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Structural mechanism of allosteric substrate specificity
regulation in a ribonucleotide reductase

Karl-Magnus Larsson!, Albert Jordan®*#, Rolf Eliasson?, Peter Reichard?, Derek T Logan® & Pir Nordlund!

Ribonucleotide reductases (RNRs) catalyze the reduction of ribonucleotides into deoxyribonucleotides, which constitute the
precursor pools used for DNA synthesis and repair. Imbalances in these pools increase mutational rates and are detrimental

to the cell. Balanced precursor pools are maintained primarily through the regulation of the RNR substrate specificity. Here, the
molecular mechanism of the allosteric substrate specificity regulation is revealed through the structures of a dimeric coenzyme
B12-dependent RNR from Thermotoga maritima, both in complexes with four effector-substrate nucleotide pairs and in three
complexes with only effector. The mechanism is based on the flexibility of loop 2, a key structural element, which forms a bridge
between the specificity effector and substrate nucleotides. Substrate specificity is achieved as different effectors and their
cognate substrates stabilize specific discrete loop 2 conformations. The mechanism of substrate specificity regulation is probably

general for most class I and class Il RNRs.

RNRs are found in all living cells and provide the deoxyribo-
nucleotides needed for DNA synthesis and repair (reviewed in ref. 1).
In the reduction of the 2" OH group of ribonucleotides, all RNRs use
a sophisticated radical-based chemistry, and they have been divided
into three classes! on the basis of their primary radical: the aerobic
class I RNRs consist of two homodimers of two proteins (R1 and R2)
and harbor a stable tyrosyl radical; the dimeric anaerobic class III
RNRs contain a stable glycyl radical? class II RNRs exist among
both aerobic and anaerobic bacteria and generate a transient
5'-deoxyadenosyl radical through homolytic cleavage of the C-Co
bond in adenosylcobalamin (coenzyme B12). In spite of this diver-
sity, RNRs have a common active site cysteine to which the primary
radical is transferred. A proposed cysteinyl radical thereafter
abstracts the 3' H from the substrate ribose, activating the substrate
for reduction of the 2' C-O bond>*.

RNRs catalyze the reduction of all four ribonucleotides while main-
taining balanced pools of the product deoxyribonucleotides through a
unique and complex feedback allosteric regulation!. This regulation
is critical as an imbalance in the DNA precursor (ANTP) pools can
cause disease owing to errors in DNA synthesis and repair®. The gen-
eral pattern for this regulation was already established in the 1960s’,
although the molecular mechanism has been elusive. The system is
based on two types of regulatory sites: activity and specificity sites.
ATP or dATP bind to the activity site>, where ATP stimulates overall
activity and dATP turns the enzyme off. Class Ib RNRs, all presently
characterized class II enzymes® and the class III RNR from
bacteriophage T4 (refs. 9,10) lack this regulation. Substrate specificity
is regulated via the specificity site, where ATP, dATP, dTTP, dGTP and

(in a few cases) dCTP bind. The overall pattern of specificity regula-
tion is common for all classes of RNR: ATP and dATP stimulate reduc-
tion of cytosine and uridine ribonucleotides, dTTP and dCTP
stimulate reduction of guanosine ribonucleotides and dGTP stimu-
lates reduction of adenosine ribonucleotides. The stimulation by effec-
tors of the reduction of their corresponding cognate substrates is
typically 10-100-fold.

The allosteric regulation of three class II RNRs has been stud-
ied®!=14, The monomeric RNR from Lactobacillus leichmannii and
the dimeric or higher oligomeric RNRs from Thermoplasma
acidophilum and Thermotoga maritima have all been found to obey the
general pattern of allosteric regulation, with the exception that dCTP
is a potent effector for GDP reduction in the T. acidophilum enzyme.
The overall activity is unaffected by dATP and ATP even though
T. acidophilum contains an appropriate binding site.

