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DNA	  About	  100	  fold	  more	  stable	  than	  RNA	  	  
toward	  hydrolysis	  
➞	  Conserva)on	  of	  the	  gene)c	  informa)on	  

DNA	  is	  negaMvely	  charged	  (pH	  7)	  
Resistant	  toward	  basic	  hydrolysis	  
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Nucleotides  

4-OH group lock the conformation of the ribose  
     RNA: only A-form helix 
     DNA: generally B-form helix (A-form possible) 

DNA duplex (slightly) less stable than RNA. DNA more flexible 

A-‐form	   B-‐form	  



Deoxygenation Reactions 

7 
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R2?

Chemically 
 
1)  Barton McCombie 
2)  MsCl, LiEt3BH 
3)  DEAD, PPh3, H2N–NHSO2(2-(NO2)C6H4)  
     J. Am. Chem. Soc. 1997, 119, 8572-8573 
…. 
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R2?

Chemically 
 
1)  Barton McCombie 
2)  MsCl, LiEt3BH 
3)  DEAD, PPh3, H2N–NHSO2(2-(NO2)C6H4)  
     J. Am. Chem. Soc. 1997, 119, 8572-8573 
…. 
 
Under physiological conditions? 
 

deoxynucleotide
?



	  
	  
	  

Ribonucleotide Reductases (RNRs) 
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1961  Isolation from E. Coli of an enzyme that catalyses the transformation of     
  nucleosides diphosphates (NDP) into deoxynucleosides diphosphates (dNDP) 

 
 
1972   The enzyme contains a stable tyrosyl radical bounded to a dinuclear iron  

  center (still present after the two weeks required for purification)  
  ➞ First radical enzyme. 

Other RNRs were isolated: three classes 
Class I RNR from E. coli is the most studied 
             (class I in all eukariotes, e.g. mammal cells)  

 
       Composed of two homodimeric subunits (α2β2 or R1 and R2) 
       X-ray structures for each subunits were obtained 

 
       Strictly aerobic: oxygen dependent formation of the tyrosyl radical 
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E. Coli‘s RNR Quaternary Structure 
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proposed that these subunits formed a 1:1 complex
and R1 straddles R2 in much the same way as a
cowboy sits on a saddle.243-246 The docking model
requires a few additional comments. First, the C-
terminal tail of R2 provides most of the binding

energy for R1-R2 interactions. Removal of the C-
terminus of R2 (6-20 amino acids, depending on the
organism) inactivates reductase due to loss of subunit
interactions. Furthermore, peptides with sequences
identical to the C-terminii of the viral, bacterial, or
mammalian R2s are sequence-specific competitive
inhibitors of their R2s interaction with their own
R1.247-250 In both the E. coli and mouse RNRs,251 the
interactions between R1 and R2 are weak, on the
order of 0.1-0.2 µM. Figure 21 shows the proposed
docking model in two orientations and includes the
conserved residues in R2 and R1 thought to be
involved in the radical initiation process (Figures 3
and 22). The C-terminal regions (30-40 amino acids)
of all R2 structures are thermally labile. In the E.
coli R2, the last detectable amino acid is residue 340
of 375. The crystallization of R1 required the presence
of a peptide (20 amino acids) identical to the C-
terminus of R2. In the R1 structure, the peptide is
shown in red and residues 360-375 are visible.252-254

If one assumes that the peptide bound to R1 adopts
a conformation similar to the one adopted by the
C-terminus of R2 bound to R1, then one has a docking
model in which only 19 amino acids (341-359) are
missing. Residue 356, conserved in all R2s and
thought to play an essential role in radical initiation,
is located within this “invisible” region. This docking
study results in a model cited above where the
distance between the Y• on R2 is >35 Å from the
precursor to the S• radical on R1.

