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ABSTRACT: Human p53R2 (hp53R2) is a 351-residue p53-inducible ribonucleotide reductase (RNR) small
subunit. It shares >80% sequence identity with hRRM2, the small RNR subunit responsible for normal
maintenance of the deoxyribonucleotide (dNTP) pool used for DNA replication, which is active during the S
phase in a cell cycle-dependent fashion. But rather than cyclic dNTP synthesis, hp53R2 has been shown to
supply dNTPs for DNA repair to cells inG0-G1 in a p53-dependent fashion. The first X-ray crystal structure of
hp53R2 is determined to 2.6 Å, in which monomers A and B exhibit mono- and binuclear iron occupancy,
respectively. The pronounced structural differences at three regions between hp53R2 and hRRM2 highlight the
possible regulatory role in iron assimilation and help explain previously observed physical and biochemical
differences in the mobility and accessibility of the radical iron center, as well as radical transfer pathways
between the two enzymes. The sequence-structure-function correlations that differentiate hp53R2 and
hRRM2 are revealed for the first time. Insight gained from this structural work will be used in the identification
of biological function, regulation mechanism, and inhibitor selection in RNR small subunits.

RNR1 catalyzes the reduction of all four ribonucleotides to
their corresponding deoxyribonucleotides, the building blocks for
DNA biosynthesis (1). There are currently three identified classes
of RNRs. Class I RNRs are biologically active as R2β2 tetramers.
Three class IRNRsubunits have been identified inmammals. The
large (R) subunit, M1, contains the enzyme active site and
allosteric effector sites where substrate reduction is mediated by
a cysteine thiyl radical, and a pair of redox active cysteines (1). The
small (β) subunit,M2, contains a dinuclear iron site that instigates
formation of a stable tyrosyl radical via the four-electron reduc-
tion of molecular oxygen to water (2, 3). The hRRM2-M1 holo
complex provides dNTPs to proliferating cells in an S phase-
dependent fashion (4), where hRRM2 is under the transcriptional
regulation of cell cycle-associated factors (5-7). p53R2, identified
in 2000 by Tanaka et al., is a small subunit exhibiting many
conserved features of M2 (>80% identical). Like M2, p53R2

contains the diiron/dityrosyl cofactor, but p53R2, and not M2, is
transactivated by p53 in response to DNA damage to cells in G0-
G1 in a p53-dependent fashion (8, 9). Additionally, p53R2-null
mice demonstrated an enhanced frequency of spontaneous muta-
tions and activation of p53-dependent apoptotic pathways (10).
The hp53R2 gene contains a 20-nucleotide p53 binding site in
intron 1, and two putative stretches of nuclear localization
sequences on the gene product (8). Both hRRM2 and hp53R2
were shown to interact with hRRM1 through the C-terminal
binding domain and converted CDP to dCDP (11). Further, the
highly conserved diiron/dityrosyl pockets afford both hp53R2
and hRRM2 the ability to form the tyrosyl radical necessary for
NDP reduction at hRRM1 (12, 13). Despite the high degree of
sequence identity, hRRM2 and hp53R2 exhibit many differences
that are reflected in their different biological roles in assisting
DNA biosynthesis in two distinct pathways described above. The
hRRM2 crystal structure is available (PDB entry 2UW2). How-
ever, past attempts to identify compounds that selectively inhibit
either hRRM2 or hp53R2 have been severely hampered by the
lack of the hp53R2 crystal structure. In this work, we present the
2.6 Å X-ray crystal structure of hp53R2, the first X-ray crystal
structure of a human p53R2 enzyme. Extensive structural com-
parisons between hp53R2and othermammalianR2s offer a high-
resolution rationale for differences in susceptibilities to iron
extruding and radical scavenging agents.

MATERIALS AND METHODS

Materials.All chemicals were purchased from Sigma-Aldrich
Chemical Co. and were the highest grade available. pET28a(þ)
from Escherichia coli strain BL21(DE3) was purchased from
Novagen.
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Protein Expression and Purification. His6-tagged hp53R2
was expressed as previously reported (13); the purification was
modified as follows. All steps were performed at 4 �C. Harvested
cells were suspended in lysis buffer [Tris (pH 7.5), 150 mMNaCl,
50 mM imidazole, and 10% glycerol], sonicated, and clarified.
This was followed by TALON metal affinity resin purification.
The partially purified protein was concentrated to 10mg/mL and
further purified by gel filtration on a Superdex 200 HR 10/300
GL column with 20 mM Tris (pH 7.5) and 150 mM NaCl to
afford >99% pure protein.
Crystallization and Data Collection. hp53R2 was crystal-