Previous structural studies of RNRs have provided important but so
far incomplete information on the structural basis for specificity regu-
lation. The structure of the R1 protein of class I RNR from Escherichia
coli in complex with its allosteric specificity effector dTTP and a par-
tially defined substrate GDP'” localized the specificity site to the dimer
interface. Partial ordering of three loops (loops 1-3) in the vicinity of
the effector was observed and these loops were proposed to be
involved in allosteric signaling. Recently, structures of the related class
Ib RNR from Salmonella typhimurium, in the apo form and in com-
plex with dATP, dTTP and dCTP, reconfirmed the effector position,
showed further movements in loops and revealed details of effector
recognition'®. The crystal structure of a class III RNR from
bacteriophage T4 revealed a related o/p-barrel structure but with a
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Figure 1 The structure of the T. maritima (tmNrdJ) dimeric ribonucleotide reductase. (a) Overall
structure of tmNrdJ in complex with effector dTTP and substrate GDP. Loop 2 (L2) and the B12-
binding domain (residues 500-575) are orange. Loop 2 bridges the specificity effector site (*E) and
active sites (*A). (b) The allosteric specificity site, active site, loop 1 (L1) and loop 2 (L2) in the

tmNrdJ-dTTP-GDP structure with the 21F | —|F | map (contoured at 1 o).
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The overall structure of a tmNrd] dimer
(Fig. 1) is highly similar to the class I and II
RNR structures!®18:19, containing the canoni-
cal ten-stranded a/f-barrel of RNRs and
pyruvate formate lyase?®21.

Substrate binding

The residues implicated in the catalytic mech-
anism of class T and IT RNRs are conserved
(Cys134, Cys322, Cys333, Asn320 and
Glu324) and positioned similarly (Fig. 2a) at
the center of the ten-stranded a/B-barrel as in
previously determined class I and II RNR
structures'>!618, The  disulfide-forming
cysteines Cys134 and Cys333 are in the
reduced state. In the only previously deter-

dimer interface and an effector-binding site highly divergent from
those of class I RNRs!”. The subsequent analysis of four structures of
this RNR in complex with the substrate specificity effectors dATP,
dTTP, dGTP and dCTP showed conformational changes upon bind-
ing of the different effectors, centered on loop 2 and ranging from sub-
tle side chain movements to large-scale loop rearrangements!?.

The recent crystal structure of the monomeric class II RNR from
L. leichmannii (1INrdJ)!® revealed that a dimeric substrate specificity
site is conserved in the monomeric enzyme through insertion of a 130-
residue domain in the a/f-barrel, mimicking the monomer-monomer
interactions involved in allosteric regulation, but no substrate or effec-
tor was bound. However the majority of currently characterized class
IT RNRs are dimeric and have effector sites highly homologous to
those found in class I®.

We present the first crystal structures of a dimeric class II RNR,
from the hyperthermophile T. maritima (referred to as tmNrdJ'4), in
complex with four cognate allosteric specificity effector-substrate
pairs, as well as structures with only the different effectors. These
structures reveal for the first time the detailed molecular mechanism
of substrate specificity regulation in a ribonucleotide reductase. The
mechanism is likely to be general in most aspects for both class I and
II RNRs, and has elements in common with the partial mechanism
proposed for class ITI.

RESULTS

Overall structure of tmNrd)

The structures are of an engineered fragment of tmNrd] comprising
residues 1-644 (lacking 645-827), which is similar to less well-
defined, C-terminally truncated forms of tmNrd] previously recov-
ered after overproduction of the intact enzyme in E. coli®. The
fragment lacks the C-terminal cysteines that transfer reducing equi-
valents to the active site from the natural redox partner thioredoxin,
but is fully active in the presence of reduced DTT. In all other
respects, including the allosteric substrate specificity regulation, the
truncated form is indistinguishable from the complete enzyme (data
not shown). The structure of tmNrd] in the dTTP-GDP complex
has been refined at 1.9 A. The other structures are very similar
except in the active site and specificity site. All data processing and
refinement statistics are presented in Table 1. No apo form with an
empty specificity site has been obtained as the ‘native’ tmNrd]
structure showed bound dATP, probably from a dATP-Sepharose

purification step®14,

mined substrate complex, E. coli R1-GDP, the
substrate density was ambiguous, indicating
partial occupancy or disordered binding!”. In
contrast, in the four different substrate nucleotide complexes of
tmNrdJ, the density is unambiguous and supportive of full occupancy,
although in the dATP-CDP structure only one of the active sites is
fully occupied. The substrate phosphate groups are anchored at the
ends of two helices that are structurally homologous to 0112 and 024 in
R1. The electron density unambiguously establishes the ribose ring
pucker as C3'-endo in all substrates; in the E. coli R1 GDP structure,
the ribose was modeled as nonpuckered. In all the tmNrd]J substrate
complexes, Glu324 (Glu441 in R1) makes a double hydrogen bond to
3" OH rather than the single hydrogen bond suggested from the R1
structure. Asn320 makes bridging hydrogen bonds to both 3" OH and
2" OH. An additional hydrogen bond to the main chain carbonyl of
Alal133, which is adjacent to Cys134, one of the redox-active cysteines4,
further anchors the substrate. The Sy atom of Cys322, expected to
abstract the 3' H atom from the substrate ribose?, is at 3.5-4.1 A from
the ribose C3' atom in the different complexes (Fig. 2). In general, the
binding of the ribose is consistent with the previously proposed mech-
anism for ribonucleotide reduction4, although the new ribose con-
formation and interactions might have implications for theoretical

evaluations of the reaction mechanism?2.