Class I RNRs have turnover numbers for nucleotide
reduction that vary between 2 and 10 s-1. The ET
theory described in eq 12 can be used to calculate a

Figure 20. Commonality of the radical initiation (S•

formation) and active sites of the class I, II, and III RNRs,
as presented in Sintchak et al.235 Note the amazing spatial
similarities in the location of the radical initiators AdoCbl,
G•, and Y730. Note that, while the dimethylbenzimidazole
ligand of AdoCbl is shown, the adenosyl axial ligand is not
shown due to thermal lability in the structure. Since
hydrogen atom abstraction to generate S• has been dem-
onstrated in the class II RNR and is strongly inferred from
the chemistry and location of the G• in the class III RNR,236
one can infer that S• formation by Y730 is likely to involve
hydrogen atom transfer as well.15,25

Figure 21. Docking model of the R1 (R2) and R2 (!2) subunits of E. coli RNR based on shape complementarity.15,25 (A)
The monomers of R1 are indicated in blue and green. Each monomer has substrate (GDP) and effector (TTP) in a CPK
rendition. The TTPs are located at the subunit interface between the two R1 monomers at the tip of a four-helix bundle,
two from each monomer. Also indicated in R1 are the three active-site cysteines (C439, C225, and C462) and two tyrosines
(Y730 and Y731) thought to be involved in ET between R1 and R2. All of these residues are in cyan. R1 was crystallized
with a peptide identical to the last 22 amino acids of R2. The C-terminal 15 residues of this peptide, 360-375 of R2, are
shown in red. The monomers of R2 are indicated in red and gold. The two irons on each monomer are shown in blue balls.
The residues thought to be involved in ET between R1 and R2 are shown in cyan (Y122, D237, and W48). In all structures
of R2, the C-terminal (30-50) amino acids are thermally labile and hence are not observed. The last visible C-terminal
amino acid of R2 from E. coli, residue 340, is labeled. (B) The model structure shown in (A) is rotated 90° around the 2-fold
axis of symmetry shown. Structure A shows the surface complementarity and B shows the ET pathway.

2186 Chemical Reviews, 2003, Vol. 103, No. 6 Stubbe et al.



Stubbe,	  J.;	  Nocera,	  D.	  G.;	  Yee,	  C.	  S.;	  Chang,	  M.	  C.	  Y.	  Chem.	  Rev.	  2003,	  103,	  2167.	  
	  
	  
	  

E. Coli RNR Quaternary Structure 

9 

proposed that these subunits formed a 1:1 complex
and R1 straddles R2 in much the same way as a
cowboy sits on a saddle.243-246 The docking model
requires a few additional comments. First, the C-
terminal tail of R2 provides most of the binding

energy for R1-R2 interactions. Removal of the C-
terminus of R2 (6-20 amino acids, depending on the
organism) inactivates reductase due to loss of subunit
interactions. Furthermore, peptides with sequences
identical to the C-terminii of the viral, bacterial, or
mammalian R2s are sequence-specific competitive
inhibitors of their R2s interaction with their own
R1.247-250 In both the E. coli and mouse RNRs,251 the
interactions between R1 and R2 are weak, on the
order of 0.1-0.2 µM. Figure 21 shows the proposed
docking model in two orientations and includes the
conserved residues in R2 and R1 thought to be
involved in the radical initiation process (Figures 3
and 22). The C-terminal regions (30-40 amino acids)
of all R2 structures are thermally labile. In the E.
coli R2, the last detectable amino acid is residue 340
of 375. The crystallization of R1 required the presence
of a peptide (20 amino acids) identical to the C-
terminus of R2. In the R1 structure, the peptide is
shown in red and residues 360-375 are visible.252-254

If one assumes that the peptide bound to R1 adopts
a conformation similar to the one adopted by the
C-terminus of R2 bound to R1, then one has a docking
model in which only 19 amino acids (341-359) are
missing. Residue 356, conserved in all R2s and
thought to play an essential role in radical initiation,
is located within this “invisible” region. This docking
study results in a model cited above where the
distance between the Y• on R2 is >35 Å from the
precursor to the S• radical on R1.

