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ABSTRACT: The reduction of purine nucleoside diphosphates by murine ribonucleotide reductase requires
catalytic (R1) and free radical-containing (R2) enzyme subunits and deoxynucleoside triphosphate allosteric
effectors. A quantitative 16 species model is presented, in which all pertinent equilibrium constants are
evaluated, that accounts for the effects of the purine substrates ADP and GDP, the deoxynucleoside
triphosphate allosteric effectors dGTP and dTTP, and the dimeric murine R2 subunit on both the quaternary
structure of murine R1 subunit and the dependence of holoenzyme (R12R22) activity on substrate and
effector concentrations. R1, monomeric in the absence of ligands, dimerizes in the presence of substrate,
effectors, or R22 because each of these ligands binds R12 with higher affinity than R1 monomer. This
leads to apparent positive heterotropic cooperativity between substrate and allosteric effector binding that
is not observed when binding to the dimeric protein itself is evaluated. Allosteric activation results from
an increase inkcat for substrate reduction upon binding of the correct effector, rather than from heterotropic
cooperativity between effector and substrate. Neither the allosteric site nor the active site displays nucleotide
base specificity: dissociation constants for dGTP and dTTP are nearly equivalent andKm andkcat values
for both ADP and GDP are similar. R22 binding to R12 shows negative heterotropic cooperativity vis-
à-vis effectors but positive heterotropic cooperativity vis-a`-vis substrates. Binding of allosteric effectors
to the holoenzyme shows homotropic cooperativity, suggestive of a conformational change induced by
activator binding. This is consistent with kinetic results indicating full dimer activation upon binding a
single equivalent of effector per R12R22.

Ribonucleotide reductases (RRs)1 form a family of allo-
sterically regulated enzymes that catalyze the conversion of
ribonucleotides to 2′-deoxyribonucleotides (1). As this reac-
tion constitutes the only metabolic pathway for the production
of deoxyribose, which is essential for de novo DNA
biosynthesis, mammalian RR is an important target for
anticancer and antiviral chemotherapeutic agents (2-4). All
known RRs accept the four common ribonucleotides as
substrates. Enzymatic activity toward a given nucleotide
substrate generally depends on the presence of allosteric
effector molecules. For class Ia RRs, which comprise all
eucaryotic RRs as well as some from eubacteria, bacterio-
phages and viruses (1), ATP stimulates the reduction of
pyrimidine nucleoside diphosphate substrates (5), dTTP

stimulates the reduction of GDP, dGTP stimulates the
reduction of ADP, and dATP serves as a general inhibitor
(6-8). This elaborate regulatory scheme ensures a balanced
pool of deoxynucleotide monomers for DNA replication.
Mutations affecting the allosteric regulation of RR, for
instance by interfering with the ability of RR to discriminate
with high specificity between eight chemically similar ligands
(four nucleotide substrates and four nucleotide effectors), are
deleterious because the resulting aberrant nucleotide pools
significantly impact replicative fidelity (1, 9-11).

The enzymatic activity of class Ia RRs depends on the
formation of a complex between two different subunits, R1
and R2. The R2 subunit contains a stable tyrosyl free radical
that is necessary for enzymatic activity (10). The enzyme
active site, as well as two kinds of allosteric sites, denoted
the specificity and activity sites, are located on the R1
subunit. Binding and activity data for several class Ia RRs
have been formulated into a phenomenological model (12)
that provides a valuable qualitative guide for predicting which
activity will be manifest under specific conditions. In this
model, ATP and dATP can bind to both allosteric sites, while
dTTP and dGTP bind only to the specificity site (13, 14).
The reduction of specific NDPs by RR depends on the
occupancy of these sites. Allosteric effector binding has also
been shown to influence the quaternary structure of R1 (7,
15), but this effect has not been considered explicitly in
existing phenomenological models of RR actvity.
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In no case has a quantitative model been put forward for
a class Ia RR that accounts for observed activities in terms
of the distribution of specific species in solution and the
enzymatic activity of each species. The absence of such a
model makes it difficult to achieve full understanding of site-
to-site interactions or of mutations affecting activity (since
it is not clear which interactions are being affected) or to
predict changes in in vivo activity resulting from changes
in concentrations of nucleotides or RR subunits. An important
part of the problem has been the failure to explicitly consider
R1 oligomerization state as a variable influencing ligand
binding and RR activity.

Here, and in a related study (O.B.K. et al., manuscript in
preparation), we directly address this lack by examining R1
oligomerization, R1 ligand binding, and enzymatic activity
under identical conditions as functions of R1, R2, substrate,
and effector concentrations. We begin by considering mRR
activity toward the purine substrates ADP and GDP. This is
a good starting point for the development of a quantitative
description of RR activity because reduction of these
substrates is fully activated through binding at the specificity
site and does not require the presence of either of the activity-
site ligands, ATP or dATP. Our results permit formulation
of a 16 species model in which all pertinent equilibrium
constants are evaluated, allowing quantification of homo-
tropic and heterotropic site-to-site interactions.

EXPERIMENTAL SECTION

Materials.The plasmid pET-M2 (pET3a-R2) encoding the
murine R2 subunit was a gift from Dr. Lars Thelander (16)
and was grown in BL21(DE3) cells. R2 was purified as
described (17). The gene encoding the large (R1) subunit of
murine ribonucleotide reductase was a gift from Dr. Ingrid
Caras (Genentech) (18). The mouse carboxy-terminal hep-
tamer, FTLDADF, was provided by Dr. Alison Fisher (19).
Radiolabeled dGTP (2,8-[3H]dGTP) was purchased from
New England Nuclear. Radiolabeled dTTP (5-Me-[3H]dTTP)
was obtained from ICN. Ultrafree MC filter units (30 000
kDa) were from Millipore. All other materials were of the
highest available purity.

