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ABSTRACT: Reduction of NDPs by murine ribonucleotide reductase (mRR) requires catalytic (mR1) and
free radical-containing (mR2) subunits and is regulated by nucleoside triphosphate allosteric effectors.
Here we present a new, comprehensive, and quantitative model for allosteric control of mMRR enzymatic
activity based on molecular mass, ligand binding, and enzyme activity studies. In this model, nucleotide
binding to the specificity site (s-site) drives formation of an activeR®: dimer, ATP or dATP binding

to the adenine-specific site (a-site) results in formation of an inactive tetramer, and ATP binding to the
newly described hexamerization site (h-site) drives formation of acti® Rlhexamer. In contrast, an
earlier phenomenological model [Thelander, L., and Reichard, P. (1®7®). Re. Biochem. 6771—

98] (the “RT” model) ignores aggregation state changes and mistakenly rationalizes ATP activation versus
dATP inhibition as reflecting different functional consequences of ATP versus dATP binding to the a-site.
Our results suggest that the §RPs heterohexamer is the major active form of the enzyme in mammalian
cells, and that the ATP concentration is the primary modulator of enzyme activity, coupling the rate of
DNA biosynthesis with the energetic state of the cell. Using the crystal structure &itreerichia coli

R1 hexamer as a model for the mR1 hexamer, a scheme is presented that rationalizes the slow isomerization
of the tetramer form and suggests an explanation for the low enzymatic activity of tetramers complexed
with R2. The similar specific activities of BR2, and RER2s are inconsistent with a proposed model for

R2, docking with R% [Uhlin, U., and Eklund, H. (1994Nature 370 533-539], and an alternative is

suggested.
Ribonucleotide reductases (RR&rm a family of allo- reduction @). The enzymatic active site, and all sites for
sterically regulated enzymes that catalyze the conversion ofallosteric ligands, are located on the R1 subunit.
ribonucleotides to"2deoxyribonucleotidesly, providing the In the well-accepted phenomenological model of Reichard

deoxynucleotide substrates that are essential for de novoand Thelander (refs, 3, and4, the “RT” model), binding
DNA biosynthesis. Class la RRs, which comprise all of effectors to two classes of sites accounts for allosteric
eukaryotic RRs as well as some from eubacteria, bacterio-regulation of ribonucleotide reductase. Binding to the
phages, and viruse$)( accept the four common nucleoside specificity site (s-site) dictates substrate selection, while
diphosphates (NDPs) as substrates, with enzymatic activityglobal enzymatic activity is determined by ligand binding

that is dependent upon the formation of a complex betweentg the activity site (a-site). The RT model rationalizes binding
two different subunits, R1 and R2. The R2 subunit contains gnd activity data for several class la RRs, providing a

a stable tyrosyl free radical that is necessary for NDP yaluable qualitative guide for predicting which activity will
be manifest under specific conditions. According to this
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Scheme 1: ATP and dATP Effects on Enzyme Aggregation chemicals (Irvine, CA). All other materials were of the

State and Activity highest available purity.
dGTP
_]_| g-[A:E [dNTP JATP (dNTP (dNTP Methods
A (R I\" ATP A ATP ATP - . i
1) —\K,,,K, -—W —W A The following methods were carried out at 25, except
.Y O @are (ATP as otherwise indicated, as described previousy): (deter-
]LK (slow) minations of protein and nucleotide concentrations and of
nucleotide purity; measurements and analyses of dynamic