Class I RNRs have turnover numbers for nucleotide
reduction that vary between 2 and 10 s-1. The ET
theory described in eq 12 can be used to calculate a

Figure 20. Commonality of the radical initiation (S•

formation) and active sites of the class I, II, and III RNRs,
as presented in Sintchak et al.235 Note the amazing spatial
similarities in the location of the radical initiators AdoCbl,
G•, and Y730. Note that, while the dimethylbenzimidazole
ligand of AdoCbl is shown, the adenosyl axial ligand is not
shown due to thermal lability in the structure. Since
hydrogen atom abstraction to generate S• has been dem-
onstrated in the class II RNR and is strongly inferred from
the chemistry and location of the G• in the class III RNR,236
one can infer that S• formation by Y730 is likely to involve
hydrogen atom transfer as well.15,25

Figure 21. Docking model of the R1 (R2) and R2 (!2) subunits of E. coli RNR based on shape complementarity.15,25 (A)
The monomers of R1 are indicated in blue and green. Each monomer has substrate (GDP) and effector (TTP) in a CPK
rendition. The TTPs are located at the subunit interface between the two R1 monomers at the tip of a four-helix bundle,
two from each monomer. Also indicated in R1 are the three active-site cysteines (C439, C225, and C462) and two tyrosines
(Y730 and Y731) thought to be involved in ET between R1 and R2. All of these residues are in cyan. R1 was crystallized
with a peptide identical to the last 22 amino acids of R2. The C-terminal 15 residues of this peptide, 360-375 of R2, are
shown in red. The monomers of R2 are indicated in red and gold. The two irons on each monomer are shown in blue balls.
The residues thought to be involved in ET between R1 and R2 are shown in cyan (Y122, D237, and W48). In all structures
of R2, the C-terminal (30-50) amino acids are thermally labile and hence are not observed. The last visible C-terminal
amino acid of R2 from E. coli, residue 340, is labeled. (B) The model structure shown in (A) is rotated 90° around the 2-fold
axis of symmetry shown. Structure A shows the surface complementarity and B shows the ET pathway.

2186 Chemical Reviews, 2003, Vol. 103, No. 6 Stubbe et al.

R1  (2 α units) 

Substrate binding 
sites 



Stubbe,	  J.;	  Nocera,	  D.	  G.;	  Yee,	  C.	  S.;	  Chang,	  M.	  C.	  Y.	  Chem.	  Rev.	  2003,	  103,	  2167.	  
	  
	  
	  

E. Coli RNR Quaternary Structure 

9 

proposed that these subunits formed a 1:1 complex
and R1 straddles R2 in much the same way as a
cowboy sits on a saddle.243-246 The docking model
requires a few additional comments. First, the C-
terminal tail of R2 provides most of the binding

energy for R1-R2 interactions. Removal of the C-
terminus of R2 (6-20 amino acids, depending on the
organism) inactivates reductase due to loss of subunit
interactions. Furthermore, peptides with sequences
identical to the C-terminii of the viral, bacterial, or
mammalian R2s are sequence-specific competitive
inhibitors of their R2s interaction with their own
R1.247-250 In both the E. coli and mouse RNRs,251 the
interactions between R1 and R2 are weak, on the
order of 0.1-0.2 µM. Figure 21 shows the proposed
docking model in two orientations and includes the
conserved residues in R2 and R1 thought to be
involved in the radical initiation process (Figures 3
and 22). The C-terminal regions (30-40 amino acids)
of all R2 structures are thermally labile. In the E.
coli R2, the last detectable amino acid is residue 340
of 375. The crystallization of R1 required the presence
of a peptide (20 amino acids) identical to the C-
terminus of R2. In the R1 structure, the peptide is
shown in red and residues 360-375 are visible.252-254

If one assumes that the peptide bound to R1 adopts
a conformation similar to the one adopted by the
C-terminus of R2 bound to R1, then one has a docking
model in which only 19 amino acids (341-359) are
missing. Residue 356, conserved in all R2s and
thought to play an essential role in radical initiation,
is located within this “invisible” region. This docking
study results in a model cited above where the
distance between the Y• on R2 is >35 Å from the
precursor to the S• radical on R1.

