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transformation of ribonucleotides into deoxyri-

bonucleotides, the precursors for DNA synthe-
sis, by reduction of the C2’—0OH bond. All RNRs use radi-
cal chemistry to catalyze this challenging reaction, and
they can be divided into three major classes on the ba-
sis of their primary radical generation mechanisms
(1-3). Despite diverse means of radical generation and
storage, the three classes of RNR are unified by the sub-
sequent channelling of the radical into a thiyl radical
species in the structurally conserved active site (4).
Class Il RNR is different from the other two classes, as
no accessory proteins are required for its radical genera-
tion. Instead, a transient 5’-deoxyadenosyl radical is
generated by the homolytic cleavage of the Co—C bond
between the Ado axial ligand and the Co(lll) species of
coenzyme B12 (adenosylcobalamin, AdoCbl) (5). This
radical in turn generates a transient thiyl radical on an
active site cysteine residue (4). The class Il RNR is a
member of a wider family of B12-dependent enzymes
catalyzing radical substrate rearrangement reactions (6).
This occurs through the direct interaction of the 5'-
dAdo radical with the substrates, with the single excep-
tion of RNR, in which the radical is transferred via the
aforementioned cysteine (6). These enzymes can be di-
vided into three classes based on the reactions cata-
lyzed and on the nature of the electroparamagnetic reso-
nance spectra of their biradicals: class | mutases, class
Il eliminases, and class Ill aminomutases (6, 7). The
B12-dependent RNR has previously been classified as
an eliminase (7).

The homolysis reactions catalyzed by B12-dependent

enzymes are remarkable, as the rate of Co—C bond ho-

R ibonucleotide reductases (RNRs) catalyze the
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ABSTRACT Class Il ribonucleotide reductases (RNR) catalyze the formation of
an essential thiyl radical by homolytic cleavage of the Co-C bond in their adeno-
sylcobalamin (AdoCbl) cofactor. Several mechanisms for the dramatic acceleration
of Co-C bond cleavage in AdoCbl-dependent enzymes have been advanced, but
no consensus yet exists. We present the structure of the class Il RNR from Thermo-
toga maritima in three complexes: (i) with allosteric effector dTTP, substrate GDP,
and AdoCbl; (ii) with dTTP and AdoCbl; (iii) with dTTP, GDP, and adenosine. Com-
parison of these structures gives the deepest structural insights so far into the
mechanism of radical generation and transfer for AdoCbl-dependent RNR. AdoCbl
binds to the active site pocket, shielding the substrate, transient 5'-deoxyadenosyl
radical and nascent thiyl radical from solution. The e-propionamide side chain of
AdoCbl forms hydrogen bonds directly to the a-phosphate group of the substrate.
This interaction appears to cause a “locking-in” of the cofactor, and it is the first
observation of a direct cofactor-substrate interaction in an AdoCbl-dependent en-
zyme. The structures support an ordered sequential reaction mechanism with re-
lease or relaxation of AdoCbl on each catalytic cycle. A conformational change of
the AdoCbl adenosyl ribose is required to allow hydrogen transfer to the catalytic
thiol group. Previously proposed mechanisms for radical transfer in B12-
dependent enzymes cannot fully explain the transfer in class Il RNR, suggesting
that it may form a separate class that differs from the well-characterized eliminases
and mutases.
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molysis is increased by a factor of 10°—10'* compared
to that in solution. Kinetic, structural, and theoretical
studies of B12 enzymes catalyzing a broad range of
radical-dependent reactions have led to several differ-
ent proposals for the mechanistic background to this
rate enhancement (8—11). Concerted scenarios where
Co—C bond homolysis is coupled to substrate oxidation
or protein radical formation have been outlined, as well
as stepwise mechanisms. Several lines of evidence
point to control of the B12 binding mode as the key
step in activation of the Co—C bond. For diol dehydratase
substrate binding has been proposed to induce confor-
mational strain in the cofactor, which would weaken the
Co—C bond (12). On the basis of a modeling study, a ro-
tation of the ribose unit about the glycosidic bond was
then proposed to span the distance between the sub-
strate and 5'-C radical immediately after bond homoly-
sis (13). This mechanism has recently been shown to be
plausible for the structurally related enzyme ethanol-
amine ammonia lyase (14). A similar but subtly differ-
ent mechanism has been proposed for glutamate mu-
tase, in which ribose pseudorotation (exchange
between C2'-endo and C3’-endo puckers) mediates
the necessary translation of the C5' radical (15). Both
of these conformations were experimentally observed
in a high-resolution crystal structure. Theoretical stud-
ies using different computational strategies have led to
the common conclusion that the protein interactions
with the ribose group make major catalytic contribu-
tions to adenosylcobalamin activation, although the
extent to which these effects are dominated by
electrostatics or strain still remains a subject of dis-
cussion (10, 11).