i light scattering (DLS), sedimentation velocity (SV), and
m’f{ 1. sedimentation equilibrium (SE); and assays of dATP binding
- and enzyme activity. For the latter, all components of the
. reaction mixture were preincubated for 7 min prior to
: thhhss rte’zz?lc‘;”g?zdszagtfi"rzp'igg’iciﬁﬂ‘éixr:tsigﬁyssggse ;?é\flivendinsubstrate addition except as otherwise indicated. All enzyme
g:je;r: havg high activity, and tho%e in red have little or no activity. activity data are reported as the _average of dUp“(.;ate
The activity of R1ais not known (see the text), O, anda represent measurements: the average deviation, unless otherwise
the s-, a-, and h-sites, respectively. indicated. DLS experiments were carried out at23 °C.
All DLS data are reported as averages the standard
the regulation of RR. In previous work%), we focused on  deviation &10 determinations per point). R1 and R2
the mechanism by which specificity toward purine diphos- concentrations are reported as monomer, unless otherwise
phates is engendered, and developed a quantitative 16-statadicated.
model for s-site-mediated activation. In this model, both the  Multiangle Laser Light Scattering (MALLSMALLS
substrate and effector promote mR1 dimerization, giving rise studies were carried out at 22 3 °C using a DAWN DSP
to apparent heterotropic cooperativity. When these effectslaser photometer from Wyatt Technologies (Santa Barbara,
on dimerization are taken into account, specificity in substrate CA) (16). The instrument was used in the microbatch mode,
reduction is seen to result primarily from effects kg (an with samples being introduced into the flow cell via a 0.1
allosteric V-system) rather than from effects &, (an um filter using a syringe pump. Maximum stable scattering,
allosteric K-system). This result underlines the importance collected at all 17 angles, was achieved within 2 min of
of quaternary structure for the allosteric regulation of mRR, sample preparation. Scattering data were analyzed using the
something which the RT model totally ignores. ASTRA software (Wyatt Technologies) that was supplied
Here we extend our scope by formulating the more generalwith the instrument. Relative weight-averaged molecular
model, shown in Scheme 1, that accounts quantitatively for masses were determined by extrapolation of Debye plots of
the modulation of RR enzymatic activity toward all four NDP  R(6)/K*c versus sii60/2) to zero angle, wher@ is the
substrates by ATP and dATP, and further demonstrates thescattering angleR(0) is the excess intensity)(of scattered
centrality of ligand-dependent changes in R1 quaternary light at that angleg is the concentration of the sample, and
structure for mRR regulation. In formulating this model, we K* is a constant equal ta#n?(dn/dc)?/A¢"Na (nis the solvent
were cognizant of earlier studies showing that both ATP and refractive index, d/dc is the refractive index increment of
dATP promote the formation of high-molecular weight R1 the scattering samplé, is the wavelength of scattered light,
species 4, 11-13). The main features of Scheme 1, which andNa is Avogadro’s number)1©).
is based on the molecular weight, ligand binding, and activity
studies presented below, are as follows: (1) ATP or dATP Buffers

binding to the s- and a-sites drives formation of,Rhd MALLS and DLS Experiment®uffer B was 50 mM
R1, respectively; (2) Rilexists in two, slowly equilibrating, 1 qroxyethyl)piperazineethanesulfonic acid (HEPES) (pH

conformations, Rk and Rly, with the latter predominating 6), 25 mM DTT, 10 mM KCI, 10 mM MgGl and 7 mM
at equilibrium; (3) ATP binding to a newly described h-site 4. ’ ’

drives formation of Rg and (4) the R2complexes of both SV and SE ExperimentBuffer C was 50 mM Tris-HCl

R1; and R} are enzymatically active, whereas the;R2 (pH 7.6), 10 mM KCl, 10 mM MgG}, 25 mM -mercap-

complex R, has I|tt|_e activity. ) ] . toethanol, and 7 mM NaF. Fe(Qb0 «M) was added to the
Our results make it clear that the properties attributed in p ter in samples containing R2.

the RT model to the “activity site” mistakenly conflate the

properties of two sites: one that binds both ATP and dATP b

and promotes the formation of an R1 tetramer with low

enzymatic activity toward all four NDP substrates, and the gquations for Cure Fitting

h-site. We rename the former as the “adenine site”, which,

abbreviated as the “a-site”, maintains an apparent consistency Equations used for curve fitting are presented in Tables 1

within the literature. (equilibrium constants and conservation, egsll) and 2
(measurements, eqs 127).

In dNTP binding and enzymatic agity experiments
uffer B was supplemented with M FeCl.

EXPERIMENTAL PROCEDURES
Equilibria and Conseration

Materials —_— _ )
Equilibrium ConstantsSeven equilibrium constants define

Recombinant mR1 and mR2 were prepared as describedhe relationships between the various species in Scheme 1
previously (5). [*H]dATP was purchased from ICN Radio- (eqs 1-7). In these equations, L refers to dTTP, dGTP,
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Table 1: Equations for Equilibrium Constants and Conservation
equilibrium constants

KL = (2[RLI[LD/[R1 L] = (0.5[RLLI[L]/[RL ;L] (b
Ka = (4[RLLIAN/RL ,.LAT = (0.25[RLLA'JA]/[RL ,.LA ], wherei = 0—4 )
Kar = (B[RILA'IIAN/IRL LA A" = (1R1LAA"SA)/[RL LA A", wherei andj = 0—6 3)
K, = [R1]%[R1,)] (4)
K, = [R1,]¥[R1,] = [RL,L,J/[R1,.L,] (5)
Ky = ([R1,][R1,])/[R1] (6)
Kis = [R1,J/[R1,] @)
definitions

o= [LYV/K; p = [Al/Kar; v = [Al Kar; o, Be, @andy. are defined equivalently for a competitive ligand

conservation of R1with varying [ATP] or [dATP]
in the absence of a competing ligand

[R1]; = [R1], + 2[RL], + 4[RL], + 6[R], (8a)

[R1], = [R1] (8b)

[R1,),= 2 [RL,L] = [RLI(1 + &) (8¢c)
) - g 4 4

[R1,], = [R1,]; + [Rly) = ; J;[R14aLiA'j] + ; J;[R14bLiA'j] =[RLJ(1 + KL+ o)1+ B) (8d)
L e o N 6 6 6

