1 170  amino  acids  consist 
of two  250  amino  acid  segments  of  heptad  repeat  sequence  separated by 320  amino  acids, plus a short 
hydrophobic  carboxy-terminal tail. Heptad  repeats  occur in proteins such as myosin  and intermediate 
filaments that  form  a-helical  coiled  coils.  One of the two heptad  regions in RAD50 shows similarity 
to  the S-2 domain  of  rabbit  myosin  beyond  that  expected  for  two  random  coiled  coil  proteins. 

T HE RAD50 gene of Saccharomyces  cerevisiae plays 
an  important  role in both  production of viable 

spores in  meiosis and in the  repair of DNA damage 
during vegetative growth (HAYNES and KUNZ 1981; 
GAME et al. 1980). 

During meiosis,  RAD50 function is required  for two 
interrelated  events of meiotic prophase,  chromosome 
synapsis and recombination,  both of which are  re- 
quired for  proper segregation of chromosomes at  the 
first meiotic division (BAKER et al. 1976). In  rad50 
mutants,  the  defect in chromosome synapsis is mani- 
fested cytologically by the absence of mature synap- 
tonemal complexes (SC) (BYERS, as cited in MALONE, 
JORDAN and WARDMAN 1985). More specifically, axial 
elements  form between each  pair of sister chromatids 
but  never  come  together to  form  mature  tripartite 
SCs (asynapsis) (FARNET et al. 1988; R. PADMORE and 
N. KLECKNER, unpublished  data). 

The rad50 defect in meiotic recombination is ab- 
solute and involves a block at a very early step in the 
recombination process as revealed by both  phenotypic 
and epistasis analysis (MALONE and ESPOSITO 198 1 ; 
MALONE 1983; MONTELONE,  HOEKSTRA and MALONE 
1988). RAD50 appears  to  act  at  a very early time in 
meiosis;  it is required  for  the  appearance of a specific 
meiotic signal which occurs just at  the conclusion of 
premeiotic DNA replication, and which manifests it- 
self as a site specific double  strand  break or pair of 
double  strand  ends (L. CAO, E. ALAN and N. KLECK- 
NER, unpublished data). The rad50  defects in meiotic 
recombination and synaptonemal complex formation 
are sufficient to account  for the fact that  fewer  than 
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one  percent of the spores  from  a rad50 meiosis are 
viable (GAME et al. 1980). 

During vegetative growth, RAD50 function is re- 
quired  for  repair of some types of DNA damage, 
including  double  strand breaks induced by ionizing 
radiation or  the radiomimetic alkylating agent rneth- 
ylmethane  sulfonate (MMS) (GAME and MORTIMER 
1974; STRIKE, cited in HAYNES and KUNZ 198 1; J. 
NITISS and M. RESNICK, personal communication). 
rad50  mutants also exhibit  a delay in the spindle 
elongation  step of normal vegetative growth,  a  phe- 
notype which suggests that they are defective in repair 
of spontaneous DNA damage as well (FARNET et al. 
1988; MONTELONE, HOEKSTRA and MALONE 1988). 
RAD50-dependent DNA repair is thought  to  occur by 
a  recombinational pathway (HAYNES and KUNZ 198 1). 

Both chromosome synapsis (SC formation)  and 
meiotic recombination  require that homologous chro- 
mosomes or DNA molecules find one  another. Some 
models propose  that synapsis is required  for recom- 
bination; other models propose more complex rela- 
tionships. An economical hypothesis would be  that  a 
single homology search is used for  both processes. We 
have proposed that RAD50  is required  for such a 
homology search and  that  the RAD50 dependent 
meiotic signal is a manifestation of this search (FARNET 
et al. 1988; L. CAO, E. ALANI and N. KLECKNER, 
unpublished  data). 

The relationship between meiotic and mitotic phe- 
notypes of rad50  mutants is also not established. How- 
ever,  the involvement of  RAD50  in DNA repair makes 
it seem more likely that it is directly involved in 
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meiotic  chromosome  metabolism  rather  than  playing 
an indirect  and/or  regulatory role. The role proposed 
for RAD50 in meiosis  could  also  account for its role 
in DNA repair,  since a recombinational  repair  path- 
way would  also require recognition  and  interaction  of 
homologous  molecules.  Arguments  that RAD50 is re- 
quired  for  recognition  of  homologous DNA segments 
have  also been put  forward by J. NITISS and M. 
RESNICK (personal  communication). 