Specific interactions of the substrate bases

The substrate bases are well defined in all the substrate—effector
complexes. In the dTTP-GDP complex (Fig. 2a,b) the guanosine
base fits into a tight pocket built by loop 2, the short turn (turn B)
between GA and BB (159-160. called loop B in lINrdI'®), and
Glyl161 at the beginning of 3B, which are all in the same monomer.
All residues of loop 2 are well ordered and form a curved B-hairpin.
The side chain methyl group of Ala210 makes a hydrophobic inter-
action with the base. A key side chain is that of Arg207 on loop 2,

which stretches over of the base and ribose and makes a direct
interaction with the substrate B-phosphate, thereby clamping the
substrate into the active site, as the arginine guanidinyl moiety also
makes TE-TU stacking interactions to the base. A well-ordered water
molecule bridges the ribose, phosphates and Arg207. The direct
specificity interactions in the dTTP-GDP complex consist of a
hydrogen bond network from the substrate base to the substrate
proximal edge of loop 2 and turn B (Fig. 2a), involving only main
chain atoms. The positioning of several conserved small residues in
this region seems both to make space for the large guanosine
base and to achieve the necessary conformational flexibility for
transition between different cognate complexes.
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Figure 2 The active site structure of the different substrates in all four cognate substrate—effector complexes. (a—d) GDP (stereo view) (a) and mono views of
ADP (b), CDP (c), and UDP (d). Loop 2 is highlighted in dark gray. (Water molecules not participating in direct base or ribose interactions have been omitted
for clarity.) (e) Schematic diagram showing all interactions to the ribose of GDP (with distances).

The base position is essentially identical in the other substrate
complexes. In particular, the glycosidic bond angle does not vary
substantially. However, each substrate makes unique interactions
to loop 2. In the dGTP-ADP structure (Fig. 2b), the main chain of
loop 2 is disordered between residues 204 and 209. Residues
201-203 form an extra turn at the end of helix aB, resulting in the
side chain of Lys202 being projected into the active site, making a
hydrogen bond to the N1 atom of the substrate base. Finally, in the
dATP-CDP (Fig. 2¢) and dATP-UDP (Fig. 2d) complexes, loop 2
forms a truncated PB-hairpin (ordered in the regions of residues
199-204 and 207-209 in dATP-CDP and in that of residues
199-203 in dATP-UDP), projecting GIn203 into the active site. In
the dATP—-CDP complex, GIn203 makes a bidentate hydrogen bond
to the NH (N3) and CO (C2) groups of the substrate base whereas
in the dATP-UDP complex it makes a single hydrogen bond to the
substrate CO (C2). In the dATP-CDP complex, Arg207 clamps the
substrate in a related but not identical way to the dTTP-GDP com-
plex. In the dATP-UDP complex, Arg207 is not visible in the elec-
tron density.

Effector binding

The general deoxyribonucleotide-binding patterns are very similar for
all three studied effectors, whether with or without their cognate
substrates. As predicted by sequence comparision'4, the structure of
the effector-binding site of the dimeric tmNrdJ class II RNR is highly

similar to that in class I: the effectors fit into a pocket at the dimer
interface with the a-phosphate anchored by the N terminus of aA’ of
one monomer and the base projected toward loop 2 (residues
199-209) of the other monomer (see Fig. 1b for overall view and
Fig. 3a for a detailed view). The [B-hairpin loop 1 folds over the effector
so that the nucleotide base is stacking in a hydrophobic pocket
between loop 1 (residues 168-187) and the beginning of OA’
(at residue 143). The deoxyribose 3" OH is bound by Aspl41 and
through a water molecule to the main chain amide group of Gly186 in
loop 1. A putative magnesium ion is bound between the phosphate
groups, coordinating three of the phosphate oxygen atoms. Further
neutralization of the negative charge of the phosphates is made by
Lys158 and Argl71.