Kinetic studies on class Il RNRs to date have been
dominated by the monomeric enzyme from Lactobacil-
lus leichmannii (IINrd}, also referred to as RTPR). Bond
homolysis in this system has been studied in detail us-
ing two different substrate-free model reactions. L. leich-
mannii Nrd) can catalyze exchange of >H from the C5’
atom of AdoCbl, indicative of homolysis-related hydro-
gen transfer. This reaction is completely dependent
upon the presence of the thiyl radical cysteine (Cys408
in lINrdJ) (16), which initially suggested a concerted re-
action mechanism in which the Co—C bond breakage is
made kinetically feasible through coupling to a hydro-
gen atom transfer step. Hydrogen exchange is also de-
pendent on the presence of specificity effectors, where
dGTP is significantly more active than other effectors in
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enhancing the reaction rate. An unusually high entropy
of activation for the hydrogen exchange reaction and a
large hydrogen isotope effect were also observed (17),
although other studies came to the contrasting conclu-
sion that the reaction was almost entirely enthalpically
driven (18). Later experiments, however, called into
question the idea of a concerted mechanism. L. leich-
mannii Nrd) can also catalyze epimerization of the ade-
nosyl C5’ hydrogen atoms under similar reaction condi-
tions (19, 20) to those favoring 5’-H exchange (19).
However epimerization, in contrast to hydrogen ex-
change with solvent, is not dependent on the presence
of Cys408. This suggested the feasibility of a stepwise
mechanism where the initiation of Co—C bond breakage
is primarily mediated by events related to the cofactor
binding mode. At present the stepwise mechanism
seems to be the most plausible scenario for B12-
dependent RNR.

The crystal structure of the monomeric L. leichmannii
class Il RNR in complex with the AdoCbl analogue ade-
ninylpentylcobalamin (AdePeCbl) has been determined
(20). A B12-binding domain was identified consisting of
an insertion between strands BH and Bl of the con-
served 10-stranded «—B barrel of RNRs, as well as part
of the sequence C-terminal to the barrel, following
strand BJ. Although this crystal structure allowed the po-
sitioning of the corrin ring and the dimethylbenzimida-
zole (DMB) axial ligand of Co, no model for the ade-
ninylpentyl moiety was presented. A hinge-like closure
of the B12-binding domain was noted, which could re-
flect switching between open and closed forms of the
enzyme upon cofactor binding. It was concluded that
the structure of [INrd) with AdePeCbl corresponds to a
partially opened conformation, as the distance between
the cobalt ion and the thiyl radical site was around
10 A, as compared to the 5.5-7.5 A expected from EPR
measurements (21). Thus the mechanisms of Co—C
bond homolysis and radical transfer in class Il RNR re-
main unclear, and further structural investigations are
clearly required.

RESULTS AND DISCUSSION

The tmNrd] protein construct used in the present study
lacks the 82 C-terminal residues, which contain cysteine
residues essential for enzyme regeneration using the
physiological reduction system. However this truncated
enzyme is fully active in the presence of dithiothreitol
(DTT), as described previously (22, 23). The crystal struc-
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ture of tmNrd) in complex with dTTP, GDP, and AdoCbl
has been solved at a resolution of 1.9 A, while the dTTP/
GDP/Ado and dTTP/AdoCbl complexes have both been
determined to 1.8 and 1.95 A, respectively.