To further probe the  nature of the RAD50 gene 
product,  we  have  carried  out D N A  sequence  analysis 
of a previously cloned RAD50 gene. This analysis, 
described  below,  has  identified a 1312 amino  acid 
open  reading  frame  which  corresponds  to the geneti- 
cally defined RAD50 gene. The predicted 153-kD 
protein  has  three  interesting  features: ( 1 )  T h e  amino 
terminal region of the  predicted  protein  contains  res- 
idues  diagnostic of a purine  nucleotide  binding do- 
main (ROSSMAN,  MORAS and OLSEN 1974), probably 
for  adenine (FRY, KUBY and MILDVAN 1986).  (2) T w o  
regions, one at  amino  acids 177-421 and  another   a t  
amino  acids 743-995, are segments  of  heptad  repeat 
sequence  characteristic of alpha  helical  coiled coil 
proteins  such  as  myosin and intermediate  filaments 
(MCLACHLAN and KARN 1982; STEINERT, STEVENS 
and R o o p  1985). (3) Heptad 743-995 also  shows a 
significant  similarity  to  the S2 domain  of  rabbit  myosin 
(CAPONY and ELZINGA 198 1) .  

MATERIALS AND METHODS 

Strains: Escherichia  coli stain "294 (F-, endA, hsdR, 
supE44, thiA)  was used for all plasmid manipulations (GUAR- 
ENTE et al. 1980).  JMlOl (Alac,  thi, supE/F, traD36, proA, 
proB, laciq, lacZA, M15) was used as a host to  prepare single 
stranded DNA for dideoxy sequencing (MESSING 1983). 
Saccharomyces  cerevisiae strain NKY551 is a diploid that 
contains a complete coding region deletion of RAD50 
(HindIII-Sal1 deletion, Figure 1). NKY551 (a/a, rad50A:: 
hisG/rad50A::hisG, ura3lura3, lys2/lys2,  ho::LYSB/ho::LysP) 
was constructed by transforming NKY278 (a/a, ura3/ura3, 
lys2/lys2,  ho::LYS2/ho::LYS2 to UraC with  BglII and EcoRI 
digested pNKY83 (described below). The integration of this 
fragment resulted in a complete coding region deletion of 
RAD50 (blot not shown). One such transformant, NKY492, 
was plated onto 5-fluoro-orotic (5-FOA) acid plates and a 
Ura-  strain, NKY546, was selected (ALANI, CAO and KLECK- 
NER 1987). Tetrad dissection of NKY546 yielded spores 
which segregated 2:2, MMS', wild-type growth: MMS",  slow 
growth  (FARNET et al. 1988). Two rad50A haploid segre- 
gants from NKY546 were mated to form the homozygous 
rad50A strain NKY551. This strain sporulated  at high fre- 
quency (50%) but yielded inviable spores. 

Media: E.  coli  was grown in  LB broth (MILLER 1972). 
Ampicillin was supplemented at 25 pg/ml. Yeast  was grown 
in either YPD or minimal medium (SHERMAN,  FINK and 
HICKS  1983). Minimal medium contained 0.7%; yeast nitro- 
gen base, 2% agar, 2% glucose and  0.004% uracil. 5-FOA 
was purchased from SCM specialty chemical, Gainesville, 
Florida. 5-FOA plates were prepared as described previously 
(BOEKE, LACROUTE and FINK 1984). 

Yeast transformations: All transformations were per- 

formed using standard  methods (ITO et al.  1983). 
Nucleic acid techniques: All restriction enzymes, T 4  

DNA  ligase, T 4  DNA polymerase and BAL31 were pur- 
chased from New England Biolabs and used according  to 
the manufacturer's specifications. Plasmid  DNA was isolated 
by a cleared lysate protocol (MANIATIS, FRITSCH and SAM- 
BROOK 1982). DNA manipulations including isolation of 
single stranded DNA from "13 origin plasmids was de- 
scribed previously. Chromosomal yeast  DNA isolation and 
Southern blotting were described previously (HOLM et al. 
1986; SOUTHERN 1975; MELTON et al. 1984). 

Plasmid constructions: All plasmids were derived  from 
the following vectors (relevant genotype and/or descrip- 
tion): YEP24 (URA3,2p; ROSE, GRISAFI and BOTSTEIN 1984; 
New England Biolabs Catalog 1986), YCP50 (URA3, ARSI, 
CEN4; STINCHCOMB, MANN and DAVIS 1982) pSG205 (7-kb 
RAD50 HindIII fragment  inserted  into YCP50, from S. 
GOTTLIEB and R.  ESPOSITO), pOL13 (pSG205 derivative 
with RAD50  in opposite orientation), and "13 sequencing 
vectors pGC-1, pGC-2, POL10 (pGC-I with the  HindIII site 
destroyed) and pNKY47 (POL10 with a HindIII linker at 
BamHI site) (MYERS and MANIATIS 1985). 

pNKYlOO is a vector that was used to clone chromosomal 
sequences upstream of the 5' HindIII site in RAD50. A  4.0- 
kb HindIII-Sal1 subclone from pSG205 was inserted  into 
the HindIII-Sal1 backbone of pBR322 to make pNKY 19. A 
HindIII URA3 subclone isolated from YEP24 was inserted 
into  the  HindIII site of pNKY19 to form pNKY100. In 
pNKYlOO URA3 transcription is  in the same direction as 
RAD50 and EcoRI cuts only once in the plasmid, between 
amp' and URA3. 

