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	Organism &
References
	Motif
	Mutations
	Effects
	Equivalent mutation in human residue

	Saccharomyces cerevisiae [1]
	Walker A
	K40A
K40R
K40E
	1) All mutation cause hypersensitivity to DNA damaging agent. Also showed homologous recombinant (HR) defects as Rad50 deletion.
Deficiency in non homologous end joining (NHEJ), defective in ATPase, ATP-dependent, DNA unwinding& ATP stimulated endonuclease activity.
	K42A
K42R
K42E

	T4 bacteriophage [2]
	Walker A
(WA)

& 

D-loop
	R37A
N38A

D512N
D512A
E514Q
E515A
	1) [bookmark: _Hlk514490440]D512H and N38I are the naturally occuring mutation in the Cystic fibrosis transmembrane conductance regulator (CFTR) which lead to cystic fibrosis.
2) Mutation of D512N and D512A (D-loop) and N38A (WA) results in dramatic reduction in ATP affinity, hydrolysis rate and cooperativity.
3) D loop aspartate (D) fx tu stabilize the WA in a position favorable for catalysis.
4) N38 (asparigine) is crucial for mechanism of ATP hydrolysis by increase affinity to ATP & positioning the γ-phosphate of ATP for catalysis.
E514Q, E515A and R37A has little effects on ATP hydrolysis and nuclease activity of Mre11.
	P37A
N38A

D1238N
D1238A
E1240Q
N1241A

	[bookmark: _Hlk514489707]Saccharomyces cerevisiae [3]
	ATP binding domain 

&

Walker A



	K6E
S14P
R20M
E21K
G39D (WA)
K40E (WA)
V63E
Q79K
K81I
N97D
Q99K
E915V
A930P
	1) [bookmark: _Hlk514490812]G39D and K40E : Both of this mutation confer a phenotype identical to Rad50 null mutation characterized by total defect in formation of viable spore.
2) G39D and K40E is highly conserved residue and analogous changes eliminate ATP hydrolysis (Personage et al. 1987; Sung et al. 1988 amd Reinstein et al. 1988).
3) From 9 residue located at ATPase at N terminal (K6E, S14P, R20M, E21K, V63E, Q79K, K81I, N97D), only K81I and R20M exhibit total phenotype defects in sporulation but still nearly to WT in term of resistance to MMS (DNA damage reagent). 
4) Rad50 null mutation (complete deletion 3.9kb) showed 3 mitotic defects; 1) sensitive to MMS 2) defect in normal vegetative growth even in high rich media. 3) failure in DNA damage that arise spontaneously or during DNA replication.
Double mutation: E915V + A930P showed temperature sensitive.
	K6E
S14P
K22M
Q23K
G41D
K42E
T65E
Q81K
R83I
S99D
V101K
K921V
S936P

	Mus musculus [4]
	ATP binding domain
	K6E =K6ESc
K22M=R20MSc
R83I=K81Sc
	1) R83I and K6E: embryonic lethality.
2) K22M: Mice were viable, but have partial embryonic lethality, growth defect and cancer predisposition.
3) Cell culture derived from mutant mice showed increase spontaneous apoptosis which reduce chromosome stability. This mechanism lead to hematopoietic & spermatogenic depletion in mice.
Shorten lifespan associated with progressive loss of cells; die within 3 month.
	K6E
K22M
R83I

	Deinococcus radiodurans [5]
	Walker A,
Walker B
& Signature motif
	K39R (WA)
K39M (WA)

D303N (WB)
S270R (SM)

	1) K39R=K36RE.coli: Mutation prevent ATP hydrolysis but not nucleotide binding. Shown to be critical for RecF function (Sander et al. 1992; Web et al. 1999).
2) K39R=K36ME.coli: Mutation prevent ATP binding.
3) D303N: In other SMC proteins, this changes traps ATP in its transition state & stabilized dimerization of the homodimer (Smith et al. 2002).
S270R: Equivalent mutation interfers with ATP dependent dimerization (Moncalian et al. 2004),
	K42R
K42M