Stabilization of loop 2

Loop 2 forms one distinctly different structure in every effector—
substrate complex (Fig. 3), resulting in markedly different positioning
of three key residues: Lys202, GIn203 and Arg207 (Fig. 4). In the
purine-pyrimidine pair structures dTTP-GDP and dATP-CDP
(Fig. 3a,e), loop 2 folds into the active site in B-hairpin-like conforma-
tions (partially disordered in the dATP-CDP structure). In the purine
pair structure dGTP-ADP (Fig. 3¢), loop 2 does not form a 3-hairpin
but instead an extra turn at the end of helix aB (residues 201-203),
before becoming disordered. The side chain of Lys202 extends into the
active site to hydrogen-bond to the substrate. A possible explanation
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tmNrdJ—dATP—-CDP

for the exclusion of the main chain atoms from the active site in the
purine effector-substrate pair could be crowding in the loop 2 region
due to the presence of the two large bases, whereas for the purine-
pyrimidine pairs (dTTP-GDP and dATP-CDP) there is sufficient
space to fit in the fully or partially ordered B-hairpins.

As most of the loop structures on the substrate-proximal side are
disordered in the effector complexes determined without substrates, it
seems that the final conformations seen in the substrate-bound forms
are only partially stabilized by effector binding. In the effector-only
structures with the purine effectors dGTP (Fig. 3d) and dATP (Fig. 3f),
the same basic conformations of the effector-proximal region of loop 2
are seen as in the corresponding effector—substrate complexes
(Fig. 3c,e, respectively). In the dGTP and dGTP-ADP complexes, the
CO oxygen atoms of Val200 and Val201 make hydrogen bonds to NH
(N2) and NH (N3) of dGTP, respectively, stabilizing the a-conforma-
tion of residues 201-203. In the dATP, dATP-CDP and dATP-UDP
complexes, hydrogen bonds are instead made by the backbone

tmNrdJ—dAT
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Figure 3 Effector interactions. Comparison of
effector—substrate and effector-only complexes.
(a) dTTP-GDP. (b) dTTP only. (c) dGTP-ADP.
(d) dGTP only. (e) dATP-CDP. (f) dATP only. For
the structure of dTTP-GDP, all interactions are
shown except Phe190 stacking to the effector
base, which is omitted for clarity. For the other
effector complexes, some of the constant
interactions around the deoxyribose and
phosphates have also been omitted for clarity.
The lengths of the hydrogen bonds to the effector
base are indicated for all effector complexes.
Loop 2 is highlighted in dark gray. The dATP-UDP
structure has been omitted, as it is very similar
to the dATP-only and dATP—CDP complexes in
its base interactions. However its phosphate
conformation is only similar to the dATP-only
complex (including Mg2*). In general, the
phosphate-deoxyribose interactions are very
similar in all structures, except in dATP-CDP,
which apparently lacks a bound Mg2+ ion.

carbonyl and amide groups of Lys202, to NH
(N6) and N1, respectively, on the effector
base, stabilizing the 3-structures of loop 2 on
the effector-proximal side (Fig. 3e,f).

In the structure of the dTTP-GDP complex,
loop 2 displays a fully formed B-hairpin that
makes four hydrogen bonds with the effector
base (Fig. 3a), either directly, for example from
the amide of Lys202 to CO (O4) on the base, or
indirectly via water molecules, for example
from the carbonyl of GIn203 and the amide
nitrogen of Gly204 to CO (O4), and from the
carbonyl of Val200 to N3. However, in contrast
to the other effectors, the dTTP molecule in
the effector-only structure is associated with a
loop 2 conformation quite different from the
(-hairpin observed in corresponding effector—
substrate complex (Fig. 3a). The effector-
proximal side of loop 2 folds instead into an
O-helical structure (Fig. 3b). No hydrogen
bonds are made by loop 2 to the effector and a
positional shift of Ser185 creates a new hydro-
gen bond across the dimer interface. The
effects of dTTP binding on loop 2 stabilization
thus seem to differ from those of dATP and dGTP, where the key
residues on loop 2 (GIn203 and Lys202, respectively) are apparently ori-
ented toward the active site before substrate binding. This feature of
dTTP could stem from differences in the initial binding of GDP to the
active site compared to the binding of other substrates. The GDP base
makes an important hydrogen bond interaction through its NH (N2)
group directly to BB of the o/ barrel, rather than exclusively through
loop 2 or coordinated waters as with the other substrates (Fig. 2a). GDP
could therefore bind to the active site without having a preformed con-
formation of the active site portion of loop 2 and could thereafter stabi-
lize its final conformation.