Expression and Purification of Recombinant Murine R1.
R1 was expressed and purified as described previously (20),
with the following modifications. High-5 cells (InVitrogen)
were used for expression, replacing Sf9 cells. Cells were
suspended in 50 mM Tris-HCl, pH 7.6, and 100µM
dithiothreitol (DTT) (buffer A) with added protease inhibitors
[2 mM phenylmethanesulfonylfluoride (PMSF) and 1µM
leupeptin and pepstatin] and lysed by two rounds of freeze-
thaw (-78 to 37°C). The crude lysate was centrifuged in a
Sorvall SS34 rotor for 20 min (19 000 rpm, 43000g) at 4
°C. The supernatant was treated with 10% (w/v) streptomycin
sulfate to a final concentration of 2.5%, stirred on ice for 10
min, and centrifuged as above. Solid ammonium sulfate was
added to the supernatant (0.586 g/mL, 0-80% saturation)
while stirring over 15 min on ice. Stirring was continued
for 1 h, and the precipitate was collected by centrifugation
as above. The pellet was resuspended in 5-10 mL of buffer
A plus protease inhibitors to a final protein concentration of
approximately 30 mg/mL. The total volume was loaded onto
a Sephadex G-25 column (1.1 cm2 × 43 cm, 1-2 mL/min)
that had been equilibrated with buffer A plus protease

inhibitors. Protein containing fractions devoid of ammonium
sulfate (approximately 25 mL) were pooled and loaded
directly onto a preequilibrated FTLDADF-Sepharose affinity
column (21) (5 cm2 x 2 cm, 5 mL/min, 10 mL bed volume).
Nonspecifically bound protein was removed from the column
with 250 mL of buffer A. Specifically bound protein was
eluted with 300 mL of buffer A containing 500 mM KCl.
The eluant was concentrated in an Amicon pressure cell with
a PM-10 ultrafiltration membrane to a volume of 10-15 mL
and dialyzed overnight at 4°C versus buffer A containing
100 mM KCl. The dialyzed protein was concentrated to
approximately 5 mg/mL in an Amicon pressure cell with a
PM-30 ultrafiltration membrane (approximately 5-10 mL).
The concentrated material was centrifuged to remove any
precipitate, quick frozen in liquid nitrogen and stored at-80
°C.

Methods. Determination of Protein and Nucleotide Con-
centrations. Protein and nucleotide concentrations were
determined using the following molar extinction coefficients
(M-1cm-1): apo-R2 monomerε280-310 ) 62 000 (16); R1
monomer,ε280-320 ) 108 000 (14, 22); adenine,ε260 )
15 000; guanosine,ε254 ) 13 500; thymidine,ε268 ) 9500
(23). Nucleotides were stored at-20 °C. Both radiolabeled
and unlabeled nucleoside triphosphates were monitored for
hydrolysis by polyethylene-imine thin-layer chromatography
in 2 mM formic acid/0.5 mM LiCl (24). Stocks with greater
than 10 percent hydrolysis were discarded.

Dynamic Light Scattering.Dynamic light-scattering mea-
surements on the R1 subunit were made with a DynaPro-
801 dynamic light-scattering instrument (Protein Solutions)
at ambient temperature (19.4-24.8°C). Measurements were
made in 50 mM hydroxyethylpiperazine-ethanesulfonic acid
(HEPES), pH 7.6, 25 mM DTT, 10 mM KCl, 10 mM MgCl2,
and 7 mM NaF (buffer B) with R1 and ligand (effector and/
or substrate) concentrations as indicated. Samples were
filtered through 0.1µm Anotop-10 (Whatman) filters to
remove dust and particulate matter. In a typical experiment,
100-200 µg of R1 and increasing amounts of ligand were
combined in a final volume of 200µL of buffer B and
incubated at ambient temperature for 5 min prior to injection
into the instrument.

Nucleotide Binding Assays.Binding of ligands to R1 or
the R1-R2 complex was measured by the method of Ormo¨
and Sjöberg (25) with the following modifications. Each
assay contained buffer B plus 50µM FeCl3, R1, R2,
substrate, and radiolabeled effector, as indicated, in a total
volume of 150µL. Reaction mixtures containing all com-
ponents except effector in a volume of 120µL were
incubated at 25°C for 5 min in the upper reservoir of an
Ultrafree MC filter unit prior to initiation with 30µL of
radiolabeled effector. A 30µL aliquot of the complete assay
mixture was removed to measure the total ligand concentra-
tion in the assay. Complete reaction mixtures were then
incubated at 25°C for 5 min, and centrifuged at 6000g for
30-120 s, until 25-75% of the volume in the upper reservoir
was passed through the ultrafiltration membrane. Radioactiv-
ity in free and total ligand aliquots was quantified by liquid
scintillation counting.

Analytical Ultracentrifugation.Analytical ultracentrifu-
gation studies were carried out using a Beckman Optima
XL-I analytical ultracentrifuge equipped with Rayleigh
interference optics and an An60-Ti rotor. Samples were made
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up in buffer C (50 mM Tris-HCl, pH 7.6, 10 mM KCl, 10
mM MgCl2, 25 mM â-mercaptoethanol, and 7 mM NaF).
50 µM FeCl3 was added to the buffer in samples containing
R2.

Sedimentation Velocity. Samples were placed into an
aluminum Epon synthetic boundary cell. Centrifugation was
carried out at 25°C at 40 000-48 000 rpm. Interference
fringe displacement data was collected as often as possible
until the boundary reached the end of the cell. Data scans to
be analyzed were selected with the aid of data movies created
using a macro program for Igor Pro. Analysis was performed
with the program DCDT (26-28), which converts differ-
ences in concentration profiles of scans as functions ofr
andt into ag(s*) vs s* curve, whereg(s*) is the distribution
of apparent sedimentation coefficients, denoteds*. When
macromolecular components do not interact on the time scale
of the experiment, the resultingg(s*) vs s* curve for each
component is essentially Gaussian, with the maximum value
of g(s*) occurring ats* equal to s, the true sedimentation
coefficient. When components interact to form a complex,
as in the case of R1 and R2, the maximum value ofg(s*)
occurs at ans* value intermediate between thes value for
the complex and the higher of the components values, with
the exact position dependent on component concentration
and the equilibrium constant for complex formation.

Calculateds values were determined from eq I (29)

in which M is molecular mass,N0 is Avogadro’s number,η
is the intrinsic viscosity of the solution [1.13 g/ms, calculated
using SEDNTERP (John Philo, http://www.cauma.uthsc-
sa.edu/software/)],∇ is the partial specific volume [0.73 cm3/
g], andF is the buffer density.