[R1g], = ; ]; ZO[RleLiA A" =R + )L+ AL+ ) (8e)

in the presence of dTTP or dGTP

[R1]; = [R1] + [RLI(1 + o + a)® + [RLJ(1 + KJ@L + a + a)* L + B)* + [RLJ(1 + a + )L + B)°A + »)° (9a)
in the presence of a saturating [dTTP] or [dGTP]

2 3
[Rl,itLZ] (L+KJL+p) + [R:jt:] L+ A%+ )

in the presence of a competing ligand for s-, a-, and h-sites

(90)

[R1]; = 2[[R12L2] +

[R1]l; = [R1] + [RL]A + a + o) + [R1,J1 + KA + o+ )1+ B+ f* + [RIJA + o+ o)X + f + B°(A+ y + 7)°

conservation of dATP (10)

2 4

4 6 6 6
Al;=1[A] + Yi[RLL] + Z Z(i +DIRL LA+ K + Z Z Z)(i +] + KRILAA"] (11)
1= 1I=0 |= 1I=0 |=0 k=

dATP, or ATP and A refers to ATP or dATP. There are R1 Conseration. For ATP and dATP titrations, [R1]is
three different allosteric sites. Ligands occupying the s-, a-, given by four equations, depending on the circumstances of
and h-sites site are unprimed (L), primed )Aand double- the experiment. Equations 8a apply when ATP or dATP
primed (A"), respectively. The dissociation constaitsKa, is added alone; eqs 9a and 9b apply in the presence of dGTP
andK,- describe ligand affinity, with the following assump- or dTTP, and of saturating dGTP or dTTP, respectively, and
tions: (1) s-site binding occurs to the dimer, both tetramers, eq 10 applies when ATP and dATP are both present.

and the hexamer with the same dissociation congtan2) Nucleotide Consestion. Except for dATP, measurements
a-site binding occurs to both tetramers and the hexamer withwere always taken at nucleotide concentrations that were
the same dissociation constagt; (3) h-site binding occurs  sufficiently high that free and total ligand concentrations were
only to the hexamer with the dissociation const#ag. equal. The free dATP concentration at low total dATP
Allowing a-site binding to dimers and h-site binding to both concentrations is given by eq 11.

dimers and tetramers gave values for dissociation constantdVleasurements

that were extremely high, so such binding can be safely DLS.Masses measured by DLS were fit to eq 12, using
ignored. Three other constanté( K;, andKy,) describe R1  the values for [R%] [R12];, [RL]:, and [RE]; given in egs
oligomerization. FinallyK;s defines tetramer isomerization. 8a—e, 9a, or 9b, as appropriate.
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Table 2: Equations for Measurements

DLS measurements

90 kD
Mobsa= [R—l]a([Rl]t + 4[R1]; + 16[RL]; + 36[R1) 12)
T
dATP binding
in the absence of a competing ligand
2 4 4 6 6 6
[Al, = Zi[RlzLi] + Z Z(i +DIRLLA I+ Ky + Z Z Z»(i +j + KRLLAA"] (13)
= i=0 |= i=0 =0 k=

in the presence of competing dGTP (G)
2-j 2 4-j 4 4 6-j 6 6 6
[Al, = Z Zj[RlzGiLj] + Z Z Z»(j +KIR1LGLA 1 + K + Z Z Z Z(j +k+D[RLGLAA"] (14)
1=0 |= 1I=0 |=0 k= i=0 |=0 k=0 =
in the presence of competing ATP (dAFPdA; ATP = A)

2 24 a-i

4 4 4-k
[dA], = Z Zi[RlsziAj] + Z Z Z(i + KR JAA A A (1 + K +
1I=0 |= 1I=0 =0 k=0 [=

6—i

6 6 6-k 6 6-m
Z Z Z Z ZO Z:(i + k+ mIRIAAADA/A DA A" (15)
i=0 |=0 k=0 =0 n=0 n=

enzyme activity
UDP reductase

a2+ o) Ky(1 + Kig) + (kg + Ky Ki B2 + ) (kp F kN2 + )
| HeT PAI O
TR (L+KI(+ Py Ry [Rld‘] uo
ADP, GDP, or CDP reductase
1 Ky(1 + Kig) + (kg T KyKidB(2 + B) (Kgp T k)2 + )
—_ I 6
BT R (L+KI(@+ Py Ry [Rldt] o