pNKYlOl is a vector bearing the RAD50 gene and its 
upstream sequences. pNKYlO0 was linearized within the 
RAD50 gene by an NsiI restriction digest and then inte- 
grated  into the RAD50 locus of NKY501 (a ,  his#-7 13, lys2- 
20, sufl0, ura3, Ura- derivative of RE82 1, kindly supplied 
by R. ESPOSITO) by lithium acetate  transformation (blot not 
shown). Chromosomal DNA from the integrant was isolated, 
digested with  EcoRI, ligated and transformed  into "294. 
An  amp'  plasmid bearing the HindIII-Sal1 RAD50 fragment 
plus 2.8 kb of additional upstream RAD50 sequence was 
isolated and designated pNKY 10 1. 

pNKY74 is a pGC derived vector (MYERS and MANIATIS 
1985)  that contains an 8.8-kb RAD50 clone. RAD50 DNA 
upstream of the coding region was isolated on  a 2 kb BglII- 
HindIII fragment  from pNKYlOl  and inserted into the 
BglIl and  HindIII backbone of pNKY47 to  form pNKY73. 
The RAD50 locus, containing the coding region plus both 
5'  and 3' flanking sequence, was reconstructed by inserting 
the 7-kb HindIII RAD50 fragment  from pSG205 into 
pNKY73 to form the integrating vector pNKY74. 

pNKY1070 is  an ARSI, CEN4 vector that contains 6.6 kb 
of RAD50 sequence. pNKY74 was digested with  EcoRI and 
a 6.6-kb RAD50 fragment was inserted into  the EcoRI  site 
of YCP50. 

pNKY83 was used to  delete the Hind-Sal1 RAD50 se- 
quences from the chromosome in order  to  create complete 
chromosomal coding region deletions of  RAD50. The 6.6- 
kb RAD50  EcoRI fragment  from pNKY74 was inserted into 
the EcoRI site of a pBR322 derived vector (PvuII-EcoRI 
deletion) to form pNKY79. pNKY79 was digested with 
HindIII  and Sal1 (complete RAD50 coding region deletion, 
filled in  with T 4  DNA polymerase and religated in the 
presence of  BamHI 8-bp linkers. Finally, a 3.8-kb BglII- 
BamHI hi&-URA3-hisG fragment  (ALANI, CAO and KLECK- 
NER 1987) was inserted into the BamHI linker site to form 
pNKY83. 

pNKY5 and pNKY6  are RAD50 vectors that were used 
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to sequence both strands of  RAD50 (strands A and B, 
respectively). POL13 was digested with XhoI and EcoRI. A 
9.7-kb RAD50 fragment was inserted into  the XhoI and 
EcoRI sites of POL10 to form pNKY5. The 7-kb HindIII 
fragment from pSG205 was blunt ended with T4 DNA 
polymerase and inserted into  the blunt ended Sal1 site of 
pGC-2 to form pNKY6 (HindIII site is regenerated). 

Dideoxy sequencing: A  4.0-kb HindIII-Sal1 RAD50 sub- 
clone that was shown to complement the rad50-1 mutation 
was sequenced by the dideoxy approach (MESSING 1983). 
Two M13 origin vectors, pNKY5 and 6, which bear the 
HindIIISalI fragment in opposite orientations, were used 
as substrates for BAL31 deletion. The end points of 24 
deletions in pNKY5 and  25 deletions in pNKY6  were  se- 
quenced (Figure 3). DNA sequences that were not uncov- 
ered by  BAL31 deletion were sequenced by cloning restric- 
tion fragments into  appropriate M I  3 vectors. Using  this 
approach the  entire HindIII-Sal1 fragment was sequenced 
on both strands. Sequences downstream of Sal1 were se- 
quenced on only one  strand (pNKY5). Transcription studies 
indicated that  the RAD50 gene is transcribed from HindIII 
to SalI (FARNET et al. 1988; W. RAYMOND  and N. KLECKNER, 
unpublished data). Because aberrant RAD50 transcripts are 
observed on ARS  CEN vectors that contain the HindIII-Sal1 
clone, sequences upstream of the  HindIII site  were cloned 
(pNKYlO1). Upstream from the  HindIII site 600 bp of 
DNA  were sequenced on both strands by cloning restriction 
fragments into pGC-1 and pGC-2. 

Computer analysis: All computer analysis was performed 
on a Digital  VAX 8700  computer. RAD50 amino acid se- 
quence was compared to  the NBRF protein data bank, 
release #I  5 (493  1 sequences, 1,264,388 residues) using the 
FASTP algorithm described by LIPMAN and PEARSON 
(1985). Fourier analysis was performed by a method de- 
scribed by MCLACHLAN and KARN (1983). Heptad shuffle 
analysis  using NEEDLEMAN-WUNSCH matrix analysis was de- 
scribed by s. SUBBIAH (unpublished data). The SIM matrix 
(similarity cutoff = 5 SD, gap penalties = 18  or 24 (Mc- 
LACHLAN 1971)) and  UP matrix (similarity cutoff = 3 SD, 
gap penalties = 3 or 5 (DAYHOFF 1978)) were used  in this 
analysis and  the following 2 values (LIPMAN  and PEARSON 
1985) were calculated using these matrices: 2 regular = 
(similarity score - mean  similarity score of scrambled se- 
quences)/(standard deviation of scrambled similarity  scores) 
(NEEDLEMAN and WUNSCH 1970). 2 heptad = (similarity 
score - mean  similarity score of heptad shuffled sequences)/ 
(standard deviation of heptad shuffled similarity scores) (S. 
SUBBIAH, unpublished data). 2 control = 2 heptad analysis 
of aligned protein sequences scrambled once in register (S. 
SUBBIAH, unpublished data). 