lized via the sitting drop vapor diffusion method at 25 �C. Two
microliters of 4.5 mg/mL protein in 20 mM Tris (pH 7.5) with
150 mM NaCl was added to 2 μL of precipitant [0.1 M sodium
citrate (pH 6.45), 1.3 M Li2SO4, and 0.5 M (NH4)2SO4]. The
reservoir volume was 250 μL. Crystals were visible after 7 days,
with the full size reached between 10 and 14 days. Ferrous
ammonium sulfate was added to crystal drops for a final
concentration of 5 mM 1 h prior to harvesting. Prior to being
flash-cooledwith liquidN2, crystalswere cryoprotected in a 70:30
(v/v) solution of crystallization precipitant and glycerol. A 2.6 Å
resolution data set was collected at the Advanced Light Source
(ALS, beamline 8.2.1) at -160 �C. A 3.4 Å SAD data set was
collected at the Fe peak (1.74 Å) after observation of a strong iron
fluorescence signal to confirm the presence of iron. All data were
processed with HKL2000 (14). Statistics for both data sets are
listed in Table S1 of the Supporting Information.
Structure Determination. The structure of hp53R2 was

determined via MR using the mouse R2 structure (PDB entry
1XSM) (15) as a template with EPMR (16). Refinement began
with CNS (17) using torsion angle SA followed by energy
minimization, with positional and individual B-factor refine-
ment. Subsequent iterative rounds of model rebuilding with
(Win) Coot (18) and refinement in CNS with the maximum
likelihood approach were used to lower the free and crystallineR
values. Finally, waters and crystallization agents were added to
nonprotein density.
Iron Sites.Upon synchrotron irradiation of the crystal (back-

soaked in iron-free cryoprotectant prior to being frozen) at the
iron absorption edge, a strong fluorescence signal was detected.
Two large anomalous peaks were observed from the anomalous
difference map (FT (fom (|f_aþ |-|f_a-|) exp(i[phase-90]) calcu-
lated using CNS (17), with the SAD experimental amplitudes
(1.74 Å) (Table S1 of the Supporting Information). The model
phase calculated from the refined hp53R2 model was used. A
simulated annealing composite omit map was subsequently
generated by CNS that corroborated the peak from the anom-
alous FTmapwith a defined patch of electron density outside the
current protein model, and overlaying right on the highest
anomalous difference peaks (8.92 and 6.93 I/σ, respectively) that
are positioned at the expected iron-coordinating residues, where
iron is expected to bind hp53R2 by homology to the mRRM2
coordinates. The monomer B Fe1 and Fe2 sites were treated as
two separate iron atoms and refined, with energy minimization
followed by positional and individual B-factor refinement set-
tings. Iron occupancies were set to 1 for both Fe2 sites, and the
individual B-factors were refined to 60.77 for Fe2 in monomer A
and 82.11 for Fe2 in monomer B. The iron occupancy of Fe1 in
monomer B was refined to 0.45 and the individual B-factor to
79.07. Upon removal of the iron coordinates from the refined
structure, as well as calculation of a composite omit map and
an Fo - Fc map, a patch of robust electron density is observed

at the Fe1 site (composite omit map contoured at 1.0σ and
Fo - Fc map contoured at 3.0σ). These data are further corro-
borated by the anomalous difference map, which displays
clear density overlapping the same vicinities (strong density
contoured at 3.0σ).

RESULTS AND DISCUSSION

Overall Fold. The hp53R2 structure was resolved to 2.6 Å
and refined to an Rcrys of 22.2% (Rfree=27.3%). The natural
dimer is observed per asymmetric unit (Figures 1B and S5). The
coordinates exhibit a topology highly similar to those of hRRM2
(PDB entry 2UW2, pending publication with coordinates re-
leased) and mRRM2 structures (PDB entries 1XSM, 1W68, and
1W69) (15, 19). The structure also maintains a similar pattern of
disorder at theN- and C-termini. The structure consists of helices
and loops, and 8 of the 11 helices form a central bundle, for which
a secondary structure identification scheme has been described
with the mRRM2 structure (Figure 1A) (19). Both monomers of
hp53R2 can be superimposed onto mRRM2 and hRRM2with a
root-mean-square deviation (rmsd) of 0.80-0.93 Å. The two
monomers in hp53R2 have a 0.69 Å rmsd. The electron density
map for monomer A has gaps (missing both backbone and side
chain density) from position 1 to 28, from position 101 to 104,
and fromposition 312 to 351, while inmonomer B, there are gaps
fromposition 1 to 29, fromposition 160 to 161, and fromposition
318 to 351. Additionally, though the backbone density is clear,
D100 of monomer B is missing side chain density.
Iron Site: Mono- versus Diiron in Monomers A and B.