dTTP/GDP/AdoCbl Complex. The dTTP/GDP/AdoChl
complex provides several essential details of cofactor
binding and illuminates the mechanism of Co—C bond
cleavage. The electron density for AdoCbl is better de-
fined in one monomer (chain B) than in the other, pre-
sumably due to crystal packing effects that cause a
slightly different conformation of the B12-binding do-
main in chain A that reduces its interactions with
AdoCbl. This phenomenon is also evident in the
dTTP/AdoCbl complex. Nevertheless the electron den-
sity for AdoCbl is very good in chain B (Figure 1, panel a).
AdoCbl binds to the surface of tmNrd), and its 5,6-
dimethylbenzimidazole (DMB) moiety is relatively ex-
posed. However, it cannot be excluded that interactions
from the 82 C-terminal residues absent in this con-
struct further close off the active site in the full-length en-
zyme, as the C-terminus of the truncated tmNrd) is ex-
actly in this region. The corrin ring is positioned between
the C-terminal tips of strands | and J of the RNR o/ bar-
rel on its AB (or “north”) side and loop 2, the catalytic
Cys322-containing finger loop and the substrate GDP on
the CD (or “south”) side (Figure 1, panels a and b). Two
methyl groups of the corrin make van der Waals (vdW)
interactions to Phe508 and Tyr628, while the linker to
the DMB moiety protrudes into a pocket formed by the
N-terminal helix (residues 17-26) and the B12 binding
motif identified in INrd) (20), which consists of an insert
following the helix that binds the substrate a-phosphate
(residues 499-577), as well as the C-terminal residues
(633-726). The corrin side chains anchor it to Asp295
on strand BD, Asn600 on Bl, and Asp630 just after B},
either directly or through water molecules (Figure 1,
panel b). Most interestingly the e-propionamide side
chain of AdoCbl makes direct H-bonds to the
a-phosphate of the substrate GDP, effectively burying
the latter from direct solvent access. Less extensive in-
teractions are made with the B12 binding motif. This
could be due to the lack of some C-terminal structure
in the truncated variant, i.e., the third strand of the B12
binding domain and two helices that buttress the back
of this domain in lINrd].

AdoCbl in tmNrd) is bound in a more closed confor-
mation of the enzyme compared to lINrd) (Figure 2).
The cobalt-thiol radical site distance is 7.3 A in tmNrd),
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Figure 1. Structural interactions of the tmNrd) enzyme with dTTP, GDP, and
AdoCbl. a) Overall view of the active site of tmNrd) in complex with dTTP, GDP, and
adenosylcobalamin tmNrd) is shown as a cartoon. Monomer B is colored in light
gray, and monomer A is dark gray. 3-Strands in the first half of the «/@ barrel are
labeled with capital letters. Allosteric effector dTTP, substrate GDP (yellow), and
cofactor AdoCbl are shown as sticks. Electron density for AdoCbl is shown as a
transparent gray surface. The map has coefficients 2m|F,| — D|F| and is contoured
at 1.0 o. b) Details of the interaction of the corrin ring with tmNrd). Monomer B of
tmNrd) is shown as a gray cartoon. Otherwise the color scheme is as in panel a.
Residues making polar or van der Waals’ contact with the corrin moiety are shown
as sticks. Hydrogen bonds to corrin are shown as dotted lines. c) Interactions of
the adenosyl moiety of AdoCbl with its binding pocket. The adenosyl group is
shown as a stick model (cyan) with corrin moiety of AdoCbl removed for clarity.

as compared to 10 Ain lINrd), and the cofactor in tmNrd)
makes more extensive interactions with the residues of
the «/B barrel. The Co—Cys distance in tmNrd) corre-
sponds well to the range of 5.5-7.5 A determined by
EPR spectroscopy for lINrd) (4), suggesting that the
tmNrd) structure shows the cofactor at its final position
prior to bond homolysis.

Binding of the Deoxyadenosyl Moiety. The 5'-
deoxyadenosyl (5’-dAdo) base of AdoCbl points into a
well-defined binding pocket at the top of the o/B bar-
rel between B-strands D and E (Figure 1, panels a and c).
The base is sandwiched between Asn242 at the begin-
ning of BD and Thr626 on B (Figure 1, panel c). Asn242
is locked in place by an H-bond to the carbonyl oxygen
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Figure 2. Comparison of the AdoCbl cofactor position in the mono-
meric Nrd) from L. leichmannii (IINrd)) and the dimeric Nrd) from

T. maritima (tmNrd])). Superpositioned structures of the two enzymes
lINrd) (orange) complexed with AdePeCbl (light orange stick model)
and one monomer of tmNrd) plus the dimerization helices of the
other monomer, with AdoCbl (dark gray stick model). The tmNrdJ en-
zyme forms a more closed complex with AdoCbl, which results in a
catalytically feasible distance to the radical cysteine in the active
site, shown with substrate GDP (from the tmNrd) structure, dark
gray). Several secondary structure elements and the second mono-
mer of tmNrd) have been removed for clarity.

of Pro321 in the finger loop, immediately preceding the
radical cysteine Cys322 (which corresponds to Cys408
in lINrd)). The base is in the anti conformation relative to
the ribose and makes several polar interactions, di-
rectly or through bound water molecules, to residues of
the binding pocket, which are conserved or conserva-
tively substituted in the sequences of more than 200
class Il RNRs retrieved from the RNRdb (24). The Ado C5’
atom is 6.5 A from the Sy atom of Cys322, to which
the radical should be transferred.