RESULTS AND  DISCUSSION 

A 9.5-kb  region  which  includes  the RAD50 gene is 
diagrammed in Figure  1.  RAD50  function is con- 
tained  within a four kilobase  region  defined by 
HindIII  and  SalI  restriction sites; this  segment  com- 
plements  the  mitotic  and  meiotic  defects  of  both  point 
and  deletion  mutants in RAD50 when  present  on  an 
autonomously  replicating  yeast  plasmid (ARSZ, CEN4)  
(KUPIEC and SIMCHEN 1984; S. GOTTLIEB and  R. E. 
ESPOSITO, personal  communication;  see MATERIALS 
AND METHODS). Essentially all of the  sequences  in  this 
4-kb  segment  are  required  for  complementation; 
TnlO-LUK  insertion  mutations  that  abolish  such  com- 

SEQUENCED  REGION 

E Bg P P H  Bg Pv S E  P B? H 
I I 
P B  / \ 

/ \ l k b  

I1 \ 
PREDICTED 1312 AMINO  ACID  POLYPEPTIDE 

FIGURE I.-The 9.5-kb RAD50 locus, 4.775 kb of which was 
sequenced. The  point of initiation and  the  direction of transcription 
is indicated by the  arrow. E = EcoRI, P = PstI, Bg = BglII, B = 
BamHI,  H = HindIII, Pv = PvulI, S = SalI. P = purine  nucleotide 
binding  domain similarity; I = heptad  repeat I (amino acids 177- 
421); I 1  = heptad  repeat I1 (amino acids  (743-995). 

plementation  span  the  entire  region (HUISMAN et al. 
1987). 

Additional  information  outside  of  this  minimal seg- 
ment is required for normal  expression  of  the RAD50 
gene.  When  expressed  as a HindIII  to  SalI  fragment 
on an ARS CEN vector,  both  the size and  quantity of 
the RAD50 transcripts differ from  that  observed for a 
chromosomal RAD50 gene  (W. RAYMOND and  N. 
KLECKNER, unpublished  data).  However, a normal 
chromosomal  transcription  pattern is obtained with a 
larger 6.6-kb BgZII to EcoRI RAD50 subclone  (W. 
RAYMOND  and  N. KLECKNER, unpublished data). 

To define  the RAD50 coding  region  in  more  detail, 
the  DNA  sequence was determined for a 4775-bp 
region  that  includes  the  HindIII-Sal1  fragment (Fig- 
ure  2). This analysis, described  in  Figure 3 and MA- 
TERIALS AND METHODS, reveals  a  continuous  1312 
amino acid open  reading  frame  (ORF)  that is fully 
contained  in  the  minimal RAD50 HindIII-Sal1 seg- 
ment  (Figure 2). T h e  corresponding  protein  begins 
with  a  methionine  encoded by bp 558-560  and  ter- 
minates  with a stop  codon  at bp 4492-4494  and  has 
a predicted M,. of  153 kD. Immunoblot analysis of 
yeast proteins  has  subsequently  identified a single 
polypeptide of the  expected M,. which  has  been  cor- 
related  genetically  with RAD50 function  (W.  RAY- 
MOND and  N. KLECKNER unpublished  data). 

The RAD50  protein  predicted  from  the  DNA se- 
quence is composed  of  17.5%  acidic,  15.9% basic, 
30.9% hydrophobic  and  36.0%  polar residues; nine 
glycosylation consensus  sequences  (NXS, X # P )  are  
present. KYTE-DOOLITTLE (1 983) analysis  suggests 
that  the  protein is predominantly  hydrophilic;  the 
longest  hydrophobic  region is a 35  amino  acid seg- 
ment  near  the  carboxy  terminus of the  protein  (amino 
acids  1205-1232,  corresponding  to  bp  4170-4256  in 
Figure 2) which  contains 20 hydrophobic  residues. 