D1231N
S1202R

	Thermotoga maritima [6]







Saccharomyces cerevisiae
	ATPase binding domain
&
Walker B (WB)
&
Signature motif (SM)
	K115E
K175E
K182E
R94E
K95E
R765E
E798Q (WB)
S768R (SM)

K99E
K108E
K109E
K110E
R125E
K103E
K104E
R131E
R1201E
N190D
S1205E+E1235Q

	In vitro: Thermotoga maritima
1) Coiled-coil: K175E, K182E; substantially reduced DNA binding, but K115E almost abolish DNA interaction in vitro.
2) R94E & K95E: Important for DNA binding.
3) R765E: Significantly diminished DNA binding without affecting dimer formation in vitro.
4) E798Q: Showed strong DNA binding in the present of ATP and slightly low affinity to DNA compared to WT in the presence of AMPPNP.
5) S768R: Significantly reduced DNA binding in the presence of AMPPNP.
In vivo: Saccharomyces cerevisiae
6) S1205R (SM)+E1235Q (WB): unable to rescue the impaired DNA damage response; showed importance function of ATP binding & ATP hydrolysis in the double strand break (DSB) repair activity.
7) K103E, K104E & R131E: Strongly affected DNA binding in vitro but little influence on the DSB repair fx. in vivo.
8) K110E & R125E: Insignificant reduction in plasmic recovery; do not involved in end joning process.
9) K103E, K104E & R131E: Moderate reduction in telomere length.
10) K103E+R131R & R1201E: Significantly reduced telomere length. 
11) S1205R: Significantly reduced telomere length. 
12) E1235Q: Fully proficient in telomere maintenance.
N190D: No effect on telomere
	K132E
T191E
C221E
K105E
S106E
G1199E
E1232Q
S1202R

E110K
E126K
K127E
K122E
K126E
K105E
S106E
K132E
R1198E
T191D
S1202R+E1232Q

	Mus musclulus [7]
	Zinc hook
	S679R
P682E
V683R
	1) [bookmark: _Hlk514491608]Double mutation S679R and P682E showed reduced zinc affinity and dimerization efficiency. Also showed lethality in mice. Same finding for V683R. Crossbreed with WT showed hydrocephalus, defects in primitive hematopoietic & gametogenic cells. 
Therefore, this hook domain strongly influences Mre11 complex dependent DDR signaling, tissue homeostasis and tumorigenesis.
	S679R
P682E
V683R

	Homo sapiens [8]
	Zinc hook
	C680G
C681G
C684G
R686A
C681G+C684G
C680G+C681G+
C684G
	1) 6 mutation has been created (point mutatio, double and triple mutation)
Cystein in hook domain do not required for human Rad50 interaction with itseft and no significant effect on DNA binding. 
	C680G
C681G
C684G
R686A

	Saccharomyces cerevisiae [9]
	Zinc hook 
	C684N
C685A
P686A
V6871
C688R
Q689S

	1) Mutation 1: C684N + C685A + P686A + V6871 + C688R + Q689S
Mutation 2: C685A + C688A
2) In vitro: mutant unable to bind to double strand break compred to WT.
In vivo: mutant also defective to be recriuted to chromosomal double strand break.
3) Mutant phenotype as severe as Rad50 null mutant.
Rad50 hook mutant severely defects in various DNA damage response includes ATM activation, homologous recombinant, sensitive to irradiation and ATR activation.
	C680N
C681A
P682A
V683I
C684R
Q685S

	T4 bacteriophage [10]
	Zinc hook &

 coiled coil domain (ATPase domain)
	C288S
C291S

C312S
K211P
K351P
S183C
	1) Double mutation of C288S and C291S in T4 is lethal; indicate the ability to bind zinc2+ is critical for the functioning of MR complex.
2) Point mutation of zinc hook or coiled coil domain do not affect Mre11 and DNA binding, but their activation of Rad50 ATPase activity is abolish.
3) Deletion of coiled-coil and zinc hook eliminate Mre11 binding & ATPase activation but do not affect basal activity.
Therefore coiled coil enhance ATPase activity, major conduit for communication between Mre11 and Rad50 as well as support nucleoide excision.
	C681S
C684S