The electron density does not permit us to identify un-
ambiguously the ribose pucker, but it is significantly
closerto C2'-endo than C3’-endo. Co-refinement of both
C2'-endo and C3’-endo puckered ribose does not sig-
nificantly improve the fit to the density. The Co—C5’ dis-
tance is 2.7 A, which is significantly longer than ex-
pected for an unbroken Co(lll)—C bond (2.0 A) but
shorter than for a fully broken Co(Il)-C bond (3.0 A). It
is therefore possible that the structure corresponds to a
mixture of two or more states with one of them predomi-
nating or several states with very similar structures.
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Apart from small changes in the B12-binding do-
main, the presence of the cofactor does not induce any
large conformational changes of the overall tmNrd)
structure compared to the dTTP/GDP complex (25).
Thus one can regard the B-barrel domain of tmNrd) as
a relatively rigid framework to bind and modulate the
geometry of AdoCbl. However the loop 2 conformation
in this complex is somewhat ambiguous: it clearly does
not have the same conformation as in the complex with-
out AdoCbl (25), but the electron density is weak and
loop 2 may exist in a mixture of conformations linked to
the presence of some GDP bound to the active site in
an artifactual “backwards” orientation (see Supplemen-
tary Figure 1).

dTTP/AdoCbl Complex. This complex represents the
situation in which the cofactor has bound to the en-
zyme in the absence of substrate. Electron density for
the corrin ring, DMB moiety, and linker is poorer than in
the complex including substrate, indicating lower occu-
pancy or higher mobility. Though clearly present, elec-
tron density for the 5’-dAdo moiety is also poorer than
in the quaternary complex including substrate. Never-
theless the corrin side chains clearly define the orienta-
tion of the ring. Strikingly, the cofactor is not bound in
the same orientation as in the dTTP/GDP/AdoCbl com-
plex (Figure 3). The corrin ring is rotated by 11° around
a pivot point at the b-propionamide group on the
substrate-distal side of the ring. This results in a 0.7 A
translation of the Co atom relative to the complex with
substrate. The rotation toward the orientation seen in
dTTP/GDP/AdoCbl is clearly made possible by the inter-
action of the e-propionamide side chain with the
a-phosphate group of the substrate. Loop 2 is disor-
dered in this complex, as expected in the absence of
GDP from our earlier work (25). Since the cofactor in the
dTTP/AdoCbl complex also blocks substrate access to
its binding pocket, this form cannot be considered part
of a plausible enzymatic reaction cycle, but it is relevant
for understanding previous biochemical studies of
epimerization (see below).

Adenosine Complex. We soaked crystals of tmNrd)
with free adenosine in order to examine the behavior
of this part of the cofactor in the absence of stereochem-
ical constraints from the corrin ring. Two different bind-
ing modes are observed in the two monomers of the
crystallographic asymmetric unit (Figure 4). The adenine
base in both monomers occupies the same pocket as
in the dTTP/GDP/AdoCbl complex, but only the adenine
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in the A-subunit has the same ori-
entation as in the presence of the
corrin ring. Nevertheless the ribose
groups are positioned in the same
region in both complexes. In the
conformation seen in subunit B
(Figure 4, panel a) C5’ is further
from the Co atom than in the su-
perimposed AdoCbl complex

(3.5 v5 3.0 A) and closer to Cys322
(4.4 vs 6.5 B). In subunit A the 5’
carbon atom is projected into the

Figure 3. Comparison of the positions of the corrin ring in AdoCbl complexes in interior of the protein (Figure 4,
the presence and absence of substrate. Stereoview of superpositioned structures  panel b). The 5’-OH group is of
of the dTTP/AdoCbl complex (magenta) and the dTTP/GDP/AdoCbl complex course absent in the 5’-dAdo moi-

(gray). In the substrate-containing complex the corrin ring is rotated 11° relative
to the dTTP/AdoCbl complex. It forms two hydrogen bonds to GDP, which illus-
trates a possible final reorientation of the ring, locking in the active site.

ety of the true cofactor. Interest-
ingly, in both adenosine conforma-
tions, and in contrast to the AdoCbl
complex, the base is syn with re-
spect to the ribose, which has a
C2'-endo pucker. The structures of
K the adenosine complexes suggest
) that the adenine pocket is largely
predefined for binding the base but
that, expectedly, more versatile in-
teraction modes with the ribose are
possible in the absence of re-
straints from the corrin ring.