DISCUSSION

Ribonucleotide reductases have a complex system of allosteric regula-
tion through feedback regulation by the triphosphate form of their
products. The substrate conformations observed confirm the general
substrate-binding mode found in the previous study of class I RNR!;
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Figure 4 The structural flexibility of loop 2. (a) Superposition of loop 2 in the three effector-only structures (stereo view). Color labeling follows that in
Figures 2 and 3: dTTP, yellow; dGTP, brown; dATP, blue. (b) Superposition of loop 2 with effector and substrate in three effector—substrate structures (stereo
view). (The structure of dATP-UDP is very similar to dATP-CDP in this region and is not shown.) Color labeling corresponds to the structures with only
effector: dTTP-GDP, yellow; dGTP-ADP, brown; dATP-CDP, blue. (c) Sequence alignment of loop 2 in classes | and Il (a representative subset of available
sequences). Residues of loop 2 involved in substrate and effector interactions are indicated at bottom of the alignment: side chain interactions, triangles;
main chain interactions, dots (red, substrate interactions; blue, effector interactions). Class | sequences denoted with SWISS_PROT code and class Il
sequences are as follows: B12_THEMA, T. maritima; B12_PSEAE, Pseudomonas aeruginosa; B12_METTH, Methanobacterium thermoautotrophicum;
B12_THEAC, T. acidophilum; B12_ARCFU, Archaeoglobus fulgidus. (d) A comparison of the effector-binding region of tmNrdJ (yellow) and E. coli R1 (cyan)
in their respective dTTP-GDP complexes. The nucleotides belonging to the R1 dTTP-GDP structure and tmNrdJ are colored correspondingly. Note the

difference in loop 2 conformations.

however, several important details of substrate conformation and
interaction with the enzyme are revealed in the tmNrdJ structures
owing to the high resolution and full occupancy. In particular, the
ribose pucker is unambiguously established as C3'-endo. This may be
essential to bring the H3" atom close enough to Sy of Cys322 in the
active RNR to enable hydrogen atom abstraction®*. Also, the orienta-
tion of the base is uniquely defined to direct the specific hydrogen
bonding groups toward loop 2. Notably, several of the small amino
acids at the end of loop 2 and at the beginning of 3B, which are neces-
sary to accommodate the GDP base when loop 2 is fully ordered, are
among the very few conserved across all three classes of RNRIO,
arguing for a similar substrate orientation in all RNRs.

The high-resolution complexes of RNR with cognate effector-
substrate pairs allow for the first time a detailed analysis of the atomic
basis for allosteric substrate specificity regulation in any RNR. Main
chain atoms in residues 200-202 dominate the interactions with the
specificity effector base. Different main chain arrangements proximal
to the effector, in particular switching between stable a and (3
conformations, have marked effects on the conformation of loop 2,
resulting in sufficient diversity to allow specific recognition of the dif-
ferent substrates (Fig. 4a). GDP is bound entirely by main chain atoms,
whereas Lys202 is projected toward ADP and GIn203 toward CDP.
These results confirm and reinforce the proposed role of loop 2 in
transmission of the specificity signals'®. Indeed it seems that loop 2 car-
ries out the primary repertoire of conformational changes and that the
differences seen in other loops (such asloop 1), both here and in R1, are
compensatory, in that the monomer containing 0 A" and loop 1 simply
acts as an anchor for the effector, whereas loop 2 of the other monomer

is active in signaling. No further major role for subunit-subunit inter-
actions in the regulatory events is obvious from the present data.

Cooperativity in loop 2 stabilization

The structural flexibility of loop 2 is clearly at the heart of the mecha-
nism for specificity regulation, as the enzyme seems to be set up for a
dynamic equilibrium between different loop 2 conformations. The
binding of the different effectors shifts this equilibrium toward a state
favoring initial capture of the corresponding cognate substrate, with a
subsequent ordering of loop 2 that involves the substrate to various
degrees. In two of the effector-only complexes, dATP and dGTP, the
final loop 2 structure is already substantially preformed (compare
Fig. 4a,b). In contrast, the complex with dTTP alone does not show
the ordered active site part of loop 2, which is observed in the structure
of the cognate pair dTTP-GDP (Fig. 4a,b). This difference suggests a
higher degree of cooperativity between substrate binding and the for-
mation of the final active site structure (that is, loop 2) for the effector
dTTP. This apparent substrate cooperativity in the ordering of loop 2
fits well with previous results suggesting two-way communication
between the active site and the specificity site. In ultrafiltration bind-
ing studies of mouse R1 protein23, GDP was observed to enhance the