Class I RNRs have turnover numbers for nucleotide
reduction that vary between 2 and 10 s-1. The ET
theory described in eq 12 can be used to calculate a

Figure 20. Commonality of the radical initiation (S•

formation) and active sites of the class I, II, and III RNRs,
as presented in Sintchak et al.235 Note the amazing spatial
similarities in the location of the radical initiators AdoCbl,
G•, and Y730. Note that, while the dimethylbenzimidazole
ligand of AdoCbl is shown, the adenosyl axial ligand is not
shown due to thermal lability in the structure. Since
hydrogen atom abstraction to generate S• has been dem-
onstrated in the class II RNR and is strongly inferred from
the chemistry and location of the G• in the class III RNR,236
one can infer that S• formation by Y730 is likely to involve
hydrogen atom transfer as well.15,25

Figure 21. Docking model of the R1 (R2) and R2 (!2) subunits of E. coli RNR based on shape complementarity.15,25 (A)
The monomers of R1 are indicated in blue and green. Each monomer has substrate (GDP) and effector (TTP) in a CPK
rendition. The TTPs are located at the subunit interface between the two R1 monomers at the tip of a four-helix bundle,
two from each monomer. Also indicated in R1 are the three active-site cysteines (C439, C225, and C462) and two tyrosines
(Y730 and Y731) thought to be involved in ET between R1 and R2. All of these residues are in cyan. R1 was crystallized
with a peptide identical to the last 22 amino acids of R2. The C-terminal 15 residues of this peptide, 360-375 of R2, are
shown in red. The monomers of R2 are indicated in red and gold. The two irons on each monomer are shown in blue balls.
The residues thought to be involved in ET between R1 and R2 are shown in cyan (Y122, D237, and W48). In all structures
of R2, the C-terminal (30-50) amino acids are thermally labile and hence are not observed. The last visible C-terminal
amino acid of R2 from E. coli, residue 340, is labeled. (B) The model structure shown in (A) is rotated 90° around the 2-fold
axis of symmetry shown. Structure A shows the surface complementarity and B shows the ET pathway.

2186 Chemical Reviews, 2003, Vol. 103, No. 6 Stubbe et al.

R1  (2 α units) 

Allosteric effector 
binding s-site 

Substrate binding 
sites 



Nordlund,	  P.;	  Reichard,	  P.	  Annu.	  Rev.	  Biochem	  2006,	  75,	  681.	  
	  
	  
	  

Allosteric Effectors 
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General: molecule that binds an enzyme and modifies its activity (not the substrate) 
 
 
For RNRs 
s-site: The allosteric specificity-site can bind ATP, dATP, dTTP, and dGTP  
Modifies the structure of the protein thereby the substrate’s affinity 
 
ATP and dATP stimulate the reduction of CDP and UDP 
dTTP and dGTP stimulate GDP and ADP reduction, respectively 
A  ➞  C (U) 
T  ➞  G 
G  ➞  A 
 
a-site: activity-site 
ATP binding stimulates the activity  
dATP inhibits the activity (may disturb the long range PCET) 
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of all R2 structures are thermally labile. In the E.
coli R2, the last detectable amino acid is residue 340
of 375. The crystallization of R1 required the presence
of a peptide (20 amino acids) identical to the C-
terminus of R2. In the R1 structure, the peptide is
shown in red and residues 360-375 are visible.252-254

If one assumes that the peptide bound to R1 adopts
a conformation similar to the one adopted by the
C-terminus of R2 bound to R1, then one has a docking
model in which only 19 amino acids (341-359) are
missing. Residue 356, conserved in all R2s and
thought to play an essential role in radical initiation,
is located within this “invisible” region. This docking
study results in a model cited above where the
distance between the Y• on R2 is >35 Å from the
precursor to the S• radical on R1.