The hp53R2 iron-binding site is created by R-helices B, C, E, and
F, as in the mRRM2 and hRRM2 structures (Figure 1A,B)
(15, 19). However, the active site iron coordination environment
(E131, H134, D100, E194, E228, and H231) is different between
monomers A and B (Figure 2A-D). Monomer A exhibits one
iron in the active site (Fe2 by convention), whereas monomer B
exhibits occupancy of both iron sites. TheFe sites were confirmed
to be iron on the basis of a SAD data set collected at the iron
absorption peak (1.74 Å). The two highest peaks in the anom-
alous Fourier map correspond to one of the two previously
reported iron locations, Fe2, in both monomers A and B
(Figure 2C). In monomer B, the second iron site (Fe1 by con-
vention) is also observed in an Fo - Fc omit map (Figure 2B). In
the Fourier transform electron density map, the monomer B
Fe1-Fe2 density appears as two overlapping distorted spheres
over amuch larger region thanwould be expected for a single iron
(Figure 2C). The 3.5 Å resolution of the SADdata set may be too

FIGURE 1: (A) Overall topology of hp53R2 monomer B. The struc-
ture is entirely helical [helices A-H as described previously (15)],
beginning at residue S29 and ending at residueL317. The helices form
a central helical bundle around the dityrosyl/diiron active site, for
which structural details are described in the text. (B) Overall dimer
showing monomer B in an orientation similar to that of panel A,
along with iron sites, and monomer A (gray). The lower iron in the
image is Fe1.
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low to resolve the distance between the two iron sites. As found in
the Fo- Fc omitmap (Figure 2B), these atoms are approximately
5 Å apart. The active site iron coordination environment (E131,
H134, D100, E194, E228, and H231) is different between mono-
mers A and B (Figure 2A-D). This reflects the mono- and diiron
occupancies in monomers A and B, respectively. This crystal
structure captures the mono- or diiron occupied hp53R2 for the
first time.
Shifted Fe1 Position. The superposition of Fe1-Fe2 sites in

hp53R2 monomer B and mRRM2 (PDB entry 1W69, also with
two Fe sites) suggests that the irons are under a reducing
condition due to the lack of oxide density in the putative μ-oxo
iron bridge position (Figure 2E) (15). This could be a result of the

excess FeII in the crystallization drop. The reduced active site is
not the enzymatically active form of the enzyme. The active
subunit is the diferric form in which the active tyrosyl radical is
created via the following reaction:

ðapoÞR2 þ 2FeII þ 4e- þ O2 þ 2Hþ f

ðFeIII -O- FeIII=Y•ÞR2 þ H2O

where the first three reducing electrons are iron-derived and the
fourth is from oxidation of the active tyrosine. Just as in the two
monomers of hp53R2, the major observable difference between
the hp53R2 and hRRM2 active sites is the position of hp53R2
D100 relative to D138 of hRRM2, as well as the position of Fe1

FIGURE 2: (A) Overlay of monomer A (green) and monomer B (gray) iron coordination sites. Subtle shifts in the positions of all residues and a
dramatic shift in the positionof theD100backbone. (BI) Electrondensity of iron coordination residues inmonomerB.Bluedensity is the 2Fo-Fc