binding of its cognate effector dTTP, whereas CDP strongly inhibited

binding of the non-cognate effector dGTP. This did not depend on
competition of NDPs for the effector site, as the effects were reduced

by competition between GDP and ADP for the active site.
Furthermore, earlier studies of radiolabeled effector incorporation
into E. coli R1 also showed cooperativity between substrate and
effector binding24 and, notably, the influence of GDP on dTTP
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Figure 5 Comparison of the regions involved in allosteric specificity regulation in class Ill and class
I-I RNRs. The two families are represented by structures of nucleotide complexes showing a well-
defined loop 2. (a) Bacteriophage T4 NrdD (class I11) containing dGTP and ADP modeled using its
position in the present work (ATP is the true substrate). (b) tmNrdJ with dTTP and GDP. The shortest
paths between effector and substrate are shown in red for the two-fold related pathways in both
classes. Loop 2 (L2) is transparent dark gray. The dimer axes are shown in both panels, as a vertical
line in a and as a circle in b. The allosteric signal in the class I-Il family is transmitted through loop
2 over a distance of 11 A, whereas in the class |11 structure it is transmitted over a larger distance
(19 A) through a chain of residues making van der Waals contacts (GIn114, Leul85 and Pro193),

of which all but GIn114 are in loop 2.
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of these are polar residues, the detailed hydro-
gen bonding interactions with ADP in the
other RNRs must be achieved differently.

The use of Arg207 as a substrate clamp in
the dTTP-GDP and dATP-CDP complexes
(Fig. 2a,d) constitutes a notable mode of
locking the substrate into the active site.
However, even though Arg207 is completely
conserved, it apparently does not participate
in binding of ADP or UDP. In the case of
ADP, the most likely explanation is that as
Lys202 stretches over to interact with the
substrate base (Fig. 3¢ and 4b), the Arg207
main chain position required for the side
chain to clamp is sterically excluded by the
Lys202 side chain. In the dATP-UDP com-
plex there is no electron density indicating
the presence of an arginine clamp (Fig. 2e),
but here the reasons may be subtler, as a
slight reorientation of the substrate-proximal
part of loop 2 seems to occur owing to the
reorientation of GIn203 relative to the
dATP-CDP complex (Fig. 2d).

The common evolutionary origin of the

incorporation was strongest. The structural data strongly support the
hypothesis that the active site can ‘talk back’ to the specificity site.

Although the present study maps conformational changes leading to
the final substrate binding through complementary hydrogen bond
interactions made from loop 2 and (B, it is hard to judge the relative
contributions of effector and substrate to the energetics of the events.
Furthermore, the specificity regulation is not absolute, but rather stim-
ulatory, as a basal level of turnover of noncognate substrate is observed.
Further insights could thus be obtained from structural studies of
noncognate complexes.

The nucleotide-binding experiments presented here were carried
out at room temperature, whereas the enzyme has its optimal activity
at 90 °C. It has been found that CDP reduction by tmNrd] is not stim-
ulated by dATP at temperatures < 60 °C (ref. 9). However, from our
structural studies it is clear that loop 2 has sufficient flexibility at
room temperature to undergo major conformational transitions.
Furthermore, the adaptation of the hydrogen bonding pattern of the
groups presented by the protein to the unique pattern on the base,
also involving conserved residues for key interactions, is highly
unlikely to be artifactual. Therefore the loss of activity at lower tem-
peratures is probably due to other factors, such as conformational
changes upon coenzyme B12 binding, as seen in [INrd], or less effec-
tive use of the radical chemistry.