Sedimentation Equilibrium. Samples were centrifuged for
times sufficient to achieve equilibrium in three-compartment
carbon-epoxy centerpieces using sapphire windows. Data
obtained by interference fringe displacement was analyzed
by nonlinear least-squares curve-fitting of radial concentra-
tion profiles using the Marquardt-Levenberg algorithm
implemented in Igor Pro (Wavemetrics, Oswego, OR) with
a user-defined function coding eq II (30),

describingn reversible associations in centrifugation, in
which n(r) is the number of fringes due to all sedimenting
species (i ) 1, 2, ...,i) at radial positionr. Here,Ki ) i-mer
dissociation constant [M(i-1)], dn/dc ) refractive increment
[0.187× 10-3 fringes L/g (31)], λ ) 675 nm,l ) path length
(1.2 cm),Mw ) monomer molecular weight of sedimenting
species (90 000 g/mol),ro ) arbitrary fixed radius reference,
Co ) molar concentration atro of monomer of molecular
weight,Mw, ω ) angular velocity of rotor (rad/s), andV and
F are as defined above. In examining R1 dimerization, two
data sets were fit simultaneously with the dissociation
constant as the global fitting parameter. Baseline andCo

values for each data set were allowed to vary independently
in fitting.

ActiVity Assays. Ribonucleotide reductase activity was
assayed under initial rate conditions at 25°C as described
(8), with minor modifications. Each assay contained buffer
B with 50 µM FeCl3 and R1, R2, effector and radiolabeled
substrate, as indicated, in a volume of 100µL. Reactions
were initiated with radiolabeled substrate and quenched by
immersion in a boiling water bath for four min. Tritiated
samples were frozen and lyophilized to dryness to reduce
backgrounds. Lyophilized samples were reconstituted in 1
mL of 50 mM Tris-HCl, pH 8.5, with 100 mM Mg(OAc)2

(buffer D) and centrifuged at 6000g for 10 min in a
microfuge to remove denatured protein. Reconstituted samples
were loaded onto phenylboronate-agarose columns (Amicon,
2 mL bed volume), preequilibrated with 15 mL of buffer D.
Purine deoxyribonucleoside diphosphates elute in 8 mL of
buffer D. Unreacted ribonucleoside diphosphate substrates
were recovered and columns were regenerated by treatment
with 10 mL of 50 mM sodium citrate, pH 5.9. Data were
corrected for full recovery of radioactivity, which ranged
from 75 to 100%.

Calculations of Equilibrium Constants.Calculations are
based on the molecular weight of 90 000 for monomeric R1,
as predicted from the gene sequence (18). The equilibrium
constants evaluated in this work are defined in Table 1 (see
also Scheme 1), in which L refers to allosteric effector (dTTP
or dGTP), S refers to substrate (GDP or ADP), and C refers
to the R12R22 complex.

Calculations Based on Dynamic Light-Scattering Data.
The dependence of measured molecular mass of R1, W, on
allosteric effector (dTTP or dGTP) concentration is given
by eq 1, derived from Scheme 1, in which it is assumed that
both equivalents of effector bind with the same intrinsic
dissociation constantKL.

Table 1: Definitions of Equilibrium Constantsa

equilibrium
constant definition

Ko ) [R1]2/[R12]
Ko

L ) [R1L]2/[R12L2]

Ko
S ) [R1S]2/[R12S2]

KS ) 2[R12][S]/[R12S] ) 0.5[R12S][S]/[R12S2]
K′S ) [R1][S]/[R1S]
KL ) 2[R12][L]/[R1 2L] ) 0.5[R12L][L]/[R1 2L2]
K′L ) [R1] [L]/[R1L]
KC ) [R12][R22]/[R12R22] ) [R12][R22]/[C]
K′C ) [R1][R22]/[R1R22]
KL

S ) 2[R12S2][L]/[R1 2LS2] ) 0.5[R12LS2][L]/[R1 2L2S2]

KL.1
C ) [C][L]/[CL]

KL.2
C ) [CL][L]/[CL 2]

KL
C,S ) 2[CS2][L]/[CLS 2] ) 0.5[CLS2][L]/[CL 2S2]

KC
L ) [R12L2][R22]/[CL2]

KC
L,S ) [R12L2S2][R22]/[CL2S2]

KC
S ) [R12S2][R22]/[CS2]

KS
L ) 2[R12L2][S]/[R12L2S] ) 0.5[R12L2S][S]/[R12L2S2]

KS
C ) 2[C][S]/[CS] ) 0.5[CS][S]/[CS2]

Km ) 2[CL2][S]/[CL2S] ) 0.5[CL2S][S]/[CL2S2]
a C is the R12R22 complex.

Scalc ) 1/3[(1 - ∇F)/η][M/Noπ]2/3[1/6∇]1/3 (I)

n(r) ) baseline+

∑
i

iMw

dn/dc

λ
l
Co

i

Ki

exp{iMw

(1 - VjF)ω2

2RT
(r2 - ro

2)} (II)

W ) {M[R1]/[R1]t}{{(K′L + [L])/ K′L} +

{4[R1](KL + [L]) 2/KoKL
2}} (1)
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In eq 1,M is the mass of monomer, [R1]t and [L]t are the
total concentrations of enzyme (calculated as monomer) and
effector added to solution, respectively and [R1] and [L] are
calculated from eqs 1a and 1b, respectively. Best fit values
for Ko, KL, andK′L were obtained using an iterative method.

whereX ) KoKL
2(K′L + [L]).

whereY ) KL {2K′L[R1]2 +KoKL (K′L + [L] t)}.
Specifically, for each measurement ofW, [L] was initially

set equal to [L]t, and initial values ofKo, KL, andK′L were
obtained by fitting the data to eqs 1 and 1a using Igor
(Wavemetrics, Inc.). For each [L]t, these initial parameter
and [R1] values permitted calculation of a corrected [L]
value, using eq 1b and SigmaPlot (Jandel Scientific). The
corrected values of [L] were then reintroduced into eqs 1a
and 1b, permitting recalculation of parameter and [R1]
values. Iteration was continued until the calculated value of
[L] changed by less than 1% between iterative cycles.

Equations 1, 1a, and 1b were also used to estimate apparent
Ko, KL, andK′L values for effector-induced dimerization of
R1 in the presence of substrate, GDP in the case of dTTP
and ADP in the case of dGTP.Ko,app

S is given by eq 1c,
which can be rearranged to eq 1d, permitting evaluation of
K′S, whenKm, KC

L, KC
L,S, KL, andKL

S have been determined.

Calculations Based on Equilibrium Sedimentation Data.
The apparent dissociation constant for R12 formation in the
presence of the allosteric activator, L, is given by eq 2.