The three complexes of tmNrd)
presented here provide for the first
time a detailed view of the machin-
ery for radical generation in a ribo-
nucleotide reductase. The binding
site of AdoCbl both in the presence
and absence of substrate corre-
sponds to a closed form of the en-
zyme as regards the B12-binding
domain, and the 5’-dAdo binding
pocket can be clearly delineated.
The model for the 5’-Ado moiety in
the dTTP/GDP/AdoCbl complex re-
Figure 4. Details of the two adenosine conformations observed in the dTTP/GDP/  flects a conformation close to the
Ado complex. a) Conformation in monomer A. b) Conformation in monomer B of Co—C bond cleavage stage. The
the two crystallographically independent monomers in the asymmetric unit. Hy- Co-thiyl radical site distance ob-
drogen bonds from adenosine are shown as dotted lines. The electron density is served is consistent with measure-
an m[F,| — D|F] map with phases obtained after omitting GDP and adenosine
from the model, contoured at 3.0 o for GDP (yellow) and 2.5 ¢ for adenosine ments made by EPR for the lINrd)

(red). c) Stereoview comparing the two adenosine conformations A (magenta) enzyme (4), indicating that the
and B (cyan) with the one observed in the dTTP/GDP/AdoCbl complex (gray). states observed here for a dimeric
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indicated that the trapping of the Ado C5’
radical in the close vicinity of the corrin ring
is energetically favorable (10). Steric and
electrostatic effects on the Ado ribose moi-
ety have also been suggested as key fac-
tors in catalysis, although the nature of
these effects remains controversial
(10, 11).

In the tmNrd) structures two well-defined
binding sites for the corrin and 5’-Ado moi-
eties of AdoCbl have been identified. A no-

Figure 5. Comparions of radical transfer geometry in glutamate mutase
and ribonucleotide reductase. a) The ribose pseudorotation model pro-
posed for glutamate mutase (GM). A pseudorotation of the adenosyl ri-
bose from C2’-endo (cyan) to C3'-endo (magenta) in GM transports the
€5’ adenosyl radical from 5.2 A to within 3.5 A of the Cy atom of the
substrate, from which it can then abstract a hydrogen atom. b) A ribose
pseudorotation cannot adequately explain radical transfer in tmNrd).
The orientation of this panel is rotated approximately 90° clockwise
with respect to panel a. The corrin ring of GM is shown in thin gray lines
to illustrate its very different relationship to the adenosine moiety in the
two enzymes. The C2’-endo conformation of the Ado moiety in gluta-
mate mutase (thin purple lines) has been superimposed on its equiva-
lent in tmNrd) (gray sticks). Pseudorotation to the C3’-endo form (thin
magenta lines) would bring C5' to only 2.1 A from Co, while also bring-
ing C5' into van der Waals’ contact with atoms on the substrate-
proximal side of the corrin ring. Thus some relaxation of the cofactor is

table feature is the rigid binding pocket for
AdoCbl, which provides a well-defined ma-
trix for polar and vdW interactions essential
for binding and promotion of homolysis.
The binding pocket contains the C5’ radi-
cal within the close environment of the
Co(ll) ion. The pocket is also well consti-
tuted for controlling the environment of the
ribose group during catalysis. The notion
that the bond homolysis is likely to be re-
versible, i.e., that the cofactor is regener-
ated in each cycle (28), is consistent with
the hypothesis that no major conforma-

e 933-942 + 2010

apparently required for radical transfer. Note that in this conformation
C46 of the corrin ring is in vdW contact with the Sy atom of Cys322.

class Il RNR are also directly relevant for the less com-
mon monomeric enzymes. Cobalamin also forms a lid
over the part of the active site involved in radical chem-
istry, thereby shielding these reactions from radical
scavengers, as in other B12-dependent enzymes. More-
over, the burial of the substrate implies an ordered se-
quential reaction mechanism in which AdoCbl is re-
leased or at least relaxed from this position in each
reaction cycle in order to allow product release and new
substrate binding. This may be accomplished by a hinge
movement of the B12-binding domain toward a state
more similar to the lINrd) complex (20).