Nucleotide binding domain: Initial  inspection of 
the  RAD50  amino acid  sequence  reveals a short gly- 
cine-rich  sequence  that  has  previously  been  found in 
the  sequences  of  many  adenine  and  guanine  nucleo- 
tide  binding  proteins  (Figure  4;  FRY, KUBY and MILD- 
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Xhol BarnHl 
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1. PvuII or Hind111 digest 1. PvuII or Sal1 digest 

2 .  BAL31 digestion 2. BAL31 digestion 

3. XhoI digest 3 .  BamHI digest 

4. T4 DNA Polymerase 4. T4 DNA Polymerase 

5 .  T4 DNA Ligase 5 .  T4 DNA Ligase 

\ /  
1. order deletions by 

restriction mapping 

2. isolate single stranded 
DNA far dideoxy Sequencing 

hydrophobic  loop  a-helix 
P-strand 

consensus: v > X X g s G K T I  a I 
RADSO 129-50) M N G s G X T I T  I I E c L K Y .J 

Adenylate  Kinase (10-30) E V > G  0 P G S G  K G TlQ C E K I V H 4 
FIGURE 4.-RAD50 protein shows similarity to  purine nucleotide 

binding  proteins.  Structural analysis of adenylate kinase and se- 
quence comparisons  between ATP and  GTP binding  proteins has 
led to ;I consensus sequence  for  purine nucleotide binding pockets 
(FRY, KURY and MILDVAN 1986; ROSSMAN, MoRAsand OLSEN 1974; 
BRADLEY et al. 1987). This pocket is composed of a hydrophobic 0- 
strand  and an  a-helix which flank  a glycine rich  flexible  loop (top 
line). The corresponding  structures in adenylate kinase,  based on 
crystal structure  and RAD50, based  on CHOW-FASMAN analysis, are 
shown (FRY, KURY and MILDVAN 1986; CHOU and FASMAN 1978; 
RALPH, WEBSTER and SMITH 1987). In  the consensus sequence, 
upper case and lower case letters  indicate strongly and less strongly 
conserved  residues,  respectively, and X indicates nonconserved 
residues. 

VAN, 1986;  WALKER et al. 1982;  DEVER,  GLYNIAS  and 
MERRICK 1987).  In  adenylate kinase, this sequence 
specifies a flexible loop whose terminal lysine residue 
appears  to  interact with the  a-phosphoryl group of 
Mg-ATP (FRY, KUBY and MILDVAN 1986; DREUSICKE 
and  SCHULZ  1986).  In  a  number of ATP  and  GTP 
binding  proteins, this loop is suggested to  mediate 
conformational  changes in the protein  brought  about 
in some cases by interactions with additional  proteins 
(FRY, KUBY and MILDVAN 1986; REINSTEIN, BRUNE 
and  WITTINCHOFER  1988). 

FIGURE 3.-RAD50 sequencing  strategy. 
pNKY5 and pNKY6 contain ColEl and M 1 3  
origins of  replication, an ampicillin resistance de- 
terminant, a  site used for  binding of an oligonucle- 
otide  primer  for DNA sequencing,  and  the RAD50 
gene,  inserted in opposite orientations in the two 
plasmids. Sequence of both  strands of the RAD50 
HindIII-Sal1 segment was obtained as described in 
this figure  and in the MATERIALS AND METHODS. 

In addition,  RAD50  protein is predicted by AR- 
IADNE, a  computer  matching  program  that utilizes a 
descriptor  pattern  for the  ATP binding motif (LATH- 
ROP, WEBSTER and SMITH 1987;  RALPH, WEBSTER 
and SMITH 1987),  and CHOU-FASMAN (1978) analysis 
to have specific secondary  structure  features common 
to  the  ATP binding pockets of  many other nucleotide 
binding  proteins. These include  a  hydrophobic P- 
strand  and  an a-helix which flank the flexible loop 
(ROSSMAN, MORAS and OLSEN 1974;  BRADLEY et al. 
1987;  Figure 4). Preliminary analysis reveals several 
reasonable candidates  for  a magnesium coordination 
site (BRADLEY et al. 1987; T. WEBSTER and M. BRAD- 
LEY, personal communication). 

RAD50  protein probably binds  an  adenine nucleo- 
tide.  It lacks two consensus sequence  features  that are 
specific to the known set of  closely related  guanine 
nucleotide  binding  proteins  (DEVER, GLYNIAS and 
MERRICK 1987). 

ATP binding is a  common  feature of DNA repair 
and recombination  proteins  from E.  coli (RecA, 
RecBCD, RecN, UvrABC, UvrD), S. typhimurium 
(MutS) and S. cerevisiae (RAD3) (SMITH 1988  for 
review, BACKENDORF et  al. 1986;  HABER et al. 1988; 
NAUMOVSKI and FRIEDBERG 1986).  However, in the 
event  that  RAD50 is involved structurally rather than 
or in addition to having an enzymatic role in recom- 
bination,  the  role of ATP in RAD50 function may be 
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FIGURE  5,"Cross section of a-helical coiled coil when viewed 
from the  amino  end of parallel helices (N). Filled circles indicate 
core hydrophobic residues. (Adapted from MCLACHLAN  and KARN 
1983.) 

different  from its role in these other proteins (see 
below). 