Measurement ofKo,app
L at two different [L] values, [La] and

[Lb] over a range in which [L]. KL, [R1]t permits estimation
of K′L from eq 2a

wherer ) Ko,app
L,a /Ko,app

L,b

Calculations Based on Effector Binding Assay Data. The
concentration of bound effector was calculated as the
difference between the total and filtrate effector concentra-
tions. Effector binding data was fit by Igor to the Scatchard-
type eq 3 derived from Scheme 1, yielding estimates for
KL.1

C and KL.2
C . In these equations,ν is the number of

equivalents of effector bound per R12, andn is equal to 2.

Calculations Based on GDP and ADP Reductase Data.
All velocity measurements were carried out in the presence
of excess R2 over R1, under conditions in which virtually
all R1 is present as the R12R22 complex, C. The velocity of
substrate reduction as a function of increasing substrate
concentration in the presence of saturating effector concen-
tration was fit with the normal Michaelis-Menten eq 4,
yielding estimates ofKm and kcat. Here, [R1]t is the total
concentration of R1 added to solution, calculated as mono-
mers. At low [S]t, [S] is calculated from eq 4a, which is
derived assuming thatKm is the dissociation constant for S
binding to the enzyme. The justification for this assumption
is the very slow turnover of S.

The velocity of substrate reduction as a function of
increasing effector concentration at saturating [S] was fit with
eq 5 derived from Scheme 1 whereKL

C,S represents the

intrinsic dissociation constant of effector ligand from the CS2

complex (i.e., effector binding is assumed noncooperative),
V1 represents the velocity of substrate reduction by the
complex with one effector bound, andV2 represents the
velocity of substrate reduction by the complex with two
effectors bound. The concentration of effector L is given by
eq 5a, in which [CS2]t is equal to the total concentration of
R1 added to solution, calculated as dimers, by close analogy
with eq 4a.

The dependence of dTTP-activated GDP reductase on R22

concentration at fixed R1 concentration and near-saturating
concentrations of both dTTP and GDP is given by eq 6

Scheme 1: Ligand Binding to mR1a

a Species are in bold-face type, equilibrium constants, defined in
Table 1, are in plain text, experimentally determined parameters are
represented by the equilibrium arrows, and the remaining parameters
are represented by dashed lines. The value ofK′S depends on the results
in Figure 1B and the derived constantKS, and is therefore represented
by dashed equilibrium arrows. C is the R12R22 complex.

[R1] ) {-X + {X2 + 8 KoKL
2 (K′L)2[R1]t(KL +

[L]) 2}1/2}/4K′L(KL + [L]) 2 (1a)

[L] )
{-Y + { Y2 + 8KoKL

2(K′L)2[L] t[R1]2}1/2}/4K′L[R1]2 (1b)

Ko,app
S ) Ko{1 + ([S]/K′S)

2}/{1 + ([S]/KS)
2} (1c)

K′S ) [S]/{(Ko,app
S /Ko)

1/2(1 + [S]/KS) - 1} (1d)

whereKS ) (KmKL/KL
S)(KC

L/KC
L,S)1/2 (1e)

Ko,app
L ) [R1]t

2/[R12]t ) Ko(1 + [L]/ K′L)2/(1 + [L]/ KL)2

(2)

K′L ) [La][L b](r
1/2 - 1)/([Lb] - r1/2[La]) (2a)

ν/[L] ) {KL.2
C (n - ν) + {(KL.2

C (n - ν))2 +

4KL.1
C KL.2

C ν(2n - ν)}1/2}/2KL.1
C KL.2

C (3)

V ) kcat[R1]t[S]/(Km + [S]) (4)

[S] ) 0.5{[S]t - ([R1]t + Km) +

{([R1]t + Km - [S]t)
2 + 4Km[S]t}

1/2} (4a)

V ) [L](2KL
C,SV1 + [L] V2)/(KL

C,S + [L]) 2 (5)

[L] ) 0.5{[L] t - (2[CS2]t + KL
C,S) + {(2[CS2]t +

KL
C,S - [L] t)

2 + 4KL
C,S[L] t}

1/2} (5a)

V ) V[C]t/[R12]t (6)
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in which [C]t is given by eq 6a, andV is the velocity at
saturating [R22]:

The dependence of dTTP-activated GDP reductase on the
addition of dGTP (G) to a solution in which both specificity
sites in CS2 are filled with dTTP (T) was fit with eq 7,

whereKT
C,S andKG

C,S are the intrinsic dissociation constants
for the binding of dTTP and dGTP to CS2 (where S is GDP),
respectively, andV1 and V2 are the velocities of GDP
reduction from the CS2(dTTP)2 and CS2dTTPdGTP com-
plexes, respectively. All effector binding is assumed to be
noncooperative.

Calculations Based on Biosensor Data.R1 binding to an
R2 biosensor allows measurement of the amount of R1 bound
as a function of R1 in solution. Published data of others (32)
were fit to eq 8 for binding experiments carried out in the
absence of effector, allowing estimation ofKC andK′C, using

the value forKo determined from light-scattering studies.
They were also fit to eq 9 for binding experiments carried
out in the presence of saturating dTTP or dGTP, where [R1]t

is equal to 2[R12L2], permitting evaluation ofKC
L. In these

equations,ν is the number of R1 monomers bound per R2
dimer.

RESULTS

Effector- and Substrate-Induced Dimerization of mR1.In
the absence of ligands, the apparent molecular mass of R1,
as determined by dynamic light scattering (90-100 kDa,
Figure 1A) is consistent with most of the protein being
monomeric. This conclusion is also consistent with the
sedimentation constant of 6.9 S, determined by sedimentation
velocity (Figure 2), versus a calculateds value of 6.4 for a
monomer of mass 90 kDa, assuming a spherical shape
(equation I). The higher measured value of s may reflect
the presence of a small amount of R1 dimer (R12). Addition
of either dTTP or dGTP promotes the formation of R12, of
apparent mass∼180 kDa (Figure 1A). Fits of the data in
Figure 1A to eqs 1, 1a, and 1b give the values summarized
in Table 2 forKo, the apparent dissociation constant for R1

FIGURE 1: Dependence of R1 molecular mass on allosteric effector
concentration, as measured by dynamic light scattering. Solid and
dashed lines show best fits of dGTP and dTTP data, respectively,
to eq 1. (A) Absence of substrate. Solutions contained varying dGTP
and R1 (7.6µM) (b) or varying dTTP and R1 (7.6µM) (O) in
buffer B. Data are reported as average( standard deviation (12
determinations per point). (B) At saturating substrate. Solutions
contained varying dGTP, ADP (0.37 mM), and 6.1µM R1 (b) or
varying dTTP, GDP (1 mM), and R1 (7.0µM) (O) in buffer B.
Data are reported as average( standard deviation (g10 determina-
tions per point). R1 concentrations are calculated as monomer.