dATP Binding.R1-bound dATP concentrations were fit ployed calculations at 200 equally spaced values of the
for measurements made (a) in the absence of other nucleindependent variable, except that 10 000 equally spaced
otides (eq 13), (b) in the presence of dGTP (eq 14, where Gvalues were employed in fitting the dependence on dATP
refers to dGTP), or (c) in the presence of ATP (eq 15, where concentration of R1 DLS (Figure 3) and CDP reductase
A refers to ATP and dA refers to dATP). (Figure 9). Fitting of DLS and rate data as functions of either
RR Actbity. Reductase activities, performed at saturating ATP or dATP concentration required graphical solutions of
concentrations of [R2 and substrate, were measured as sixth-order equations. dATP binding data were fit using an
functions of either ATP or dATP concentratiotDP iterative, self-consistent approach. Details of these procedures
reductase activity was fit to eq 16. ADP and GDP reductase are available as Supporting Information.
activities were determined in the presence of saturating dTTP
or dGTP, under which conditions the equation for enzyme RESULTS
activity simplifies from eq 16 to eq 17. CDP reductase . .
activities were also fit to eq 17, based on the observation of ATP Induces Formation of R1 Dimers, Tetramers, and
appreciable CDP reductase in the absence of an s-site ligandfi€xamers

i.e., the R2 complex of the R1 dimer with the s-site empty ~ ATP effects on R1 oligomerization were measured by
is enzymatically active. Terms in RZand substrate are  p|S, SE, and SV experiments. As shown by DLS measure-
omitted for simplicity, and rate constarks Kia kan, andky ments carried out at [Ri}= 7 uM (Figure 1), ATP induces
are per monomeric R1 subunit. Equations 16 and 17 R1 hexamer formation (molecular mass of 540 kDa). Weight
incorporate three important assumptions. First, that full ayerage molecular masses corresponding to the R1 dimer
activation of the R1 dimer results from binding to one s-site (180 kDa) and tetramer (360 kDa) are reached at ATP
per dimer of the appropriate allosteric effector, evidence for concentrations of 200 and 400M, respectively, with
which has been presented previousl¥)( Second, as with  vjrtually full conversion to the hexamer (540 kDa) requiring
the s-site, binding to one a-site or h-site per R1 dimer confers 1—2 mm ATP.
the characteristic activity on both R1 subunits. The third is  ATp.induced formation of the hexamer was also shown
that the enzymatic activities of tetramers and hexamers arepy SE experiments (data not shown, Supporting Information).
dependent on the nature of both a-site and h-site occupanciesat  mm ATP, R1 sediments exclusively as a hexamer, with
respectively (see the Discussion). a molecular mass of 545 5 kDa. By contrast, in the absence
of ATP, R1 sediments as an equilibrium mixture of the
monomer and dimer, with an apparent dissociation constant
DLS, activity, and binding data were fit using Igor Pro of 1073202 M, in reasonable accord with our previous
3.16 (Wavemetrics, Oswego, OR). Simulated curves em- estimate [103803 M (15)].

Curve Fitting Procedures
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Ficure 1. Dependence of R1 molecular mass on [ATP], as Ficure 3: Dependence of R1 molecular mass on nucleotide
measured by DLS. [R1F 7 uM. The solid line shows the best fit  triphosphate concentration as measured by DLS. [dATP]: [R1]
using egs 8ae and 12. 7.3 @) and 8.0uM (O). The solid line shows the best fit using eqs
8a—e, 11, and 12. [UTP]4), [dTTP] (a), [GTP] (V), or [dGTP]
A (v): [R1] = 10 uM.

2B), corresponding to full hexamer formatiénthat full
hexamer formation at-12 mM ATP requires a higher R1
— 04 concentration in the SV experiments than in the DLS
- 13 experiments may reflect R1 concentration gradient formation
S, during sedimentation, with attendant dissociation in regions
of lower concentrations. Pressure-induced dissociation may
also be a factor. Finally, addition of R® a predominantly
hexameric R1 solution increases the meassnaue of the
m e dominant species in solution to 23 S and broadens the peak,
00 RS with virtually all protein sedimenting between 17 and 30 S,
2 30 and little protein sedimenting below 15 S (Figure 2B). This
result demonstrates that RRinds to R} without inducing
R1s dissociation.

0.3 (ATP] (mM)
B

0.2 —

g(s*) (fringes/Svedberg)

0.1

dATP Induces Formation of R1 Dimers, Tetramers, and,
to a Small Extent, Hexamers

Like ATP, added dATP induces R1 aggregation as
measured by DLS, with the difference that dATP concentra-
tions required for dimer and tetramer formation are much
lower (2 and &M, respectively) (Figure 3). There is a long
plateau region (26300u4M dATP) at an apparent molecular
mass (385 kDa) that is somewhat larger than that expected
for the R1 tetramer and a gradual increase 485 kDa, as
! ' ' ' the dATP concentration is increased to 10 mM. These latter

s* (Svedbergs) results reflect a small amount of hexamer formation, the
FIGURE 2: SV determination of R1 molecular mass. (A) [R%] extent of which is increased at very high dATP concentra-
8.2 uM with a varying ATP concentration. (B) R& 8.2 M, and tions. dATP-induced R1 tetramer formation is also demon-

g{s™) (arbitrary units}

[ATP] = 2 mM (— — —). [R1] = 31 uM, and [ATP]= 2 mM strated by an SV experiment (data not shown) in which
(). [R1] = 7 uM, [ATP] = 10 mM, and [R2]= 11.7uM (). addition of 1 mM dATP leads to a clear peak centered at 16
S.