map contoured at 1σ. Green spheres around iron sites show the Fo- Fc omit map contoured at 3σ. (BII) Composite omit map, contoured at 1σ,
calculated after removal of the iron atoms from themodel to show theFe1 density. (C)Anomalous difference peaks of iron atoms, calculatedwith
refined model phase and the 3.5 Å SAD (1.74 Å) amplitudes. Electron density is contoured at 3.0σ. (DI) Irons and coordination residues and/or
water in monomer B. (DII) Schematic displaying the same environment as and an orientation similar to that in panel DI, with distances
(angstroms). The D100 side chain is hypothetical (logical stereochemical and conformational constraints) as it is not seen in the electron density.
(EI) Overlay of reduced mRRM2 (PDB entry 1W69) colored orange and hp53R2 monomer B colored gray to show significant positional
differences amongmany of the active site residues (orientation similar to that of the images in panel D). (EII) Image displaying iron coordination
distances (angstroms) for 1W69 to highlight where they are substantially different between the active sites of hp53R2 and 1W69 (orientation
similar to that of images in panel D; coordination distances can be compared to those of hp53R2 in panel DII). Water 3 hp53R2 structure;
acetate 3mRRM2 structure. hp53R2 irons, green; mRRM2 irons, purple.
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(Figure 2E). hp53R2monomer B exhibits electron density for the
main chain atoms ofD100, though no side chain density could be
observed for monomer B at residue 100 (thus, a glycine is
included at this position for monomer B in Figure 2A-C,E).
Figure 2D displays a hypothetical positioning of the D100 side
chain in monomer B based on stereo and conformational
constraints, and logical orientation with regard to the Fe1 site.
High D100 flexibility in this environment could be the reason for
the shift of the Fe1 site (Figure 2D,E). For example, mRRM2
E170 is 2.03 Å from the Fe1 iron site, while the corresponding
hp53R2 E131 is 2.80 Å from the Fe1 iron position in hp53R2
monomerB (Figure 2D,E). Further, hp53R2H134 is 2.74 Å from
the same site,while the correspondingmRRM2H173 is only 2.19 Å
from the mouse Fe1 iron position. From in vitro biochemical
studies, hp53R2’s diferric iron center was 158-fold more suscep-
tible to the iron chelator deferoxamine mesylate than hMMR2
was and 2.5 times less sensitive than hRRM2 to the radical
scavenger hydroxyurea (10). In addition, the bivalency of E228 in
hp53R2 is not observed in mRRM2 or hRRM2 (15, 19). These
observations, taken with the structural details, lead to a proposal
that there are differences in gating capabilities and mechanisms
regarding iron assimilation and susceptibilities to radical scaven-
ging agents between hp53R2 and other mammalianRRM2s. For
the sake of clarity, Figure 3 (overlays of CR traces) is provided to
highlight the regions with the most substantial differences
between hp53R2 and different RRM2 structures.
Structural Basis of B Helix Disorder: The N-Terminal

Swivel Region. The crystal exhibits the dimer per asymmetric
unit. To verify that this structure contains the true biological unit,
we have provided an FPLC trace from a gel filtration result
(Figure S5 of the Supporting Information), and we extend a
comparison of hp53R2 to theE. coliX-ray crystal structure, both
in the Supporting Information. Similarly, use of the homologous
structure dimers is described in the Supporting Information. The
hp53R2 structure offers two snapshots of the protein conforma-
tion trapped in mono- and diiron occupancies for monomers A
and B, respectively (Figure 4A). N-Terminal residues 37-42

from one monomer can swivel between two conformations
and impose significant influences on helix D (Figure 4F,G) and
helix B of the opposite monomer (Figure 4D,E). This change
ultimately affects the orientation of D100 and, thus, the integrity
of the binuclear iron environment (Figure 4A). Specifically,
D100 in monomer A is swung away from the active site,
compared to monomer B (D100 side chain in monomer B
artificially modeled in image 2D; it is not actually in the density
map). In the deposited structure, only the backbone density is
modeled, as displayed in all other panels of Figure 2. Note that
though the side chain for D100 in monomer B is missing, we do
clearly see the backbone density. Because there is clear electron
density of both backbone and side chain density from D101 to
D104 in monomer B, the difference in the D100 main chain
position between monomers A and B would create a different
environment in this region. We will refer to the N-terminal
residues (residues 37-42) as the N-terminal swivel region
throughout this work.

Upon examination of the N-terminal swivel region in
Figure 4C, in hp53R2 monomer A, R41 is swung inward by
∼90� from its position in monomer B (i.e., it interacts with the
same monomer) and forms a salt bridge with the E119 side chain
of monomer A. In this conformation, F42 is flipped inward and
R40 of monomer A is swung outward to form a hydrogen bond
with G101 in monomer B (4.05 Å from G101) (Figure 4E).
Furthermore, K37 in monomer A spans the dimer interface to
form a salt bridge with E105 to stabilize helix B of monomer B.
The interactions of the monomer A N-terminal swivel region
stabilize the B-helix of monomer B and allow D100 of monomer
B to be oriented in the proper vicinity to bind iron (Fe1), thereby
stabilizing the full binuclear iron environment. Conversely, in the
N-terminal swivel region of monomer B, R40 flips inward and
forms a hydrogen bond with the E119 side chain, F42 flips
outward and interrupts helix B, and D100 no longer interacts
favorably with the iron center (Figure 4D). Therefore, interac-
tions of theN-terminal residues inmonomer Bwith the B-helix in
monomer A are correlated with the helix B disorder, which