Heptad repeat sequences and similarity to  myosin 
S2 domain: Two regions within the RAD50 amino 
acid sequence,  designated  heptad I (177-421) and 
heptad I1 (743-995) display a  heptad  repeat  pattern 
found in proteins such as myosin, keratin and  tropo- 
myosin (MCLACHLAN and KARN 1982,  1983; COHEN 
and PARRY 1986). The heptad  repeat is a seven amino 
acid sequence with primarily hydrophobic  amino acids 
at  the first and  fourth positions and a high percentage 
of charged  amino acids at  the  other positions. When 
present in a  repeated  motif, this unit  forms an alpha 
helical structure  (Figure 5). Two heptad-containing 
a-helices can coil around  one  another in a  regular 
helical structure  that is stabilized by repeated  inter- 
actions between hydrophobic residues and specific, 
oppositely charged residues on  the two chains (Figure 
5) (MCLACHLAN and KARN 1982). The RAD50 heptad 
repeat  regions  were  identified and analyzed by three 
separate  methods, discussed below. These approaches 
also reveal a significant similarity between heptad I1 
and  the S-2 fragment of rabbit myosin  heavy chain. 

The RAD50 protein  sequence was compared to 
other protein sequences in the NBRF database using 
the FASTP computer  algorithm of LIPMAN and PEAR- 
SON (1985). This analysis provides a similarity score 
for each such comparison. A significant match is in- 
dicated if the  difference  between the similarity score 
of a match of interest and  the average similarity score 
is more  than 10 SD (Z 2 10). When comparisons are 
made under conditions  were significant gaps in match- 
ing sequences were allowed, eight  protein sequences 
show significant homology to RAD50 protein.  These 
include  rabbit skeletal muscle myosin (heavy chain S- 
2 fragment),  rabbit  cardiac muscle myosin (a and P 
heavy chains), and several muscle tropomyosins from 
chicken,  rabbit and  rat. When stricter penalties are 
assigned for gaps, only the rabbit S-2 myosin fragment 
continues to show strong similarity to RAD50 (Z = 

12.5). RAD50 protein  and  the  rabbit S-2 myosin 
fragment are 22% identical over the  entire 259 amino 
acid rabbit myosin fragment (CAPONY and ELZINGA 
198 1 ,  Figure 6). 

The five proteins initially identified by FASTP 
analysis are all known to contain extensive regions 
that  form a-helical coiled coils. Therefore, a system- 
atic  search  for  heptad  repeats in the RAD50 protein 
was carried  out using Fourier analysis. A computer 
program based on  the analysis of MCLACHLAN and 
KARN ( 1  983) was written to search  for  repeats of seven 
residue sequences containing  hydrophobic  amino 
acids at  the first and  fourth positions (MCLACHLAN 
and KARN 1983). The RAD50 protein  sequence was 
divided into eleven blocks  of 120 amino acids each; 
each block was analyzed individually. This  approach 
eliminates the possibility that small heptad  containing 
regions  might  be  obscured by large  non-heptad re- 
gions; it is sensitive enough  to  detect  heptad-contain- 
ing sequences only twenty to thirty  amino acids long 
(three  or  four heptads). 

The Fourier analysis reveals that two large  regions 
of the  protein  contain significant amounts of heptad 
repeat  sequence: three consecutive blocks of 120 
amino acids in the amino-terminal third of the  protein 
and  three consecutive 120 amino acid blocks in the 
carboxy-terminal third of the  protein. Visual inspec- 
tion of these two regions  identified by Fourier analysis 
reveals that each contain  a single, virtually uninter- 
rupted series of heptad  repeats;  both the  end points 
of each region and  rare  one  or two amino acid dele- 
tions in the  heptad  pattern (skip residues) could  be 
unambiguously identified. The amino-terminal  region 
heptad I spans amino acids 177-421; it consists of 
thirty-five heptad  repeats, one of  which contains  a skip 
residue.  Heptad I1 spans amino acids 743-995; it 
consists of thirty-seven heptads, three of which contain 
one skip residue and  one contains twp residues. Given 
the rise of an  alpha helix at 1.485  A per  amino acid 
(FRASER and MACRAE 1973), the length of alpha hel- 
ical coiled coil structures involving heptad I and hep- 
tad 11, if present as fully extended  rods, would be 364 
A and 385 A, respectively. However, other coiled coil 
interactions exist which do not  result in extended  rod 
structures (BANNER, KOKKINIDIS and TSERNOCLOU 
1987). Interestingly,  heptad I1 and  the  entire S-2 
fragment of rabbit myosin are exactly co-extensive, 
with 37 heptads each. 

The amino acid compositions of the two RAD50 
heptad  regions and  the S-2 domain of rabbit myosin 
are very similar to those of previously analyzed CY- 

helical coiled coil regions. These  three regions and 
the relevant  portions of nematode myosin, keratin 
and tropomyosin are compared in Table 1 (MC- 
LACHLAN and KARN 1983; PARRY et al. 1977; STONE 
and SMILLIE 1978; KARN,  BRENNER and BARNETT 
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I = Identity 

. = PAM250 Matrix  conservative  substitution 
FIGURE 6.-Amino acid alignment of rabbit S2 fragment of  myosin (CAPONY and ELZINGA 198 1) and amino acids 743-996 of the RAD50 

protein. I = amino acid identity, = Conservative substitution according to PAM 250 matrix (DAYHOFF 1978). 