The dependence of R1 SV on ATP concentration (Figure o ) ) o
2A) clearly demonstrates the sequential formation of the SPecificity of Ligand-Induced R1 Oligomerization

dimer, tetramer, and hexamer. In experiments carried out at Ragyits of surveying a variety of ligands for their abilities

8 uM R1, thes value of the dominant peak increases from . inquce R1 oligomerization, as measured by DLS, are
6.9 S, observed in the absence of added ATP and corre-

) ) summarized in Table 3. These results, coupled with the
sponding to the monomer, t9 S in the presence of 200  eqits presented in Figure 3, lead to two important conclu-
uM ATP, corresponding to substantial dimer formation. It g;5ne First, while dATP is unique in inducing tetramer
continues to increase with increasing ATP concentrations, ¢,rmation at low concentrations<(.0 M), a number of other
passing through 17 S corresponding to tetramer, a@00
and reaching a value of 19.5 S, reflecting a mixture of the

tetramer and hexamer, at 2 mM ATP. Increasing the R1 2 Using ansvalue for the R1 monomer of 6.9, and assuming different
’ ’ oligomeric forms of R1 have similar globular shapes, allows calculation

concentration to 3kM yields a species sedimenting with  4f's values for the dimer, tetramer, and hexamer of 10.9, 17.4, and
ansvalue of 23 S in the presence of 2 mM ATP (Figure 22.8, using the relationshig/s, = (Mi/M2)?3 (17).
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Table 3: Effects on R1 Apparent Masses

apparent mass apparent mass

added compd (kDay added compd (kDay
5.0 mM PQ 85 4.3 mM ADP 332
4.1 mM AMP 162 5.0 mM EOqo 160

5.0 mM ROy 88 5.0 mM ddATP 468

@ As measured by DLS, [R1F 10 uM.
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Ficure 4: (A) dATP binding to the R+R2 complex in the absence
of other ligands ©), overlaid with DLS dataM) reprised from
Figure 3. The inset shows binding data plotted in Scatchard form.
[R1] = 5.6 uM, and [R2] = 13 uM with a varying dATP
concentration. The solid line shows the best fit using egse8a
11, and 13. (B) dATP binding to the RR2 complex in the
presence of competing dGTH)Y and ATP Q). [R1] = 5.6 uM.

[R2] = 30 uM. [dATP] = 21.4uM with a varying dGTP or ATP
concentration. dGTP competition data was fit using eqs 9a and 14.
ATP competition data were fit using eqs 10 and 15, giving fitted
values ofK, for dGTP (1.4+ 0.1uM) and ofK, (40 + 8 uM) and

Ka (90 £ 16 uM) for ATP. All points are the average of duplicate
measurements: the average deviation.

T
3000

1
4000

ligands, in addition to ATP, do induce at least partial tetramer
formation at higher concentrations, including dTTP, dGTP,
UTP, GTP, ADP, and ddATP. Second, ATP is unique in its
ability to induce virtually full R1 hexamer formation at a
concentration of £2 mM. Of the other ligands that were
tested, only dATP and ddATP show any evidence of being
able to induce hexamer formation, but for each of these,
concentrations>5 mM would be required for full hexamer
formation. Interestingly, even added AMP or inorganic
tripolyphosphate is able to induce dimerization.

dATP Binding to the R1R2 Complex

dATP binds to two high-affinity sites per R1 monomer in
the presence of saturating Rg&ee below), corresponding
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Ficure 5: Dependence of dTTP-dependent GDP reductase and R1
molecular mass on ATP concentration. All solutions contained 300
uM dTTP, 100uM GDP, and varying ATP concentrations as
shown. Solutions for measuring GDP reducta3pdlso contained
1.2uM R1 and 2.0uM R2. Each point is the average of two to
eight measurements the average deviation. Solutions for measur-
ing the molecular mass of R1 by DL®) also contained 5.ZM

R1. The two data sets were fit simultaneously using eqgs 9b, 12,
and 17.

T
8000

T

2000 10000

to the s- and a-sites (Figure 4A). Overlaying the binding data
in Figure 4A with the DLS data from Figure 3 demonstrates

clear correlations between dimer and tetramer formation and
the binding of the first and second dATP equivalents,

respectively. In agreement with Reichard et 4), addition

of a saturating amount of dGTP leads to a loss of one dATP
binding site (the s-site) per R1 monomer, whereas ATP
competes for both s- and a-sites (Figure 4B).