Class I RNRs have turnover numbers for nucleotide
reduction that vary between 2 and 10 s-1. The ET
theory described in eq 12 can be used to calculate a

Figure 20. Commonality of the radical initiation (S•

formation) and active sites of the class I, II, and III RNRs,
as presented in Sintchak et al.235 Note the amazing spatial
similarities in the location of the radical initiators AdoCbl,
G•, and Y730. Note that, while the dimethylbenzimidazole
ligand of AdoCbl is shown, the adenosyl axial ligand is not
shown due to thermal lability in the structure. Since
hydrogen atom abstraction to generate S• has been dem-
onstrated in the class II RNR and is strongly inferred from
the chemistry and location of the G• in the class III RNR,236
one can infer that S• formation by Y730 is likely to involve
hydrogen atom transfer as well.15,25

Figure 21. Docking model of the R1 (R2) and R2 (!2) subunits of E. coli RNR based on shape complementarity.15,25 (A)
The monomers of R1 are indicated in blue and green. Each monomer has substrate (GDP) and effector (TTP) in a CPK
rendition. The TTPs are located at the subunit interface between the two R1 monomers at the tip of a four-helix bundle,
two from each monomer. Also indicated in R1 are the three active-site cysteines (C439, C225, and C462) and two tyrosines
(Y730 and Y731) thought to be involved in ET between R1 and R2. All of these residues are in cyan. R1 was crystallized
with a peptide identical to the last 22 amino acids of R2. The C-terminal 15 residues of this peptide, 360-375 of R2, are
shown in red. The monomers of R2 are indicated in red and gold. The two irons on each monomer are shown in blue balls.
The residues thought to be involved in ET between R1 and R2 are shown in cyan (Y122, D237, and W48). In all structures
of R2, the C-terminal (30-50) amino acids are thermally labile and hence are not observed. The last visible C-terminal
amino acid of R2 from E. coli, residue 340, is labeled. (B) The model structure shown in (A) is rotated 90° around the 2-fold
axis of symmetry shown. Structure A shows the surface complementarity and B shows the ET pathway.
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Proton coupled electron transfer (PCET) from a cysteine S–H bond (R1) to the tyrosyl radical (R2) 

Formation of a thiyl radical in the active site 
that triggers the deoxygenation process 

35	  Å	  



How does an Electron Flies Over 35 Å? 

13 

Rate of electron superexchange (or tunneling) can be described by Marcus theory. 
 
kET = k0– exp(βd)         β: transmission coefficient (Å–1) 
Over 35 Å, kET < 1 s–1            d: distance between donor and acceptor (Å) 
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Hopping mechanism through amino acids aromatic side chains 
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Figure 3
Radical transfer
chain in the three
classes of RNR. (a)
Class I R1+R2
complex is modeled
by Eklund & Uhlin
(4). (b) Class II B12
binding is derived
from adenosine and
cobalamin structures
of T. maritima RNR.
(c) Class III structure
shows a glycine to
alanine mutant of the
glycyl radical site.

radical/electron-transfer path between the ty-
rosyl radical and the active site (4, 53, 72, 73)
(Figure 3a). Such a radical transfer chain is
unique among known enzyme systems. A con-
certed electron-proton transfer along a chain
of hydrogen-bonded residues was proposed to
occur (59, 72). However, a plausible proposal
for a concerted long-range transfer of a proton
and an electron has not yet been presented,
and it is more likely that the observed hydro-

gen bonding plays a localized role related to
the fine-tuning of the redox properties of the
side-chain cofactors (66, 73, 74). Therefore,
the key feature of the transfer path might be
the establishment of a series of redox cofactors
with similar redox potentials, which allows a
useful equilibrium to be established between
these sites, possibly regulated by substrate and
effector binding. Effectors have been shown
to strongly influence the interaction between
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Mechanism of the Deoxygenation 
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BDE C–H > BDE S–H 
      ➞ Endothermic reaction (thermodynamic equilibrium on the 
side of the S centred radical)  
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PCET through H-bond  
(role of H2O molecule?) 
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Reduction of the Disulfide Bridge 
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Class II RNRs 

17 

Aerobic or anaerobic enzyme, one subunit 
Mechanism similar to class I RNRs  
(same amino acid residues in the active site, thioredoxin as external reductant) 
 
Initiation by a cobalamin B12 neighbouring the active site 
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Class III RNRs 

18 

Anaerobic enzyme (2 dimeric subunits, idem class I), the less studied of the family 
Also reduce NTP 
A formate molecule is the final reductant 
 
Iniation via iron sulfur cluster and SAM  
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Class III RNRs Mechanism 
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A Common RNR Ancestor? 