C990S
K256P
N1028P
M208C

	Saccharomyces cerevisiae [11]
	Zinc hook

&


coiled coil domain (ATPase domain)
	S685R
Y688E
Y688R
L689R

I680V
K700Q
L703F
V285A
N607Y
N873I
S193F
	1) 3 mutation has been created in zinc hook.
Mutation Rad5046: S685R + Y688E;   Rad5048: S685R + Y688R;  Rad5047: L689R
2) Sensitivity test: Rad5046 and Rad5047 shoewd partial sensitivity to MMS, hyroxyurea & camptothesin. 
Rad5048 showed minimal sensitivity to MMS.
3) Interaction: Rad5046; Rad50-Mre11 interaction was strongly impaired. Rad5047 and Rad5048 not clearly affected compared to WT.
4) Viabiliy: Sporulation efficiency and viability were severely impaired in Rad5046 followed by Rad5047. Rad5048 close to WT.
5) Rad5046 (S685R + Y688E ) also showed partial supression of telomere and meiotic defects.
Mre11 interaction was also partially improved in I680V, K700Q, V285A, N607Y, N873I and S193F. L703F allele restored the interaction, consistent with its pronounced effect on MMS resistance.
	S679R
P682E
P682R
V683R

L673V
L694Q
V697F
M293A
S603Y
Q886I
Q194F

	Homo sapiens[12] 
	Zich hook
	S635G 
	1) Characterised by chromosomal instability and defective ATM-dependent signalling.  
2) [bookmark: _Hlk514492086]The study found that ATM phosphorylates Rad50 at a single site (S635) that plays an important role in signalling for cell cycle control and DNA repair. 
3) Even a Rad50 phosphosite-specific mutant (S635G) supported normal activation of ATM in Rad50 deficient cells, but it was defective in correcting DNA damage induced signalling through the ATM-dependent substrate SMC1. 
4) This mutant also failed to correct radiosensitivity, DNA double strand break (DSB) repair and an S phase checkpoint defect in Rad50 deficient cells.
Demonstrated that the Rad50 S635 phosphorylation site plays a role in mediating the intra-S checkpoint after irradiation, and it is hypothesised to play a role as an ATM adaptor to regulate downstream ATM signalling.
	S635G


	Pyrococcus furiosus [13]
	Signature motif &
ATPase domain
	R797G
R805E
R805W
L802W
L806F
K155A
	1) L802W: Decrease dimerization in ATP & hydrolysis; also decrease in cleavage site
2) R805E: Increase dimerization and do not have significant proteolysis with WT.
3) In vivo; L802E=I1214WSc grown well in camptothecin (CPT) and showed rapid DNA repair after induced with HO endonuclease.
R805E=R1217ESc showed poorly grown in CPT; inability to repair endogenous DNA damage by HR. Also showed defect in resection which stll required 25kb for repair. And showed defect in resection in HO induced.
4) I1214W + R1217E: Robust in promoting NHEJ; same as WT.
5) R1217E improve survival significantly compared WT and I1214W; after generating DSBs across genome.
6) R1217E: separation of function such that the resection are specifically impaired but NHEJ activity are intact& hyperactive; consistent with results in vitro.
I1214W: Nearly WT for all assays.
	K1206G
R1214E
R1214W
L1211W
L1215F
Q174A

	Schizo-saccharomyces pombe [14]
	Signature motif
	K1187A
K1187E
R1195A
R1195E
	1) K1187A: sensitive in higher dose of clastogens.
2) K1187E, R1195A & R1195E: significantly sensitive to clastogen agents and are deleterious as Rad50 null mutation.