FIGURE 3: (A)CRoverlay of hp53R2monomerA (orange) and hp53R2monomerB (green)with anorientation similar to that ofFigure 1.TheN-
terminus and helixG display clear conformational differences between themonomers and are the regions of greatest structural difference between
the homologues as shown in panels B and C. (B) CR overlay of hp53R2monomer A and hRRM2 (PDB entry 2UW2). (C) CR overlay of hp53R2
monomer A and mRRM2 (PDB entry 1W69).
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presumably prevents D100 of monomer A from binding the
second Fe.
hp53R2HelixD andD-Loop.TheN-terminal swivel region

also affects the order at helix D. As seen in Figure 4F, when R40
forms a bridge to E119 of monomer B, F42 is positioned 3.51 Å
from F156 on helix D of monomer A, forming a hydrophobic
interaction. With this interaction intact, the remainder of helix D
is ordered. As seen in Figure 4G, when R41 forms a bridge to
E119 of monomer A, F42 is now flipped 5.18 Å from F156 of
helix D on monomer B and no longer creates a favorable
hydrophobic interaction. The loss of this Phe-Phe interaction
is concurrent with the loss of order in the middle of helix D
(missing E160 and T161).

The third structural region affected by the two N-terminal
swivel conformations is the D-loop (residues D143-R152). As

seen in Figure 4F, when F42 stacks with F156 of monomer A,
R152 forms a bridge to D143 with a distance of 3.14 Å andK151
is facing solvent. The R152-D143 salt bridge exists when there is
order in helix D. The alternative conformation is seen in
Figure 4G, where no favorable hydrophobic interaction is
maintained between F42 of monomer A and F156 of monomer
B. This translates to the K151 of monomer B forming a bridge to
D143 with a distance of 3.2 Å, and R152 is facing solvent. The
K151-D143 salt bridge coincides with the disorder of helix D.
mRRM2N-Terminal Swivel on Helices B and D and the

D-Loop. Unlike the hp53R2 N-terminal swivel region, in the
mRRM2 swivel, only R80 (equivalent to hp53R2 R41) adopts
two different conformations (Figure 4C). R79 merely shifts a
small distance and does not create any new interactions. As in
hp53R2, F81 of mRRM2 also flips between two conformations.

FIGURE 4: (A)Bird’s eye viewof theN-terminal swivel region and secondary structure regions it contactswithin the hp53R2dimer, and also zoom
views of monomers A and B. Major conformational differences highlighted with red arrows, and highlighted iron atoms. (B) The homologous
structural regions as in panel A, but for mouse structures 1W69 (left) and 1XSM (right). (C) Residues of the N-terminal swivel region, overlaying
hp53R2 monomers A and B (left), and mRRM2 mononuclear (1XSM) and binuclear occupied iron (1W69) structures (right). The major
conformational changes for the sequence-identicalArg residues are denotedwith red arrows. (D) Interactionsbetween themonomerBN-terminal
swivel region and monomer A (helix B) that lead to destabilization of helix B, and ultimately mononuclear iron occupancy. Red arrows indicate
directionality of helix. (E) Interactions between the monomer A N-terminal swivel region and monomer B (helix B) that lead to stabilization of
helix B, and ultimately binuclear iron occupancy. Red arrows indicate the directionality of the helix. For the sake of clarity, a water molecule was
left out of this panel. There is a water spanning the gap between the Lys37 ammonium ofmonomer A and E105 of helix B onmonomer B (2.34 Å
fromLys37 to thewater and 3.20 Å from thewater to the carboxylate of E105). (F) Interactions between themonomerBN-terminal swivel region
and helixDofmonomerA that stabilize helixD.Additionally highlighted is the salt bondbetweenR152 andD143 in theD-loop region that exists
in the stabilized D-helix conformation. Red arrows indicate the directionality of the helix. (G) Interactions between the monomer A N-terminal
swivel region and helix D ofmonomer B that destabilize helix D. Additionally highlighted is the salt bond betweenK151 andD143 in the D-loop
region that exists in the destabilized D-helix conformation. Red arrows indicate the directionality of the helix.
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The N-terminal swivel region on the hRRM2 structure is likely
similar to the same region on the mRRM2 structure, where the
coordinates (PDB entry 2UW2) for this region (residues 78-81)
are missing. For the sake of clarity, this region is highlighted in
Figure 3, identifying it as one of the two regions where the most
differences are seen between hp53R2 and m/hRRM2.