ATP Effects on RR Acity

GDP and ADP ReductasdJsing the standard enzyme
activity assay conditions described in Experimental Proce-
dures, dTTP-dependent GDP reductase specific activity
displays a biphasic dependence on ATP concentration, falling
from 0.28 to~0.09 s as the ATP concentration is increased
to 800uM, and then rebounding as the ATP concentration
is further increased, reaching a plateau value of 0:2%&6
5—10 mM ATP (Figure 5). Overlaid with the activity results
are the results of DLS experiments performed under the same
conditions as the activity assay, except lacking.Rhese
results provide strong support for two important aspects of
Scheme 1.

First, they clearly demonstrate ATP binding to two
different sites on R1 in addition to the s-site to which dTTP
is bound, constituting the first strong evidence for three
allosteric sites on R1. The reasoning here is as follows. The
biphasic character of the curve constitutes evidence for ATP
binding to two sites. However, since dTTP binding to the
s-site is essential for GDP reduction, the high concentrations
of ATP that activate GDP reduction must be insufficient to
displace dTTP from the s-site (also, see below). Therefore,
ATP binds to two allosteric sites in addition to the s-site.

Second, the range of ATP concentrations giving first
inactivation and then activation of GDP reductase strongly
overlaps the range of ATP concentrations leading to R1
tetramer and hexamer formation, respectively, clearly linking
R1 tetramer and hexamer formation to the loss and regain
of enzymatic activity. R1 is a dimer in the presence of 300
uM dTTP (15). From the shape of the activibATP
concentration curve, it is clear that the R@®mplexes of
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Ficure 6: Dependence of dGTP-dependent ADP reductase and
dGTP binding on ATP concentration. All solutions contained 0.86
uM R1, 6.2uM R2, 2.1uM [3H]dGTP, 350uM ['C]ADP, and
varying ATP concentrations. Levels of ADP reductas® énd
dGTP binding @) were determined on aliquots taken from the same
solution. Activity data are fit using eqs 9b and 17.
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both the R1 dimer and hexamer have similar activities,
whereas the RZomplex of the R1 tetramer has considerably
lower activity. Interestingly, comparison of the DLS data in
Figures 1 and 5 shows that an approximately 5-fold higher o T T T T T T

concentration of ATP (510 mM) is needed to induce full 0 500 1000 1500 2000 2500 30C0

. . [ATP] (uM)
R1 hexamer formation when measurements are carried out

: : . Ficure 7: Dependence of pyrimidine diphosphate reductase and
in the presence of dTTP and GDP, i.e., under conditions R1 molecular mass on ATP concentration. (A) All solutions

paralleling those used in activity assays. contained 1 mM CDP and a varying ATP concentration as shown.
dGTP-dependent ADP reductase also shows inhibition by Solutions for measuring CDP reductag® élso contained 1.2M
ATP up to a concentration of 578M (Figure 6). This R1 and 2.0uM R2. Each point is the average of two to eight
experiment was conducted at a limiting dGTP concentration, tmheasurlem?nti the a‘f’eFE‘?‘ng dg‘lig“onl- SO'“t'tor.‘s fé’r Tﬂe;slunng
corresponding to just under half-saturation of the s-site, to (B§ éno?ueti%ungrfcr)rr]ﬁza%uring SDP reéﬁc?gs;)ogoﬁgeineg 1-6”\4.
provide a direct test of whether ATP displaces dGTP from R1, 6.6uM R2, 8104M UDP, and a varying ATP concentration.
the s-site. As little if any such displacement occurs, ATP Solutions for measuring the molecular mass of R1 by DI (
inhibition of ADP reductase cannot be due to displacement contained %M R1, 1 mM UDP, and a varying ATP concentration.
of dGTP from the s-site. Since dGTP and dTTP have very The two data sets in panel A were fit simultaneously, using eqs
. . . . . 8a—e, 12, and 17. The data sets in panel B were fit simultaneously,
S|.m|lar affmmgas for thg s—S|teq(5), the results d'epl_ct.eld N Using eqs 8ae, 12, and 16.
Figure 6 provide additional evidence that ATP inhibition of
GDP reductase (Figure 5) is also not a consequence ofmM ATP, the steady-state parameters for CDP reduction
displacement of dTTP from the s-site. show a much reduceld, (2.0 + 0.3 M) and an increased
CDP and UDP Reductas€DP is the only one of the k., (0.30 £ 0.02 s?) vis-avis no added ATP (data not
four ribonucleoside diphosphate substrates that is reducedshown).
by RR with a significant activity, even in the absence of = UDP reductase also shows a similar triphasic dependence
allosteric effectors, with &y of 1204 40 uM and akca; of on ATP concentration (Figure 7B), and the overlay with the
0.047+ 0.005 s* (data not shown). CDP reductase specific results of DLS experiments again demonstrates the correla-
activity has a triphasic dependence on ATP concentration, tion between R1 dimer, tetramer, and hexamer formation and
increasing to 0.263 as the ATP concentration is increased increased, decreased, and re-increased activity, respectively.
to 0.2 mM, falling to 0.16 s* with a further increase in ATP  In the presence of 3 mM ATP, thé&, (6.4 + 1.5uM) and
concentration to 1 mM, and increasing again to 0.29as Keat (0.254 0.02 sY) values for UDP reductase are similar
the ATP concentration is increased to 4 mM (Figure 7A). to those obtained for CDP reductase (data not shown).
This behavior is fully consistent with Scheme 1. Activation
at low ATP concentrations is due to an increased level of JATP Effects on RR Actty
R1 dimer formation on ATP binding to the s-site, and the = GDP and ADP Reductas@lATP inhibits both dTTP-
subsequent loss and regain of activity as the ATP concentra-dependent GDP reductase and dGTP-dependent ADP reduc-
tion is increased further parallels the GDP reductase resultstase at similar concentrations (Figure 8). Overlaying the
(Figure 5). As in Figure 5, the activity results are overlaid activity data with the results of DLS experiments performed
with the results of DLS experiments performed under the in the presence of a saturating amount of dTTP shows a clear
same conditions as the activity assay, except lacking R2 correlation between the loss of activity and tetramer forma-
This overlay shows a clear correlation between R1 dimer, tion.
tetramer, and hexamer formation and increased, decreased, CDP and UDP ReductaseCDP reductase shows a
and re-increased activity, respectively. In the presence of 3biphasic response to increasing dATP concentrations, being