Evolutionary implications

Owing to the strong sequence similarity between class I and Il RNRs in
loop 2 (sequence alignment in Fig. 4c) and the structural conservation
of the dimer interface (structural comparison in Fig. 4d), it seems likely
that the results are of general significance for both classes of RNR. In
particular, the key residues in loop 2, GIn203, Arg207 and Ala210, are
completely or almost completely conserved. Somewhat surprisingly,
Lys202 is not conserved (Fig. 4c), although it makes an important
hydrogen bond to N3 of ADP. This residue can also be aspartate,
asparagine or serine in other class I and II sequences, and although all

three classes of RNRs is firmly established
through the conservation of the a/f barrel
and the core of the catalytic machinery!’~1°.
Although the regulatory effect of effector binding on deoxyribonu-
cleotide production is very similar in the three enzyme classes, the
large differences in dimer formation in class III RNRs!” (Fig. 5), as
well as in the position of the specificity site in relationship to the
active site!®17, do at first glance argue strongly for a completely dif-
ferent mechanism of regulation in the class III system as compared
with the class I-II system. However, there are notable similarities in
the structural effects of effector binding between the two systems
(Fig. 5). In both, the stabilization of different loop 2 conformers by
effector binding is a key regulatory component in that specificity reg-
ulation in both systems involves transitions between o and 3 confor-
mations of the effector-proximal region of loop 2. Furthermore,
glycine residues in turn B and the following strand B, which in
tmNrd]J are involved in base recognition of GDP, are also conserved
in class III RNRs, indicating the conservation of the position of the
substrate base in relationship to loop 2. The structures therefore sup-
port a divergent evolutionary scenario where interactions have
switched while conserving essential elements such as signaling
through loop 2 (Fig. 5). In class III the signal is transmitted over a
greater distance than in class I and II, but still results in a refolding of
the substrate-proximal side of loop 2.

In summary, substrate specificity signaling is achieved structurally
through the effectors shifting what seems to be a dynamic equilibrium
between different loop 2 conformations, providing the essential ele-
ments for cognate substrate recognition. On the basis of sequence con-
servation, the key conformational events are conserved in all RNRs,
especially the a-to-3 remodeling of loop 2, which seems to be a unique
and unifying aspect in specificity regulation for all RNR classes.

METHODS

Crystallization and nucleotide soaking experiments. A C-terminally truncated
construct of the T. maritima class II ribonucleotide reductase, tmNrd]J, corre-
sponding to the TM2 70-kDa proteolytic fragment (residues 1-644), was sub-
cloned from the pET22b-derived plasmid pUA724 (ref. 14). A 0.35-kilobase
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Table 1 Data statistics

dATP dTTP dGTP dTTP-GDP dGTP-ADPP dATP-CDP dATP-UDPP
Effector (mM) Cocrystal 0.4 0.8 0.4 0.8 0.8 0.8
Substrate (mM) - - - 2 16 8 8
MgCl, (mM) - 3.3 13.2 3.3 13.2 6.6 6.6
Data collection
Beamlines 1711 X13 1711 X11 1711 X11 X13
Resolution (A)2 25-2.40 20-2.40 42.0-1.86 18-1.90 25-2.15 20-2.25 25-2.50
(2.6-2.4) (2.6-2.4) (2.0-1.86) (1.97-1.90) (2.30-2.15) (2.50-2.25) (2.56-2.50)

Unit cell dimensions

a, b, c(h) 116, 124, 107 118, 124, 106 188, 124, 106 119, 124, 107 118, 123, 106 106, 124,117 118, 123, 106

B () 104 104 104 104 103 104 103
Completeness (%)? 99.3 (99.5) 99.6 (99.5) 99.8 (100.0) 97.2 (96.6) 97.2(96.9) 99.3 (99.7) 99.9 (100)
Observed reflections 214,821 219,194 650,037 313,127 168,419 411,446 210,356
Unique reflections 57,137 57,953 124,131 115,971 77,677 138,333 51,412
<I/o>? 12.1(3.24) 8.4 (3.93) 12.23 (3.43) 12.7 (3.20) 8.91 (2.48) 7.99 (3.20) 21.5(3.77)
Rerge® 6.3 (38.8) 11.5(33.7) 6.6 (40.0) 7.0(39.9) 4.9 (28.9) 9.7 (36.8) 6.0 (38.0)
Refinement
Reryst 21.1 20.9 20.9 18.2 20.9 19.1 21.5
Rfree 25.2 25.9 24.1 22.1 24.7 25.1 26.7
Nonhydrogen atoms 9,994 9,802 10,034 10,853 10,025 20,320 10,068
Water molecules 261 112 334 791 256 644 199
R.m.s. deviations

Bond lengths (A) 0.019 0.020 0.021 0.019 0.019 0.020 0.020

Bond angles (°) 1.69 1.69 1.70 1.75 1.65 1.78 1.82
Average B-factor (A2)  44.6 39.6 29.6 31.6 48.0 31.8 43.6

All crystals were in space group C2 with one dimer in the asymmetric unit, except for JATP-CDP, which was in space group P2, with two dimers in the asymmetric unit. These

crystals exhibit strong pseudo-C2 symmetry.

aValues in parentheses are for the highest-resolution shell. PData reduction was done using DENZO/SCALEPACK?26.