Helix B in each of the mononuclear and binuclear iron-
occupied mRRM2 structures is ordered (Figure 5B). When
R80 forms a bridge to E144, it aids in pulling the N-terminus
and helix B closer together (Figure 5B, PDB entry 1W69) where,
in addition to this salt bridge, R160 is brought closer to E144 and
E148 by 2.35 Å (5.86 - 3.51 = 2.35) and 0.11 Å (5.18- 5.07 =
0.11), respectively. E76 in mRRM2 cannot create any favorable
interactions with E144 or E148 on helix B. In contrast, hp53R2
hasK37 (the residue equivalent to E76 inmRRM2), which forms
a salt bridge with E105 on helix B, resulting in the disordered
helix B in monomer A (Figure 4D).

As seen in Figure 4B, helix D in each of the mononuclear
and binuclear iron occupied mRRM2 structures is ordered.
Figure 5A displays the overlaid “would-be” interacting residues
between the N-terminal swivel region and helix D of both mR-
RM2 structures. In both mRRM2 structures, F81 and F195
(equivalent to F42 and F156 of hp53R2, respectively) are ∼9 Å
apart and form no hydrophobic interactions. Therefore, the
N-terminal swivel region of mRRM2 does not dictate the
conformational change or order at helix D. As for the D-loop
conformation, K151 and R152 in hp53R2 are equivalent to E190
and R191 in mRRM2, respectively. In comparison, both mono-
and diiron mRRM2 structures (Figure 5A) show that the D-loop
(residues 182-190) has only one conformation, where R191
forms a bridge to D182.
hp53R2/mRRM2 N-Terminal Swivel Region Compara-

tive Summary. The N-terminal swivel region and its two
conformations in the hp53R2 (monomer A vs B) and mRRM2
(mono-Fe vs di-Fe) structures showed that the N-terminal region

communicates directly with three different regions (helix B, D-
loop, and helix D) on the opposite monomer (Figure 4A,B).
Through F42-F156 hydrophobic interaction, the N-terminal
swivel region can stabilize or destabilize helix D in hp53R2, but
not in mRRM2 (Figure 4F,G and Figure 5A). In addition to the
lack of Phe-Phe communication between the N-terminal swivel
region of mRRM2 and the D-helix, the lack of K151 in mRRM2
(which has anE190 at this position) also precludesmRRM2 from
forming the swivel at the D-loop. Only in hp53R2 do the two
swivel conformations lead to a significant effect at helix B. This
difference is essentially due to the sequence variation between
K37 in hp53R2 and its sequence equivalent E76 on mRRM2.

When synthesizing all these components, we find it is clear that
hp53R2 has more cross talk between its secondary structural
regions than its eukaryotic counterparts, because of unique
swivel points and favorable charge interactions. These regions
work to either open or close helix B, a motion that acts as a
gatekeeper to the iron coordination environment. The fact that
helix B can exist in an open conformation in hp53R2 not only
implies a different mechanism of incorporation of iron from
homologous RRM2 structures but also is consistent with the
observation that hp53R2 binds iron less well, and that it is more
susceptible to the iron chelating deferoxamine mesylate (13). We
propose this to be a unique gatingmechanism for allowing iron in
and out of the hp53R2 active site. This is also corroborated by the
observation that hp53R2 is 158-fold more susceptible to iron
extrusion by deferoxamine mesylate than hRRM2 (13). A main
point to be clarified is that, though both mRRM2 structures
maintain order at helix B, only one exhibits binuclear iron
occupancy. The mononuclear iron occupied mRRM2 was crys-
tallized at pH 4.7; even though the structural integrity might
allow for residence of both iron sites, iron is acid labile, and the
condition is too acidic.
Additional Attributes of Helix D, Cys versus Tyr. As an