[C]t ) 0.5{([R12]t + [R22]t + KC
L,S) + {([R22]t +

KC
L,S - [R12]t)

2 + 4KC
L,S [R12]t}

1/2} (6a)

V ) KG
C,S[T]{V1KG

C,S[T] + 2V2KT
C,S[G]}/{KG

C,S[T] +

KT
C,S[G]}2 (7)

Table 2: Parameter Valuesa

parameter
S ) GDP,
L ) dTTP

S ) ADP,
L ) dGTP

relevant
figure

relevant
equation

Ko 150( 30 180( 120 1A 1
K′S 119( 95 ndb 1Bc 1d
KS 36 ( 28 nd derived constantd

Ko
S 15 ( 12 nd derived constante

K′L 25 (17 (DLS)f 33 ( 12 (DLS) 1A 1
37 ( 13 (SE)g 3 2a

KL 0.55( 0.25 0.5( 0.3 1A 1
0.3 0.25

KL
S 0.20( 0.08 0.30( 0.14 1B 1

KL.1
C 3.2( 0.7 1.5( 0.3 4 3

3.9 1.7
KL.2

C 0.6( 0.2 1.0( 0.2 4 3
0.8 1.1

Km 4.9( 0.6 12( 1 5 4
KL

C,S 1.26( 0.07h 0.7( 0.1h 6 5
(0.59( 0.04)i (0.36( 0.06)i

KC
L,S 0.021( 0.014 nd 7 6

KC 0.011( 0.004 9 8
0.015

K′C >5 µM 9 8
KC

L 0.8( 0.3 0.6( 0.2 9 9
0.5 0.45

kcat(s-1) 0.28( 0.01 0.18( 0.01 5 4
0.27( 0.04 0.23( 0.01 6 5

a All dissociation constants areµM. Bolded values are demanded
by thermodynamics (see text).b nd, not determined.c The value ofK′S
depends in Figure 1B and the derived constantKS (see text).d KS )
(KmKL/KL

S)(KC
L/KC

L,S)1/2. e Ko
S ) Ko(KS/K′S)2. f DLS, dynamic light scat-

tering. g SE, sedimentation equilibrium.h Cooperative case (see text).
i Noncooperative case (see text).

ν ) [R1](KoKC + 2K′C[R1])/(KoKCK′C + KoKC[R1] +

K′C[R1]2) (8)

ν ) 2[R12L2]/(KC
L+ [R12L2]) (9)
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dimerization, and forK′L and KL, the apparent intrinsic
dissociation constants for one-site binding to R1 and two-
site binding to R12, respectively, of either dTTP or dGTP.
Much poorer fits were obtained to a model allowing only 1
equiv of effector to bind to R12 (data not shown). Interest-
ingly, both effectors have, within experimental error, identical
affinities for R1.

Sedimentation velocity experiments also demonstrate
dTTP induction of R1 dimerization as addition of 300µM
dTTP increases the measureds value of R1 from 6.9 to 9.9
S (Figure 2). The calculateds value for a spherical particle
with a mass of 180 kDa is 10.1 S. Sedimentation equilibrium
experiments with R1 in the presence of either 50 or 300µM
dTTP permit calculation of apparent dimerization dissociation

FIGURE 2: Sedimentation velocity experiments. (- - -) R1 alone; (- -) R1 + dTTP (300µM); (‚‚‚) R22 (6 µM) + dTTP (100µM); (ss)
R1 + dTTP (100µM) + R22 (6 µM). In all experiments, R1 monomer was added at 7.8µM.

FIGURE 3: Sedimentation equilibrium experiments. R1 (7.8µM monomer)+ dTTP at 50µM (A) or 300 µM (B). Shown are data fit to eq
II and residuals from experiments at 8000 rpm (top) and 12 000 rpm (bottom), describing an equilibrium mixture of R1 and R12.
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constants of 10-5.72 ( 0.02 and 10-6.11 ( 0.04, respectively
(Figure 3), and enable estimation ofK′L from eq 2a. As is
clear from Table 2, the value ofK′L determined by sedimen-
tation equilibrium is identical within experimental uncertainty
to that determined from light-scattering measurements.

Both purine substrates also promote dimer formation.
Comparison of panels A and B of Figure 1 shows that the
apparent molecular mass of R1 increases on addition of either
ADP or GDP, and that, in the presence of each of these
substrates, the effector concentration required to induce R1
dimerization is reduced. Fitting the data in Figure 1B to eqs
1, 1a, and 1b provides estimates of apparentKo andKL values
in the presence of the activated substrate, GDP by dTTP and
ADP by dGTP. The apparentKL values are little changed in
the presence of the saturating substrate concentrations
employed (vide infra), so that it is clear thatKL is about
equal toKL

S for both the dTTP-dGDP and dGTP-ADP pairs.
The Ko,app

S value allows estimation ofK′s from eq 1d, using
theKo value determined above, and the value forKS derived
knowing other constants in Scheme 1 (eq 1e). Summarizing,
purine substrates directly promote dimer formation (Ko >
Ko

S) by binding more tightly to R1 dimer than to R1
monomer (K′S > KS) but exert little influence on effector
binding to dimer (KL ≈ KL

S).

R2 Binding to R1.Analytical sedimentation velocity
experiments provide clear evidence that R1 dimer forms a
complex with R2 dimer, R12R22 (denoted C). Thus, adding
R22 (s value, 5.4 S) to R12, formed by addition of 100µM
dTTP, increases thes value from 9.9 to 11.5 S (Figure 2).
This value may reflect incomplete formation of the complex
in solution, as the calculateds value for a spherical mass of
270 kDa, corresponding to C, is 13.2 S. Significant deviation
of the shape of C from spherical would also decrease itss
value. Similarly, the deviation of the measureds value of
R22 (5.4 S) from its predicted value assuming a spherical
shape (6.4 S) indicates either some dissociation of R22 to
monomer, deviation from a spherical shape, or both. Quan-
titative estimates of the dissociation constant for R12 binding
to R22 in the presence or absence of substrate and/or effector
are presented below.