(kb) fragment amplified from pUA724 by PCR, using Taq polymerase with
primers PrD (5'-TACGTGAACCAGGT-3' and PrALKT (5'-CCAGGATCCTAT-
GTTTTCAAGGCTT -3'), was digested with HindIII-BamHI to generate a
0.27-kb fragment that substituted for a 1-kb HindIII-BamHI fragment in
pUA724. The resulting plasmid, pIG12, was used for overexpression in E. coli
BL21(DE3) and the protein was purified as described?, with the addition of an
overnight dialysis step in 20 mM Tris-Cl, pH 7.6, and 5 mM DTT.

TmNrd] crystals were obtained in hanging drops at 14-20 °C with a precipi-
tant solution consisting of 8-12% (w/v) PEG 8000 (Sigma), 0.1 M sodium
acetate, pH 4.5, 0.1 M NaCl, 5-15% (v/v) glycerol and 10 mM DTT. The best
crystals appeared after 3-5 d in 4 + 2 pl (protein + precipitant) drops using an
11 mg ml™! protein solution. Crystal mother liquor containing 20% (v/v)
glycerol was used as cryoprotectant (cryo) solution.

In the nucleotide soaking experiments, single crystals were incubated for
3—4 h at 20-25 °C in 3 pl drops on coverslips over 300 pl of cryo solution. The
soaking solutions consisted of a 1.6X concentrated cryo solution, to which
nucleotide(s), MgCl,, DTT and water were added to obtain a 1X solution. Final
magnesium and nucleotide concentrations are listed in Table 1.

Data collection and processing. All crystals were frozen in liquid nitrogen after
a minimum of 1-2 min in cryo solution and data collection was carried out at
100 K. European Molecular Biology Laboratory beamlines X11 and X13 at
Deutsches  Elektronen-Synchrotron, beamline ID29 at the European
Synchrotron Radiation Facility, and beamline 1711 at MAX-lab were used as
X-ray sources. The data were processed and scaled with XDS or HKL?>?¢, The
crystals belong to either space group C2 or P2; with a pseudo-C2 symmetry.
Data statistics are listed in Table 1. The CCP4 suite was used for all subsequent

crystallographic data manipulations?7-28,

Structure determination and refinement. The structure of the ‘native’
dimeric tmNrd] (later found to contain residual dATP from the purification

procedure) was solved with molecular replacement using an E. coli R1 dimer
structure (PDB entry IRLR), trimmed of loops and mutated into a polyserine
model while conserved residues (15% of sequence) were retained. Molecular
replacement and refinement were done using CNS?°, The correct solution in
space group C2 consisted of one dimer per asymmetric unit. After initial
model building, phases were improved with RESOLVE??, using two-fold non-
crystallographic symmetry (NCS) and prime and switch phasing. Structure
factors were obtained from a dGTP—ADP soaked crystal with data to a resolu-
tion of 2.35 A (not shown) and the initial phases from a partial model with an
Riee and R of 43.0 and 41.0, respectively. The resulting maps allowed rapid
manual model building.

Initial nucleotide coordinates were obtained from the HICUP server?!. REF-
MACS (ref. 32) topology or CNS?° parameter and topology files were generated
using the PRODRG server™3. The different nucleotide-protein or protein struc-
tures were isomorphous and new structures were determined using high-
resolution tmNrd] structures as starting models in refinement, without
recourse to molecular replacement. Except for the refinement of the 1.9-A
dTTP-GDP structure, two-fold or four-fold NCS restraints were applied in all
initial refinements either in CNS2? or REFMACS5 (ref. 32). All manual model
building was done in QUANTA (Accelrys). For some structures ARP/wARP3*
was used for phase improvement and water addition. All figures were made
using MolScript®>, BobScript®® and Raster3D.

Coordinates. The structures have been deposited in the Protein Data Bank
(accession codes: 1XJF, dATP complex (native); 1XJG, dATP-UDP complex;
1XJN, dATP-CDP complex; 1XJM, dTTP complex; 1XJE, dTTP-GDP
complex; 1XJJ, dGTP complex; 1XJK, dGTP-ADP complex).
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