The activation of the Co—C bond in AdoCbl-dependent
enzymes has generated great interest and a number of
different mechanistic proposals. Theoretical and chemi-
cal studies have now largely dismissed the DMB ligand
as a major determinant in modulation of Co—C bond
strength (26, 27). In some AdoCbl-dependent enzymes
a direct coupling of substrate radical generation to Co—C
bond homolysis as been suggested to be important for
activation (8, 16). Theoretical studies of mutases have

LARSSON ET AL.

tional changes are made in this region of
the protein during the reaction.

The binding of substrate locks the corrin
ring in its final position through a direct interaction
between the e-propionamide side chain and the
a-phosphate group common to all ribonucleotide sub-
strates, which could affect the accessible conforma-
tional space for the 5’-Ado group and thereby the cata-
lytic rate. However, it has been demonstrated that an
epimerization reaction, indicative of Co—C bond homoly-
sis, is also catalyzed by the substrate-free [INrd) en-
zyme when an allosteric effector is present (19). Thus
generation of the adenosyl radical does not necessarily
need to be coupled to the subsequent generation of a
cysteinyl radical, i.e., it could be a stepwise reaction. The
complex of tmNrd) with AdoCbl in the absence of sub-
strate might be directly relevant to the epimerization re-
action in lINrd). Without substrate AdoCbl can bind to
tmNrd), but not in its final conformation, as a rotation
of 11°is induced by H-bonds to the a-phosphate of the
substrate. Interestingly the Kp value for binding of
AdoCbl to C408S-lINrd) is 132 = 10 wM (29) and the
K in a 3H washout reaction in the absence of substrate
is 60 = 9 uM (16), whereas Ky, in the true reduction pro-
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cess is 0.25 M, indicating a 10% to 103-fold increase
in affinity when substrate is present (16). Our structures
explain this increase by implicating the substrate di-
rectly in correct binding of the cofactor. However, the ex-
act role of the 11° rotation for Co—C bond activation re-
mains uncertain, as both forms catalyze Co—C bond
cleavage. The quality of electron density for the 5’-dAdo
moiety in the dTTP/AdoCbl complex unfortunately does
not allow a definitive determination to what extent fur-
ther strain is imposed upon the Co—C bond by this
rotation.

By analogy with the mutases, the enzyme interac-
tions with the 5’-Ado ribose are also likely to be impor-
tant for class Il RNR Co—C bond homolysis. Some inves-
tigators have advocated that the bond activation is
primarily electrostatic in nature and achieved through
stabilization of the transition state rather than destabili-
zation of the reactant state (Z1). On the other hand the
Co—Cbond cleavage in almost all AdoCbl-dependent en-
zymes has been described as a simple bond dissocia-
tion process with no well-defined transition state (6, 7).
As no significant charge separation occurs during Co—C
bond breakage, electrostatic stabilization is suggested
to be effected through the polar ribose moiety. In the
mutases, charged groups, primarily carboxylates, are
thought to promote this catalytic effect through interac-
tions with the ribose (11). Polar effects on the ribose in
tmNrd) might be imposed by hydrogen bonds with neu-
tral polar residues, but no direct interactions are made
by charged groups. However the highly conserved
Glu505 is found on one face of the ribose binding
pocket and could potentially play a role in catalysis by
water-mediated interactions with the ribose or alterna-
tively by making direct interactions in a different confor-
mation of the ribose or Glu505 side chain.

How is the radical transferred to Cys3227? The rela-
tive proximity of the 5’-carbon atom to Cys322 in our
structure (6 A) supports the idea that a direct hydrogen
atom transfer between C5’ and Cys322 might be pos-
sible after Co—C bond cleavage. However the distance
in our present model is too long for a direct H-transfer,
and a conformational change is required. Together the
AdoCbl and the Ado complexes imply that, while the ad-
enine base is rigidly bound, the ribose moiety has more
freedom to change conformation. This situation is simi-
lar to that of the mutases, where a conformational
change is required for radical transfer, to allow C5’ to
be positioned for direct hydrogen atom transfer from the
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substrate

radical Cys|

Figure 6. Congruence of the radical transfer pathway end
points in all three classes of RNR. The E. coli class | (cyan),
T. maritima class Il (green), and bacteriophage T4 class IlI
(magenta). The RNR structures are shown in highly simpli-
fied form, with only the finger loop, radical cysteine, and
end points of the radical generation or transfer pathway
drawn.