CooperatiVe Effector Binding to the R1-R2 Complex.
Experiments performed at protein concentrations such that
virtually all of the R1 is present in complex C (see
Discussion) show that binding of either dTTP or dGTP is
highly cooperative (Figure 4) and proceeds with a stoichi-
ometry of 2 ligands per R1 dimer (see Figure 4 legend). Fits
of the data to eq 3 give dissociation constant values of 3.2
( 0.5 and 0.6( 0.1 µM for binding the first and second
equivalents of dTTP, respectively, with a Hilln of 1.6. The
corresponding values for dGTP are 1.5( 0.1 and 1.02(
0.02µM, with a Hill n of 1.4. After correction for statistical
factors, these values correspond to increases in the apparent
affinity of the second equivalent of 6-20-fold vs the first
equivalent. It is noteworthy that this cooperativity is es-
sentially independent of protein concentration, i.e., it reflects
cooperative binding to R12R22, rather than being linked to
R1 dimerization or to complex formation between R12 and
R22.

Purine Reductase ActiVity. Under conditions in which the
large majority of R1 in solution is present as effector-
saturated C complex prior to the addition of substrate, both
GDP and ADP reductase activities follow a simple Michae-
lis-Menten model (Figure 5), giving theKm andkcat values
collected in Table 2. The value ofkcat (0.28 s-1) corresponds

FIGURE 4: Binding of effectors to complex C. (A) dGTP binding.
Assay mixtures contained 1.9µM R12 and 9.6µM R22 (O), 2.9
µM R12 and 14.5µM R22 (b), or 3.6µM R12 and 12µM R22 (2).
(B) dTTP binding. Assay mixtures contained 1.9µM R12 and 9.4
µM R22 (O) or 2.9 µM R12 and 14.8µM R22 (b). All binding
assays were conducted in buffer B with 50µM FeCl3 and effector
concentrations ranging from 0.5 to 18µM. Binding measurements
were made after a five minute incubation at 25°C. Data are fit to
eq 3. Each point is the average of duplicate measurements. Actual
extrapolated stoichiometries were 1.7/R12 and 1.6/R12 for dTTP,
and dGTP, respectively. These were adjusted to 2.0, assuming that
the active R1 concentration was overestimated.

FIGURE 5: Purine reductase activity versus substrate concentration.
Assay mixtures contained 1.2µM R1, 2 µM R22, and 330µM
effector in buffer B plus 50µM FeCl3 with ADP (O) and GDP (2)
concentrations shown. Measurements were made at 25°C under
initial rate conditions. Data are fit to eq 4. Each point is the average
of duplicate measurements( average deviation.
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to a specific activity of 190 nmol/mg of R1/min. This is the
highest value reported for mammalian R1 (see, for example,
refs20, 22, and 33) and is comparable to the value reported
for the reduction of CDP byEscherichia coliR1 when DTT
is the external reductant (118 nmol/mg of R1/min, ref34).

In the absence of allosteric effector both reductase activi-
ties are essentially nil, even at substrate concentrations>100-
fold the Km values determined above. The dependence of
reductase activity on effector concentration (Figure 6) allows
estimation of apparent dissociation constantsKL

C,S for dTTP
and dGTP from substrate-saturated R12R22 complexes. The
fitted values of these constants depend on whether it is
assumed that full activity is conferred by the binding of a
single effector molecule per dimer (the cooperative case) or
whether half of the full activity is conferred for the binding
of each effector molecule per dimer (the noncooperative case)
(Table 2). Both sets of data are fit better by the cooperative
case (see also below), yielding values of 1.26( 0.07 µM
for dTTP and 0.7( 0.1 µM for dGTP. The corresponding
values for the noncooperative case are 0.59( 0.04 and 0.36
( 0.06 µM, respectively.

That the dTTP dependence of the specific activity of GDP
reduction displays little or no change with increasing protein
concentration (Figure 6) is strong evidence that virtually all
R1 is present as R12R22 complex throughout the titration.
Confirmation of this point is provided by results measuring

the dependence of GDP reductase on R22 concentration
(Figure 7), which permit estimation of the apparent dissocia-
tion constantKC

L,S for R22 binding to R12 (Table 2).
Interestingly, while the extrapolated maximum velocity for

GDP reduction at saturating GDP and dTTP is the same in
Figures 5 and 6, the extrapolated maximum velocity of ADP
reduction at saturating ADP and dGTP concentrations is
about 25% lower in Figure 5 than in Figure 6 (Table 2).
This discrepancy is not fully understood and may reflect both
the tendency of adenine nucleotides to favor aggregation of
R1 (O.B.K. et al., in preparation) and the differences in
protein and ADP concentrations employed in these two
experiments.

While both dTTP and dGTP promote R1 dimerization,
only dTTP activates reduction of GDP. By contrast, dGTP
inhibits dTTP-activated GDP reduction (Figure 8), consistent
with competition between dGTP and dTTP for binding to
the specificity site. The two limiting assumptions for the

FIGURE 6: Purine reductase activity versus effector concentration.
Assay mixtures contained (A) 1 mM GDP, dTTP as shown, and
either 1µM R1 and 2.3µM R22 (b), 2 µM R1 and 4.6µM R22
(O), 4.1 µM R1 and 8.7µM R22 (∆), or 5.9µM R1 and 13.1µM
R22 (2). (B) 350µM ADP, 0.5µM R1, 3.2µM R22, and dGTP as
shown. Data are fit (solid lines) to eq 5, withV1 equal to V2
(cooperative model; see text). Assays were performed in buffer B
at 25°C under initial rate conditions. Each point is the average of
duplicate measurements( average deviation.

FIGURE 7: GDP reductase versus R22 concentration. Semilogarith-
mic plot. Assay mixtures contained 0.1µM R1, 30µM GDP, and
300 µM dTTP in buffer B plus 50µM FeCl3 with R22 concentra-
tions shown. Measurements were made at 25°C under initial rate
conditions. Data are fit to eq 6. Each point is the average of 2-8
measurements( average deviation.