TABLE 1 

Amino  acid  distributions in RAD50 heptad I and  heptad I1 compared  to  distributions in coiled coil regions of other  proteins 

Protein (No. of heptads) 

RAD50 heptad I RAD50 heptad I 1  Rabbit myosin (S2) Nematode  myosin  a-Keratin  Tropomyosin 
Distribution (35) (37) (37) (152) (29) (40) 

Core ( a ,  d) 
% hydrophobic 61 63 61 56 65 88 
% charged 25 16 23 18 17 8 

% hydrophobic 16 19 8 7 17 17 
% charged 34 49 55 53 45  63 

Inner, outer  (b,  c, e, f ,  g) 

Hydrophobic amino acids  were: methionine, tyrosine, leucine, tryptophan, phenylalanine, valine and isoleucine; charged amino acids were: 
lysine, arginine, histidine, aspartic acid and glutamic acid. References for the protein sequences were as follows: rabbit myosin S2 domain 
(CAPONY and ELZINGA 1981),  nematode myosin (KARN,  BRENNER and BARNETT 1983),  a-keratin (PARRY et al. 1977),  and tropomyosin 
(STONE and SMILLIE 1978). 

1983). All five regions show the  distribution of hydro- 
phobic and charged  amino acids characteristic of 
coiled coil proteins: high percentages of hydrophobic 
residues at the first and  fourth positions of the  heptad 
(56-88%), and  at  the  other positions, low percentages 
of hydrophobic residues (8-1 9%) and a  high  percent- 
age of charged  amino acid residues (34-63%) (Figure 
5 ,  Table 1). 

Significance of similarity with rabbit myosin S-2 
domain: The similarity between RAD50 heptad I1 
and  the rabbit S-2 myosin fragment  (Figure 6 )  is 
suggestive. Further analysis indicates the existence of 
a  deeper  relationship between the two proteins  than 
expected simply on  the basis  of their  heptad  nature. 
The RAD50 and  the  rabbit S-2 fragment  protein 
sequences were examined by a  computer comparison 
program designed to eliminate the contributions of 
the repeating  heptad pattern itself. This  program,  a 
modified NEEDLEMAN-WUNSCH analysis that incorpo- 
rates  a  “heptad  shuffle,” is described below (Table 2; 
S. SUBBIAH, unpublished data). 

Standard NEEDLEMAN-WUNSCH (1 970) analysis al- 
lows the optimal alignment of two sequences to yield 
a similarity score. To determine  the significance of 
that optimal alignment,  both sequences are scrambled 
at  the same time and a NEEDLEMAN-WUNSCH similarity 
score is determined  after each scrambling. From this 
process an average  random  score and its standard 
deviation is determined. Then  the difference between 
the similarity score of the optimal alignment and  the 
average  random score of the  distribution is assessed 
in terms of standard deviation units. This calculation 
yields a value called 2 regular. 

In this type of analysis, two heptad-containing  pro- 
teins  should always  show greater similarity to  one 
another  than  to a  scrambled  sequence in  which the 
constraints of the  heptad  sequence  are  removed.  This 
was verified by creating  and  then  comparing two non- 
identical amino acid sequences each consisting of 30 
“perfect”  heptads; 2 regular  for  these two sequences 
is close to (UP matrix, DAYHOFF 1978) or above (SIM 
matrix, MCLACHLAN 1971)  the cutoff for significant 
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TABLE 2 

Detailed comparison of RAD50 heptad I (HEPI), RAD50 heptad 
I1 (HEPII), nematode myosin S-2 domain (NEM), and rabbit 

myosin S-2 domain (RAB) protein sequences 

UP matrix analysis SIM matrix analysis 

CornDdrison 2-hemad 2-regular Z-heotad  Z-regular 

1. HEPII-RAB 4.2 1 5.25 4.82 8.50 ~ - 
2. HEPII-NEM 2.19 __ 2.93 2.72 4.91 

1.04  1.37 3.07 4.06 

- - - 
3. RAB-NEM 21.13 25.44 20.78  25.94 
4. HEPI-HEPII 
"" 

5 .  HEPI-RAB 1.31  1.77  0.49 2.20 
6. HEPI-NEM -0.83 -0.21 0.99 3.49 
7. R1-R2 -1.61 2.76 -1.24 11.36 
8. R1-R3 19.54 37.82 13.28 35.45 
"" 

Z-regular and Z-heptad  calculations  based on  the  UP  and SIM 
matrices  are  described in the MATERIALS AND METHODS. Underlined 
sequences  indicate similarity at or above  the  cutoff values for  the 
UP (cutoff = 3) or  SIM (cutoff = 5) comparisons. R1 and R2 are 
unrelated synthetic 30 heptad  segments,  each 210 amino acids long. 
R 3  is a 30 heptad  segment, 210 amino acids long  that is 33% 
identical to R1. References  are as follows: Rabbit myosin S2 domain 
(CAPONY  and ELZINCA 1981) and  nematode myosin (KARN, BREN- 
NER and  BARNETT 1983). 