substrate. Two different but related mechanisms for
radical transfer have been proposed, namely, ribose ro-
tation around the glycosidic bond for the base-on en-
zyme diol dehydratase (8) and ribose pseudorotation for
the base-off enzyme glutamate mutase (15). From our
present structures we cannot conclude directly which if
either of these mechanisms is operative in class Il RNR.
Nevertheless a superposition of the cofactors of tmNrd)
and glutamate mutase (GM) affords valuable insights.
The 5’-dAdo binding mode is very different in GM
(Figure 5, panel a), with the base almost parallel to the
corrin ring (15). In contrast, the 5’-dAdo moiety of
AdoCbl in tmNrd) superimposes very well with that of
the “intact” conformation in GM, which also has the C2’-
endo pucker. The ribose pseudorotation model postu-
lates a conformational exchange between this confor-
mation and a C3’-endo “broken” state in which C5’
moves to within 3.5 A of the radical destination, the sub-
strate Cz atom (25). However the direction of move-
ment of the radical in GM is perpendicular to the corrin,
while in tmNrd] it is parallel to it. A similar pseudorota-
tion from C2'-endo to C3’-endo in tmNrd) would actually
move C5’ closer to Co, to approximately 2.0 A, and
would still leave it 5.7 A from Cys322 (Figure 5, panel b).

VOL.5 NO.10 ¢ 933-942 + 2010

939


http://pubs.acs.org/action/showImage?doi=10.1021/cb1000845&iName=master.img-005.jpg&w=179&h=191

933-942

Thus pure rotation around the glycosidic bond, ora com-
bination of rotation and pseudorotation, seems more
likely for Nrd). However, along the path traversed by C5’
during a simple rotation around the glycosidic bond
from our AdoCbl conformation to a productive hydro-
gen transfer position, it would come into vdW contact
with atoms in the D ring of the corrin backbone, espe-
cially C11 and one of the methyl groups on C12 (C46;
see the Supplementary Movie). Therefore the rotation is
likely to require additional conformational changes,
most likely a relaxation of the corrin ring.

Interestingly, allosteric substrate specificity effectors,
in particular dGTP, have been shown to be necessary
for homolysis of the Co—C bond in all experiments in-
volving the L. leichmanii enzyme. This suggests a role
for the effectors in fine-tuning the B12 binding mode.
Our recent detailed model for allosteric regulation in
class Il RNRs (25) identified the role of the effectors in
modulating an ensemble of conformations of loop 2. Al-
though loop 2 approaches the cofactor quite closely
(Figure 1, panels a and b), no unambiguous interac-
tions can be observed, and the disorder in loop 2 in the
AdoCbl complexes precludes a more detailed analysis
at the present time.

Convergent Evolution of Chemically Diverse Radical
Transfer Pathways in RNR. The complexes presented
here confirm and further illuminate the striking congru-

ency of the end points of the radical generation and/or
transfer pathways in all three classes of RNR (Figure 6),
first suggested on the basis of the position of the corrin
ring and Co atom in the IINrdJ/AdePeCbl structure (19).
In class | RNR the a tyrosine radical is generated on a
separate subunit and transferred through a hydrogen-
bonded pathway to the radical cysteine (7). The distance
from the hydroxyl group of the last tyrosine residue
(Tyr731) in the radical transfer chain to Sy of Cys439 in
class | RNRis 3.4 A (29). In class Il RNRs a radical is gen-
erated on the Ca atom of a Gly residue in a C-terminal
loop close to the radical cysteine. The distance between
this atom and Sy of Cys290 in an oxygen-stable Gly —
Ala mutant of the class Ill RNR from bacteriophage T4 is
5.5 A (30). The distance from the transient radical on
C5' to Cys322 in class Il is 6.5 A immediately after bond
homolysis, and possibly 4.4 A after relaxation of the co-
factor (this work). The convergent evolution of radical
transfer pathways in the three classes of RNR was al-
ready hinted at in the “open” form represented by
[INrd) (20), but the present dTTP/GDP/AdoCbl complex,
by localizing the 5’-deoxyadenosyl moiety of the cofac-
tor, further underlines the structural basis for the recruit-
ment of diverse radical generation mechanisms to a
common framework for radical utilization in the RNR
family.

METHODS

Purification and Crystallization. The T. maritima class Il ribo-
nucleotide reductase tmNrd) was produced and crystals were
grown using a C-terminally truncated construct (residues
1-644) as described previously (25). Soaking experiments
were carried out using times and concentration of nucleoti-
des and cofactors as indicated in Table 1 and Supplementary
Table 1. Crystals were flash frozen in liquid nitrogen ina 1 X con-
centrated cryo solution consisting of 8-12% PEG (w/v) PEG
8000, 0.1 M Na acetate buffer pH 4.5, 0.1 M NaCl, 20% (v/v)
glycerol. Nucleotides, MgCl,, DTT and water were added to a
1.6X cryo solution to obtain the final 1X solution. Both adeno-
sylcobalamin and adenosine were dissolved in the 1.6X buffer
to obtain final concentrations in 1X buffer as indicated in
Table 1. The soaking experiments were performed at RT
(~20 °Q), and all manipulations involving adenosylcobalamin,
up to and including freezing of crystals, were performed under
dim red light.