FIGURE 8: GDP reductase versus dGTP concentration at 100µM
dTTP. Assay mixtures contained 1.9µM R1, 10.7µM R22, and 85
µM dTTP in buffer B with dGTP concentrations shown. Measure-
ments were made at 25°C under initial rate conditions. Data are
fit to eq 7 with the specific activity of the mixed state equal to
100% (solid line) or 1.8% (dashed line) the activity of the dTTP
saturated enzyme. Data are reported as the average of duplicate
measurements( average deviation.
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cooperative case, which yield equivalent fits, are that the
mixed state (R12R22dTTP‚dGTP) is either fully active or
fully inactive. These assumptions give calculated values for
the intrinsic dissociation constant of dGTP from the GDP-
saturated enzyme-cofactor complex of 1.24( 0.09 or 6.7
( 0.5 µM, respectively. Thus, the assumption that dGTP
binding to form the mixed state has no effect on GDP
reductase yields a dissociation constant for dGTP binding
quite similar to that for the ADP-saturated enzyme, whereas
the contrary assumption that dGTP binding inhibits GDP
reductase in the mixed state results in a considerably larger
dissociation constant for dGTP binding to the ADP-saturated
enzyme. For the noncooperative case, in which the mixed
state is half-active, the calculated dissociation constant to
the ADP-saturated enzyme is 1.32( 0.08µM, but the fit is
much poorer. That the fits to the data in both Figures 6 and
8 are much better for the cooperative case leads us to
conclude that the cooperative case is a more accurate
representation of RR activity.

DISCUSSION

QuantitatiVe Model for Purine Diphosphate Reductase
ActiVity. ADP and GDP reductase activities are functions of
R1, R2, substrate (S), and allosteric effector (L) concentra-
tions. The model in Scheme 1 presents for the first time a
fully quantitative treatment of these activities, specifically
considering the dimerization of R1 and the differential
affinities that ligands have for monomeric and dimeric R1.
Scheme 1 accounts quantitatively not only for the results
presented in this paper, but also for related results of
ourselves and others (see below). It has several points in
common with results for the murine enzyme recently
published by Reichard et al. (33) that supplant earlier work
(14). These points include two effector binding sites per R1
dimer (Figure 4), the numerical value ofKL for dGTP (0.56
µM at 25°C, Table 2, vs 0.2µM at 4 °C in ref 33), and one
R22 bound per R12 [Figure 2, see also the docked structure
proposed for theE. coli R12R22 complex (35)]. Scheme 1
also posits a substrate stoichiometry of 2/dimer, by analogy
with the results of single turnover experiments on theE. coli
dimer (36).

As presented, the model involves a total of 16 forms of
R1, and its exact solution requires, at a minimum, experi-
mental determination of 15 independent parameters. In fact,
a total of 16 determined parameters are presented in Table
2, of which 13 were estimated from results presented above
and three were estimated by fitting published results of others
to expressions derived from Scheme 1. Eight parameters were
estimated for each substrate-activator set (GDP-dTTP,
ADP-dGTP) by four titrations involving measurements of
two-site activator binding to R1 dimer, either as R12, R12S2

[both via dynamic light scattering (DLS)], R12R22 (direct
binding), or R12R22S2 (activity studies). The first, second
and fourth of these titrations were fit assuming noncoopera-
tive binding, so that both binding events could be described
by an intrinsic constant and the appropriate statistical factor
of 2 for the first dissociation and1/2 for the second.
Noncooperative dGTP binding to R12 has recently been
reported by Reichard et al. (33). While it is possible that
effector binding to either R12S2 or CS2 is cooperative, the
measurements used to evaluate such binding (molecular
weight and enzyme activity) did not permit distinction

between cooperative and noncooperative binding. By par-
simony, noncooperative binding was assumed for these
interactions. In summary, effector binding to all four forms
of R12 is described by a total of five dissociation constants
KL, KL

S, KL.1
C andKL.2

C , andKL
C,S.

Two parameters measuring substrate binding,K′s andKm,
are provided by analysis of the influence of substrate on
effector binding, measured by DLS and by the dependence
of activity on substrate concentration, respectively. DLS
measurements also allow estimation ofKo, and DLS and
sedimentation equilibrium experiments provide a measure
of K′L. The 13th parameter measured above isKC

L,S, obtained
by measuring RR activity as a function of [R22]. The final
three parameters,KC, K′C, andKC

L come from fitting the data
of Ingemarson and Thelander (32), reproduced in Figure 9,
to eqs 8 and 9. These workers used surface plasmon
resonance to measure mR1 binding to dimeric R2 covalently
bound to a sensor chip in the presence or absence of either
dTTP or dGTP. Their data show that R1 binding is co-
operative in the absence of added specificity site ligands and
noncooperative in their presence, reflecting the much weaker
binding of monomeric vs dimeric R1 to immobilized R22,
and the shift of R1 from predominantly monomer in the
absence of effectors to predominantly dimer in their presence.
A summary of the relevant equations and figures used in
evaluating the 16 parameters is presented in Table 2.

Since one additional parameter is measured than is needed
to determine the 16 species in Scheme 1, the system is
slightly overdetermined, specifically for the thermodynamic
square connecting the species R12, C, R12L, R12L2, CL, and
CL2. Consideration of the values obtained with those required
by thermodynamics provides important insight into the
limitations of the precision with which some of the param-
eters are determined and the importance of the error limits
presented in Table 2. By thermodynamics, (KL)2KC

L must
equalKL.1KL.2KC, yet using the values listed in Table 2 for
dTTP, and ignoring the error ranges, the first and second
terms are equal to 0.25 and 0.020µM3, respectively.
However, both terms can be set equal to 0.047µM3, using
parameter values falling within the allowed error ranges,
shown in bold in Table 2. An identical argument can be
presented for parameters measured in the presence of dGTP,
for which the common value of the parameter products is
0.028µM3.

Significance of the Parameters.The values of the param-
eters in Table 2 are important for understanding the effects
of R1 ligands on R1 dimerization, identifying both homo-
tropic and heterotropic binding effects, and for examining
the quantitative effects of allosteric ligands on activity. Below
we examine each of these issues in turn.