	K1206A
K1206E
R1214A
R1214E

	Pyrococcus furiosus [15]
	Signature motif & Q loop
	S793R

Q140H
	1) S793R=S1202R H.sapiens: Analogs to the mutation in CFTR gene that results cystic fibrosis.
2) S793R: This mutation prevent ATP binding & disrupts the communication among the other ATP loops. This structural changes, in turn, altrs th interaction among rad50 monomers and thus prevents Rad50 dimerization.
3) S1202R: In human genes; mutant protein did form MRN complex but significantly dificient in all ATP-dependent enzymatic activities.
4) S1205R S. cerevisiae: Failed to complement Rad50 deletion strain in DNA repair assay in vivo.
Q159H & S1202R: Mutant exhibited normal exonuclease & endonuclease activity, while all of the ATP-dependent activities of the complex were completely abrogated.
	S1202R

Q159H

	T4 bacteriophage [16]
	Signature motif
	S471A
S471R
S471M
E472G
E474Q
K475M
	1) S471A, S471R &S471M: Reduced the level of DNA activation of ATPase suggesting this residues involved in the allosteric transmission between DNA & ATP binding sites. Decreased ATP cooperativity is vary depend on the side chain alteration; indicated that signature motif involved in communication between ATP site.
2) Same finding for E474Q and K475M.
E472G: No effect on DNA activation.
	S1202A
S1202R
S1202M
A1203G
Q1205E
K1206M

	Saccharomyces cerevisiae

Pyrococcus furiosus


Homo sapiens

[17]
	Signature motif
	S1205R


S793R



S1202R
	1) Mutation at conserved SM (S1202R) reduced adenylate kinase activity for DNA tethering reaction but proficient in ATP hydrolysis. This mutant resembles Rad50 null strain in term of meiosis and telomere maintenance in S. cerevisiae
2) S793R: Found dificient in ATP-dependent dimer formation & ATP binding (Hofner et al. 2004). Previous finding; low affinity to ATP (Moncalian et al. 2004).
3) S793R: This mutation was modelled after an analogous mutation in CFTR (S549R) that results in cystic fibrosis (Kerem et al. 1989).
4) Compared to P. furiosus; equivalent mutation in S1202R H. sapiens and S1205 S. cerevisiae do not inhibit ATPase activity.
5) S1202R & S1205R: Level of adenylate kinase significantly (10-12 fold) lower than WT.
6) S1205R: Its phenotype equivalent to null Rad50 mutation in yeast which respect to MMS & bleomycin resistance (Moncalian et al. 2004). This mutant also fails to complement the sequence in assays of NHEJ in deletion strain in vivo (Zhang & paull 2005). This mutation also do not support spore viability (Bhaskara et al. 2007). Last; the telomere were severely shortened as in Rad50 deletion strain.
S1205R: Mutation showed high level of DNA tethering, but  not stimulated by ATP. In contast mutation in Walker A; K40A S. cerevisiae (K42AHS) completely block all DNA tethering, consistent with prevous report by Chen et al. 2005.
	S1202R

	Homo sapiens [18]
	ATPase domain


	R1093X
	1) [bookmark: _Hlk514491939]Nijmegen Breakage Syndrome like disorder (NBSLD). Event where a patient diagnosed with smaller head (microcephaly), mental retardation, ‘bird like’ face and short stature  due to Rad50 dificiency. 
2) ToFurther studies of this patient’s fibroblasts and lymphoblastoid cells (LCL) revealed that this patient had RAD50 protein deficiency (Waltes et al., 2009). Sequencing of the RAD50 cDNA of this patient revealed compound heterozygosity for mutations that appeared to have hypomorphic effect.
The mutation (c.3277C/T; p.R1093X) on exon 21 was maternally inherited. This mutation created a premature termination codon, thus producing a truncated RAD50 protein. The second mutation on exon 25 (c.3939A/T) was inherited paternally. This mutation changed the stop codon of RAD50 to a tyrosine codon, thereby producing a larger RAD50 peptide. How these mutations affect the low level of RAD50 protein expression in this patient remains to be elucidated (Waltes et al., 2009).
	R1093X
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