Data Collection and Processing. Data collection was performed
under ambient light at 100 K using beamlines ID14-3 and 1D29
of the ESRF, Grenoble, France and 1711 and 1911-5 of MAX-lab,
Lund, Sweden. The data were processed and scaled with XDS
(31, 32). Crystals of all three complexes belong to space group
(2 with one tmNrd) dimer in the asymmetric unit. Data statistics
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are listed in Table 1. The CCP4 suite was used for all crystallo-
graphic data manipulations (33, 34).

Structure Determination and Refinement. The different com-
plexes were isomorphous and new structures were deter-
mined using high-resolution tmNrd) structures (25) as start-
ing models in refinement using Refmac5, without recourse to
molecular replacement. In the latter stages phenix.refine with
TLS refinement was used (35). For both programs a restraints
file was generated using a recent high-resolution crystal struc-
ture of AdoCbl (36). Manual model building was performed in
0 (37) and Coot (38). Arp_waters (CCP4 suite) was used for wa-
ter addition. Structures were superimposed using the SSM al-
gorithm (39) in Coot. Cofactors were superimposed using the
pair-matching wizard in Pymol (www.pymol.org). All figures
were made using Pymol.

Accession Codes: The structures have been deposited in the
Protein Data Bank with accession codes 3000 for dTTP/GDP/
AdoCbl, 300N for dTTP/AdoCbl, and 300Q for dTTP/GDP/Ado.
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and the ESRF for technical help with data collection and Fahmi
Himo for discussion. We thank Catherine Drennan for the kind
gift of the lINrdJ coordinates in complex with adeninylpentylco-
balamin. This work was supported by grants from the Swedish
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TABLE 1. Data collection, processing, and model refinement statistics

dTTP/AdoCbl dTTP/GDP/AdoCbl dTTP/GDP/Ado
Effector (mM) 0.4 0.4 0.4
Substrate (mM) n/a 2 2
Cofactor (mM) ~25 ~25 50
MgCl, (mM) 8 8 8
Soak time (h) 3 3 3
Beamline ID14-3 ID29 1911-5
Resolution® 20-1.95 (2.00-1.95) 49-1.90 (2.00-1.90) 25-1.80 (1.90-1.80)
Unit cell dimensions
a, b, c (A) 119, 124,107 120, 124,107 119, 124,107
B (deg) 103.1 102.6 103.4
Completeness (%) 99.1 (99.7) 99.4 (99.6) 99.0 (99.9)
Observed reflections 480845 530391 434380
Unique reflections 108084 119789 138738
0 10.2 (1.59) 12.09 (1.60) 8.91 (2.24)
Wilson B-factor (A2) 30.5 31.5 22.4
Rmerge 0] 8.3 (80.5) 6.4 (84.8) 7.5 (47.4)
Renodel (F) 20.3 (38.5)° 20.2 (40.7)¢ 17.6 (28.4)°
Riee (F) 24.9 (40.7)° 23.8 (42.6)° 21.0 (32.3)¢
Non-hydrogen atoms 10466 10787 11000
Water molecules 513 463 905
rms deviations from ideal geometry”
Bond length (&) 0.007 0.008 0.007
Bond angles (deg) 1.08 1.14 1.09
PDB codes 300N 3000 300Q

“Rerge() = Zjillic — <I>}|/Z;li, Where [ are the k individual observations of each reflection j and </>; is the value after
weighted averaging. Rnodel(P) = 24|Fo(h)| — |F(M)|/24|Fo(h)|, where |Fy(h)| and |F.(h)| are the amplitudes of the observed and

calculated structure factors for reflection h. ®Values in parentheses correspond to the highest resolution shell in data
processing. ©1.97-1.95 A. 92.02-1.95 A. ¢1.97-1.90 A; highest resolution shells in refinement (35). /As calculated us-

ing Molprobity (40).

Research Council to D.T.L. and P.N. and the Swedish Cancer So-

ciety to P.N.

Supporting Information Available: This material is available
free of charge via the Intemet at http://pubs.acs.org.
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