(eqy) ssepy Jejnosjop waseddy
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Ficure 8: Dependence of dNTP-dependent purine reductase andFGURE 10: Preincubation effects on dTTP-dependent GDP reduc-
R1 molecular mass on dATP concentration. Solutions for measuring fase. Reaction mixtures containing L@ R1, 2.04M R2, and

GDP @) or ADP (O) reductase contained 2.0 R1, 20uM R2,
100uM dTTP, and 1 mM GDP or 1.2M R1, 4.8uM R2, 2.1uM
dGTP, and 350uM ADP, respectively, and a varying dATP

300 uM dTTP were preincubated for the times shown, in the
absence of added nucleotide triphosph&tedr in the presence of
0.5 mM ATP ), 10 mM ATP (a), or 20uM dATP ([@). The

concentration. Solutions for measuring the molecular mass of R1 feaction was initiated on addition of 7QtM GDP, after which

by DLS (@) contained 6.uM R1, 0.98 mM dTTP, and a varying

GDP reductase was determined in the usual manner. For the ATP-

dATP concentration. Each reductase data set was fit using eqs 9bjUmp experiment ¥), preincubation was carried out at 0.5 mM

11, and 17. DLS data were fit using eqs 9b, 11, and 12.
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Ficure 9: Dependence of pyrimidine diphosphate reductase on
dATP concentration. Solutions for measuring CDP reductage (
contained 1.«M R1, 4.0uM R2, 1.1 mM CDP, and a varying
dATP concentration. Data were fit using eqs—&a 11, and 17.
Solutions for measuring UDP reducta#® ¢ontained 1.3(M R1,
5.6uM R2, 820uM UDP, and a varying dATP concentration. Data
were fit using eqs 8ae, 11, and 16.

activated by low dATP concentrations, corresponding to the
binding of dATP to the s-site, followed by inhibition at higher
dATP concentrations, corresponding to dATP binding to the

ATP for 7 min, after which the solution was brought to 10 mM
ATP (addition indicated by arrow) and preincubation was continued
for additional times prior to addition of 700M GDP. Shown are
total incubation times prior to substrate addition. Data for the
experiments carried out in the absence of added nucleotide
triphosphate or in the presence of 10 mM ATP were fit with a
first-order rate constant of 0.0260.005 s for ATP-independent
inactivation of enzymatic activity. Data for the experiment carried
out in the presence of 0.5 mM ATP were fit to two parallel first-
order rate constants, 0.026'sxs described above and 0.240.03

s 1 for ATP-dependent inactivation of enzymatic activity. Data for
the ATP-jump experiment were fit to a first-order rate constant of
0.184+ 0.14 s

reductase activities of RRLE). The DLS results in Figure 3
prompted us to investigate whether the dTTP- and dGTP-
induced formation of R1 tetramer had any consequence for
GDP and ADP reductase. Little or no change was found for
either assay over the range of 83 mM (data not shown).
Even increasing the concentration to 10 mM caused only
modest decreases in activity (17% for dTTP-induced GDP
reductase and 46% for dGTP-induced ADP reductase) which
could well be due to competition for substrate binding.