20 

Poor level of homology in the primary structures of the three classes 
 
Related mechanisms of regulation and deoxygenation 
For the three classes: imilar positionment of the first cysteine and of the initiator 
in the active site 
 
 

proposed that these subunits formed a 1:1 complex
and R1 straddles R2 in much the same way as a
cowboy sits on a saddle.243-246 The docking model
requires a few additional comments. First, the C-
terminal tail of R2 provides most of the binding

energy for R1-R2 interactions. Removal of the C-
terminus of R2 (6-20 amino acids, depending on the
organism) inactivates reductase due to loss of subunit
interactions. Furthermore, peptides with sequences
identical to the C-terminii of the viral, bacterial, or
mammalian R2s are sequence-specific competitive
inhibitors of their R2s interaction with their own
R1.247-250 In both the E. coli and mouse RNRs,251 the
interactions between R1 and R2 are weak, on the
order of 0.1-0.2 µM. Figure 21 shows the proposed
docking model in two orientations and includes the
conserved residues in R2 and R1 thought to be
involved in the radical initiation process (Figures 3
and 22). The C-terminal regions (30-40 amino acids)
of all R2 structures are thermally labile. In the E.
coli R2, the last detectable amino acid is residue 340
of 375. The crystallization of R1 required the presence
of a peptide (20 amino acids) identical to the C-
terminus of R2. In the R1 structure, the peptide is
shown in red and residues 360-375 are visible.252-254

If one assumes that the peptide bound to R1 adopts
a conformation similar to the one adopted by the
C-terminus of R2 bound to R1, then one has a docking
model in which only 19 amino acids (341-359) are
missing. Residue 356, conserved in all R2s and
thought to play an essential role in radical initiation,
is located within this “invisible” region. This docking
study results in a model cited above where the
distance between the Y• on R2 is >35 Å from the
precursor to the S• radical on R1.

Class I RNRs have turnover numbers for nucleotide
reduction that vary between 2 and 10 s-1. The ET
theory described in eq 12 can be used to calculate a

Figure 20. Commonality of the radical initiation (S•

formation) and active sites of the class I, II, and III RNRs,
as presented in Sintchak et al.235 Note the amazing spatial
similarities in the location of the radical initiators AdoCbl,
G•, and Y730. Note that, while the dimethylbenzimidazole
ligand of AdoCbl is shown, the adenosyl axial ligand is not
shown due to thermal lability in the structure. Since
hydrogen atom abstraction to generate S• has been dem-
onstrated in the class II RNR and is strongly inferred from
the chemistry and location of the G• in the class III RNR,236
one can infer that S• formation by Y730 is likely to involve
hydrogen atom transfer as well.15,25

Figure 21. Docking model of the R1 (R2) and R2 (!2) subunits of E. coli RNR based on shape complementarity.15,25 (A)
The monomers of R1 are indicated in blue and green. Each monomer has substrate (GDP) and effector (TTP) in a CPK
rendition. The TTPs are located at the subunit interface between the two R1 monomers at the tip of a four-helix bundle,
two from each monomer. Also indicated in R1 are the three active-site cysteines (C439, C225, and C462) and two tyrosines
(Y730 and Y731) thought to be involved in ET between R1 and R2. All of these residues are in cyan. R1 was crystallized
with a peptide identical to the last 22 amino acids of R2. The C-terminal 15 residues of this peptide, 360-375 of R2, are
shown in red. The monomers of R2 are indicated in red and gold. The two irons on each monomer are shown in blue balls.
The residues thought to be involved in ET between R1 and R2 are shown in cyan (Y122, D237, and W48). In all structures
of R2, the C-terminal (30-50) amino acids are thermally labile and hence are not observed. The last visible C-terminal
amino acid of R2 from E. coli, residue 340, is labeled. (B) The model structure shown in (A) is rotated 90° around the 2-fold
axis of symmetry shown. Structure A shows the surface complementarity and B shows the ET pathway.
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Class III RNRs may be seen as an archaic version of the enzyme (present in 
archaebacteria 
➞ Importance for the hypothetised transition from a RNA world to DNA  
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