homologies (Table 2). This defect was eliminated by 
performing  the usual significance analysis on a  set of 
control sequences scrambled in such a way that  the 
heptad  nature was always retained. Specifically, amino 
acids at  the hydrophobic  core positions of the  refer- 
ence  sequence were scrambled separately from  amino 
acids at  other positions (MATERIALS AND METHODS, the 
heptad  shuffle). The comparison of a  sequence of 
interest with this control set gives a value called 2 
heptad. Additional calculations show that  the  heptad 
shuffle does  not dramatically change the similarity 
scores obtained  either  for two non-heptad  proteins of 
similar amino acid composition or for two heptad- 
containing  proteins with a significant percentage of 
amino acid identities (S. SUBBIAH, unpublished  data). 

For each pairwise combination of RAD50 heptads 
I and I 1  and  the S-2 domains of rabbit  and  nematode 
myosins, alignments were made by the  standard 
NEEDLEMAN-WUNSCH procedure.  For each pair, align- 
ments  were  made using two different matrices to 
define  amino acid relatedness (UP and SIM, MATE- 
RIALS AND METHODS). The significance of each align- 
ment was evaluated  both with and without the  heptad 
shuffle (Table 2). Heptad I exhibits no significant 
similarity to any of  the  other sequences regardless of 
the relatedness  matrix and significance analysis used. 
In contrast,  heptad I1 and  the rabbit S-2 domain shows 
significant relatedness under all conditions,  although 
in one case the level of relatedness was slightly less 
than  the  number of standard deviations usually taken 
as a cutoff point (MCLACHLAN  1971; DAYHOFF 1978). 

Biological  importance of coiled coil regions: Pro- 
teins that  contain coiled coil regions  participate in a 
variety of biological processes including muscle  move- 
ment, anti-sense RNA pairing,  nuclear  envelope  for- 

mation and viral pathogenesis (STEINERT, STEVENS 
and Roop  1985; MCLACHLAN and KARN  1982; BAN- 
NER, KOKKINIDIS and TSERN~CLOU 1987; AEBI et al. 
1986; MCKEON, KIRSCHNER and CAPUT 1986). Some 
of these  proteins show an  additional  feature  that is 
also observed in the RAD50 protein  sequence; the 
nuclear and cytoplasmic intermediate  filament  protein 
sequences contain  long  heptad  repeat  regions  that are 
interspersed with non-heptad spacers (STEINERT, STE- 
VENS and Roop  1985). The RAD50 protein also shows 
a 320 amino acid non-heptad spacer region between 
heptad I and  heptad 11. However, the  length of the 
RAD50 spacer is much  larger  than  those  present in 
intermediate  filament  proteins (STEINERT, STEVENS 
and Roop  1985). 

In the absence of any specific information about  the 
role of RAD50 function, we can only speculate as to 
the role of its coiled coil regions. Three intriguing 
and somewhat unusual possibilities have arisen  thus 
far. One possibility would be  that  the RAD50 protein 
stretches across the synaptonemal complex. The 
length of each coiled coil region is approximately the 
distance between an axial element  and  the  central 
element, so the  protein  might  extend  from one axial 
element to  the  other, with the two heptad  containing 
regions  spanning the two regions that  separate  the 
axial and  central  elements. A second possibility, sug- 
gested by the similarity of heptad I1 to  the S2 domain 
of  myosin would be  that RAD50 is part of a  contractile 
system  which actively brings homologous chromo- 
somes together  once homology is sensed. A third 
possibility, raised by the  apparent similarity in overall 
structure between RAD50 protein  and kinesin (J. 
GELLES, personal communication), would be  that 
RAD50 is involved in translocation of DNA molecules 
along  microtubules, or vice versa. Kinesin is an A T P  
dependent translocator  that travels along  microtu- 
bules. Electron microscopy suggests that  each kinesin 
molecule consists of a  globular  domain at  one  end 
plus two rod-like elements  connected by a flexible 
joint (AMOS 1987). The globular  domain is in contact 
with microtubules and presumably encodes the ATP 
binding activity; the  arrangement of the rod-like ele- 
ments is suggestive of two a-helical coiled coils inter- 
rupted by a spacer (AMOS 1987). This organization is 
similar to  that of RAD50, with its amino  terminal 
purine  nucleotide  binding  domain and two separated 
heptad  repeat regions. However,  computer  compari- 
sons between RAD50 and a  partial  sequence of Dro- 
sophila kinesin do not reveal any significant similarity 
beyond that expected  from  their  common coiled coil 
and  purine  nucleotide  binding  features (L. GOLD- 
STEIN, personal communication). Biochemical purifi- 
cation of the RAD50 protein  and  genetic analysis of 
rad50 mutants should be useful in understanding  the 
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role of RAD50 protein  in  mitotic DNA repair  and in 
meiotic recombination. 
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