integral part of the gating mechanism, helix D can adopt two
conformations in hp53R2, but not in mRRM2. Looking from a
bird’s eye view of helix D (Figure 6A), we find that in hp53R2 it
maintains a regular helical order but is bent in the middle, in
hRRM2 this region has more looplike characters than R-helices,
and in mRRM2 it has an additional kink. The variation of this
topology goes beyond the previous discussion of helix D and
looks farther down the helix in the C-terminal direction, where a
critical sequence variation of C203/202 in m/hRRM2 is equiva-
lent toY164 in hp53R2 (Figure 6B).When the structures overlap,
the cysteine CR atom in hRRM2 is 5 Å from the CR atom of
hp53R2 Y164, which forms a 2.86 Å hydrogen bond with E262
(Figure 6B). Becausem/hRRM2has aCys instead of a Tyr at this
position, this H-bond does not occur in the RRM2 structures.
Rather, K206 of the RRM2 structures forms a salt bridge with
the sequence equivalent glutamate (E300). Y164 in hp53R2 also
forms π-stacking interactions with F265 that do not occur in the
RRM2 structures (Figure 6B). The interactions mediated by
Y164 of hp53R2 bring helix D and helix G closer together in
hp53R2 than they do in RRM2 structures. As K206 of the
RRM2 structures reaches to bridge E300, thereby occupying the
spacewhere a tyrosinewould sit, it kinks the helix and leads to the
helixD conformation seen in Figure 6A. The sequence equivalent
K168 in hp53R2 does not form this salt bridge, because Y164
bonds with E262, though K168 still forms a hydrogen bond with
Y164 (Figure 6B).

The switch from a Cys in the RRM2 structures to a Tyr in
hp53R2 leads to a major structural difference: hp53R2 has an

FIGURE 5: (A) Overlay of D-helix regions of both mono- and bi-
nuclear occupiedmRRM2structures (PDBentries 1XSMand1W69)
highlighting the lack of conformational change between the two, due
to the lack of cross talk between the F81 residues at the N-terminal
swivel regions of the structures. (B) Comparison of the interactions
between the N-terminal swivel region and the B-helix of both
structures. Structural integrity of helix B is preserved in both mono-
and binuclear occupied structures, because the N-terminal swivel
regiondoes not impose sufficiently strong differences fromone swivel
conformation to the other in its interactions with helix B.



11140 Biochemistry, Vol. 48, No. 46, 2009 Smith et al.

open channel (Figure 7A,B) in RRM2 never previously reported.
This open channel helps explain why hp53R2 has iron chelator
susceptibilities drastically different from those of hRRM2. Both
hp53R2 monomers have an opening that runs through the Fe2
site; the Fe1 site in monomer B also resides in this open channel
(Figure S1B-D of the Supporting Information). At the surface,
h- and mRRM2 have F237 and F236, respectively, that corre-
spond to hp53R2 F198 (Figure 7A). However, in hp53R2, Y164
spans helices D and G and alters the conformations of a series of
Phe residues, ultimately moving them out of the vicinity of the
pore. Because the other RRM2 structures have a Cys in this
position that does not alter the equivalent Phe positions, those
Phe conformations are such that the pore is occluded in the
RRM2 structures (Figures 8A,B, S3A-C, and S4A-C). There-
fore, the open channel is linked to the Cys versus Tyr difference
observed in helix D. That this pore is in the immediate vicinity of
the iron binding site of hp53R2, and is not seen inm/hRRM2, is a
second explanation for why hp53R2 is 158-fold more susceptible
to the iron chelator, deferoxaminemesylate, than hRRM2 is (13).
Aside from possibly conferring increased susceptibility to iron
chelators, the channel may play a role in the regulation of the
enzyme, thoughmuchhas yet to be determined about the hp53R2

regulatory pathway. Site-directed mutagenesis specific to resi-
dues in the tunnel region could offer insight into the physiological
importance of this region.
Structural Insights and Potential Anticancer Relevance.

RNR is paramount for cancer survival and is a validated target
for anticancer agents. There are currently many RNR-targeting
anticancer molecules in the clinic or in various clinical trials.
However, the broad specificity of many such RNR inhibitors
remains a major shortcoming. The idea of inhibiting the RNR
small subunits selectively is one with much appeal and momen-
tum, because different cancers use the two dNTP-producing
pathways differently. For example, inhibiting p53R2 but not R2
can specifically target tumors that overexpress p53R2. Further,
the inactivation of hp53R2-dependent DNA synthesis will acti-
vate p53-dependent apoptosis (8, 9).

Several insights have been gleaned from the hp53R2 crystal
structure. Three major structural regions have been highlighted
to impart major differences between the iron-protective environ-
ments, in addition to an enzyme-spanning pore that passes
directly to one side of the hp53R2 iron core. With >80%
sequence identity between the two subunits, the differences
observed in the X-ray crystal structures are differences that could
not have been clearly or readily identified by other methods.