R1 Dimerization.Our finding that mR1 is predominantly
a monomer in the absence of added ligands agrees with
earlier results showing purified mammalian R1 from various
sources to be monomeric (14, 37). The value of the
dissociation constant for dimer formation (Ko, 165 µM),
determined for the first time in this work, is vastly in excess
of any plausible in vivo concentration and indicates how little
dimer formation takes place in the absence of ligands. This
behavior is in marked contrast toE. coli R1, for which the
dimeric state is the dominant form in solution even in the
absence of ligands (15). On the other hand, each of the three
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ligand types for R1 investigated in this work (allosteric
effectors, substrates, and R22) favor R12 formation. Both
dTTP and dGTP show very large effects, binding (on
average) approximately 50 times more tightly to each dimer
specificity site than to the corresponding site on monomer.
Such large effects are in accord with structural studies on
E. coli R1, placing the specificity site at the dimer subunit:
subunit interface (38). By contrast, the GDP effect is more
modest, with binding to the dimer only∼3 times tighter than
to monomer.

R2 contacts R1 principally, if not exclusively, via the
C-terminal heptapeptide of R2 (17, 19). The lower limit
estimate ofK′c, g5 µM, for R1 monomer binding to R22,
while poorly determined, is clearly of the right order of
magnitude, being quite similar to the value obtained for the
binding of theN-acetylated form of the C-terminal peptide
itself (∼10 µM) and the values of 6-18 µM obtained for
the interaction of either a singleE. coli R2 C-terminus or a
C-terminalE. coli R2 peptide withE. coli R12 (39, 40). The
g500-fold tighter binding (K′c/Kc) of R22 to R12 than to R1
monomer may be plausibly attributed to a chelating effect
when two such interactions are involved.

Heterotropic and Homotropic CooperatiVity in Effector,
Substrate, and R2 Dimer Binding and RR ActiVity. Of the
three pairwise heterotropic interactions for the R12 ligands
allosteric effector, substrate, and R22, the two involving R22
are opposite in their effects. Allosteric effector has a negative
effect on R22 binding, whether measured as the ratio ofKC

L

to KC (∼35) or KC
L,S to KC

S (∼40). Substrate, on the other
hand, has a strongly positive effect, measured as the ratio of
KC

S to KC (∼0.035) orKC
L,S to KC

L (∼0.04). The two effects
are opposite and almost equal, as seen by the similarity in
the values ofKC andKC

L,S.
Heterotropic cooperativity in R22, substrate, and effector

binding recalls the work of Karlsson et al. (41), demonstrat-

ing that effector and substrate binding influence the rate of
R2 inactivation by hydroxyurea withinE. coli RR. Allosteric
effects on RR activity have usually been thought of in terms
of sites within R1. However, the differing effects of R22 on
substrate and allosteric ligand binding shown in this work,
and the influence of nucleotide effectors and substrates on
the lability of the tyrosyl radical shown in ref41, clearly
indicate that R22 both contributes and responds to the
allosteric transition.

Other workers have observed apparent positive cooperat-
ivity between RR substrates and effectors (42, 43). Here we
clearly show for mammalian RR that the marked apparent
positive heterotropic cooperativity between substrate and
allosteric effector is principally an artifact of the synergistic
influence of both of these ligands on the quaternary structure
of R1. When associative cooperativity is eliminated by
studying the binding of nucleotide ligands to the R1 dimer,
the heterotropic effect between substrate and effector is only
weakly positive, whether measured as the ratio ofKm to KS

C

(∼0.25-0.50) or KS
L to KS (∼0.5). This weak effect is in

marked contrast to the dramatic dependence of reductase
activity on the presence of the appropriate allosteric activator.
Both GDP and ADP reductase activities are increased at least
100-fold in the presence of saturating dTTP and dGTP,
respectively. As is clear from Scheme 1 and Table 2, both
dTTP and dGTP bind to the specificity site with almost
identical affinities and show almost identical selectivity for
R1 dimer over monomer. A comparable statement can be
made for the active site binding of GDP and ADP. Thus,
although neither the specificity nor the active site displays
nucleotide base specificity, as measured by binding affinity,
RR activity depends almost entirely on specific pairwise
interactions between the specificity and active sites (see, for
example, Figure 8). As pointed out earlier by Mazat et al.
(44), and now confirmed by the present work, the activation

FIGURE 9: R1 binding to biosensor-immobilized R2 in the absence or presence of effector. Data from Ingemarson and Thelander (32) fit
to eq 8 [absence of effector (2)] or eq 9 [presence of saturating (100µM) dTTP (O) or dGTP (b)]. Actual extrapolated stoichiometries
were 1.45 R1/R22 in the absence of effector and 1.8 R1/R22 in the presence of effector. Data were adjusted to extrapolated stoichiometries
of 2.0, assuming that the active R22 concentration was overestimated.
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resulting from these interactions arises primarily from effects
on Vmax rather than from effects on substrate binding.

Earlier workers have suggested the pairwise specificity
represents a through-protein interaction between the specific-
ity and active sites (7, 13, 42, 43), consistent with the
proximal placement of these two sites found more recently
in the X-ray crystal structure ofE. coli R1 (38). The
homotropic positive cooperativity displayed by both dTTP
and dGTP in their binding to R12R22 (Figure 4), which is
independent of effects on R1 dimerization or on R22 binding
to R12, indicates that effector binding induces a conforma-
tional change. This is consistent with the location of the
specificity site at the R1 dimer interface. The potential
importance of this conformational change for substrate
activation is suggested by our finding that activity data is
better fit by a model in which a single equivalent of bound
effector is sufficient for full activation of purine substrate
reduction. It may thus be that the higher affinity state for
effector binding corresponds to the high activity state for
substrate reduction.

Significance for Physiological Regulation. Here we present
the first clear evidence for homotropic cooperativity in
effector binding for an RR from any source. Our data further
suggest that a single equivalent of allosteric effector is
sufficient for full enzymatic activity. In addition, we show
that the susceptibility of dimeric mammalian R1 to dissocia-
tion gives the murine enzyme access to associative cooper-
ativity as a mode of allosteric regulation. As a result, changes
in the quaternary structure of mammalian R1 must be
explicitly considered in models accounting for its catalytic
and regulatory function. It may be that evolution has
endowed mammalian RR with such a broad array of
regulatory controls because of the stringent demands made
on its physiological function. This cytoplasmic enzyme must
rapidly and accurately respond to subtle changes in deoxy-
ribonucleotide pools located primarily in the nucleus. The
E. coli R1 dimer, which is in direct contact with cellular
deoxyribonucleotide pools, is much less susceptible to
dissociation (15), and so is unlikely to be regulated via
associative cooperativity. Associative cooperativity may
therefore be an evolutionary adaptation in RR that was
necessitated by cellular compartmentalization.
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