The most likely region to be exploited from a rational drug
design perspective is the channel spanning eachmonomer. Figure
S1 of the Supporting Information shows that this region is
exposed in both the monomeric and dimeric hp53R2 structures.
In silico inhibitor screening efforts that limit the search para-
meters to this pocket could first filter molecules on the basis of
size and geometric constraints and then optimize the identified
subset of compounds on the basis of charge properties. These
criteria could exclude a large number of inhibitor-like candidates
and identify a manageable subset for subsequent in vitro inhibi-
tion assays. Therefore, the hp53R2 crystal structure provides a
template for the in silico inhibitor screening effort thatwill impact
the development of RNR small subunit specific anticancer
therapeutics.
Biological Significance. hp53R2, the first p53R2 X-ray

crystal structure, exhibits many distinct structural features not
reported before in the m/hRRM2 structures. The sequence switch
from C203 and C202 in m- and hRRM2, respectively, to Y164 in
hp53R2 results in a dramatic change in the surrounding phenyla-
lanine conformations, creating a central channel through hp53R2,
not seen in reported homologous structures. This feature helps to
explain the increased susceptibility of hp53R2 to iron-sequestering

FIGURE 6: (A) Overlaid stretch of helix D residues from identical
vantage points of homologous structures: hp53R2 monomer A,
hRRM2 (PDB entry 2UW2), and mRRM2 (PDB entry 1XSM)
(from top to bottom). (B) hp53R2 structure colored gray and
hRRM2 colored green. The switch from hRRM2 C202 to hp53R2
Y164 at this sequence equivalent position confers dramatic confor-
mational changes among the compared structures, because of differ-
ent noncovalent interactions that can or cannot happen in hp53R2 vs
hRRM2.Y164 forms a hydrogen bond toE262, and thus, K168 does
not form a salt bond there. In contrast, in the hRRM2 structure,
K206 (sequence equivalent of hp53R2K168) forms a salt bridgewith
the equivalent glutamate (E300). The conformation of all mRRM2
structures is nearly identical at the displayed positions in the 2UW2
coordinates; therefore, only hRRM2 is depicted for comparison to
hp53R2.

FIGURE 7: (A) Surface representations displaying identical vantage
points and 180� rotations of hp53R2 monomers A and B. hp53R2
exhibits a hole proximal to the iron coordination site that traverses
the entire structure, which is not seen in the compared structures (see
Figure S2 of the Supporting Information for hRRM2 and mRRM2
surface representations).

FIGURE 8: (A) View of the hp53R2 monomer A pore with 2UW2
phenylalanine 236 overlaid to show how this residue occludes the
pore in both hRRM2 and mRRM2 structures. (B) View of hp53R2
monomer B overlaid with 1W68 displaying the conformational
changes at specific phenylalanines that lead to the pore occlusion in
the hRRM2 and mRRM2 structures, but not the hp53R2 structure.
The conformational changes can be traced back to the sequence
switch fromC202andC203 inhRRM2andmRRM2, respectively, to
Y164 in hp53R2.
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deferoxamine mesylate (13). Additionally, in hp53R2, the com-
munication between the N-terminal swivel residues, and opposite
helices B and D, allows two different conformations that alter-
natively swivel at residues R40 and R41, as well as K151 and
R152. These conformations are structural evidence of a possible
gating mechanism in iron assimilation. Though the swivel can
occur at the equivalent N-terminal positions in the mRRM2
structures, it does not lead to the far-sweeping differences seen in
hp53R2 due to sequence variations. That helix B can exist in an
open conformation in hp53R2 implies a mechanism of iron
incorporation different from those of homologous RRM2 struc-
tures and offers further evidence to bolster the observation that
hp53R2 binds iron less well and that it is more susceptible to the
iron-chelating deferoxamine mesylate (13). This also lends insight
into a possible role for iron availability and occupancy relative to
hp53R2 pathway regulation. Though the full biological cascade
and control mechanisms relating to hp53R2 have yet to be
determined, it is possible that the enzyme is under some form of
iron-dependent activation and/or repression. For the first time,
the structural differences are presented between the two mamma-
lian small subunits. These insights pave the way for understanding
the biological function, regulation mechanism, and development
of selective inhibitors of these RNR small subunits.
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SUPPORTING INFORMATION AVAILABLE

Data statistics and graphics that further detail important
structural features of hp53R2 in comparison with the homo-
logousmammalian structures described in the text and discussion
of assumptions used in the homologous structure comparisons.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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