R1, Isomerization and the Effect of Preincubation on ATP
Inhibition of GDP Reductase

Measurements of reductase activity, as presented in Figures

a-site (Figure 9). These two phases thus resemble what i%—g, were obtained using the standard assay, in which all

found for the first two phases of the response of CDP
reductase to increasing ATP concentrations (Figure 7A)
except that they occur at a very much lower1Q0-fold)

dATP concentration, corresponding closely to the dATP
concentrations required for Rand R formation (Figure

3). In addition, the maximum observed velocities are clearly
lower. However, unlike ATP, no activation is seen on further
increasing the dATP concentration to as high as 1 mM. A

similar biphasic pattern is seen for UDP reductase as a

of the reaction components except substrate are preincubated
for 7 min prior to initiation of the reaction with substrate.
Shown in Figure 10 is the effect of varying the time of
preincubation (6-15 min) on dTTP-dependent GDP reduc-
tion, in the absence of ATP and at ATP concentrations equal
to 0.5 and 10 mM. Under the first and last of these
conditions, R1 is in the form of a dimer and hexamer,
respectively, whereas 0.5 mM ATP gives close to the
maximum amount of tetramer (Figures 1, 2A, and 5).

function of dATP concentration (Figure 9), but the activation ayhough activity falls as a function of preincubation time
phase is more pronounced, since RR has no UDP reductasg, 5| three conditions, the rate of activity loss is much faster

activity in the absence of ATP or dATP.

dTTP and dGTP Effects on RR Adty

at 0.5 mM ATP. We interpret these results as an indication
that there are two inactivation processes. The slower one,
which we term ATP-independent inactivation, is present

Earlier, we showed that dTTP and dGTP concentrations under all three conditions, has a first-order rate constant of

of 10uM were sufficient to fully activate the GDP and ADP

0.026+ 0.005 mint, and may arise from effects of the R2



470 Biochemistry, Vol. 41, No. 2, 2002

relative GDP reductase

] T
0 1 2 3 4 5 6
[R2]; (uM)

Ficure 11: Dependence of dTTP-dependent GDP reductase pn R2
concentration. R2 was added in the amounts shown to300
dTTP, 10 mM ATP, and either 12M R1 (O) or 3.6uM R1 (m).

All of the data were fit to eq 18 either treatimgas a parameter to
be fit [yieldingn = 2.6 + 0.3,Kq = 96 & 46 nM (—-—)] or setting

n equal to 3 Kq =66 + 36 nM (—)] or 2 [Kq = 145+ 48 nM
(=—-)l

tyrosyl free radical. The faster process, which we term ATP-
dependent inactivation, only comes into play at 0.5 mM ATP,
and has a first-order rate constant of 0240.03 mint.
Also shown in Figure 10 are the results of an “ATP-jump”
experiment. Here, preincubation was carried out at 0.5 mM
ATP for 7 min, and a sample aliquot was withdrawn for

Kashlan et al.

Stoichiometry of R2Activation of R%

To determine the stoichiometry of R2eeded for full
activation of the R1 hexamer, formed in the presence of 10
mM ATP (Figure 5), we measured the dependence of dTTP-
dependent GDP reductase activity on the Bé@hcentration
at two fixed R1 concentrations (Figure 11). The results
obtained were fit to eq 18, in whic¥ is the velocity at a
saturating R2concentration. Equation 18 is derived assum-
ing that (a)n R2, dimers are bound per R1 hexamer with a
single intrinsic dissociation constarig, and (b) observed
enzyme activity,v, is proportional to the number of R2
dimers bound per R1 hexamer. Best fit values were obtained
for ann of 2.6 + 0.3 and aKy of 96 + 46 nM. As shown,
reasonable fits to the data were also obtainedikre fixed
at 3 or 2, giving aKy value of 66+ 36 or 145+ 48 nM,
respectively. On the other hand, mof 1 gave much poorer
fits (data not shown).

oV
2n[R1],

Ky + R, — [R2,]1)2 + 4K R2,]] (18)

[Kq+ n[R], + [R2), +

Earlier, we determined &4 for R2; activation of the R1
dimer, formed in the presence of dTTP and GDP, off21
14 nM (15). This value is within experimental error of that

assay. The remaining reaction mixture was brought to 10 determined assuming am of 3. Combining both sets of

mM ATP, and aliquots were assayed over time. Assay prior
to the ATP jump gave the expected large activity loss,
whereas following the jump, activity increased over an 8
min period to that expected for a 15 min preincubation with
10 mM ATP. The rate constant for the reactivation of
reductase was estimated to be 0480.14 mir?, within

experimental error of that for ATP-dependent inactivation.

These results provide the basis for the inclusion of the
reversible isomerization of R1to R, in Scheme 1. On

the basis of the rate constants presented above, the net rat

constant for R3,—R1y, equilibration is~0.2 minm?®. Ac-
cording to Scheme 1, enzymatically active,R4 rapidly
converted to active Rlvia Rl This was shown directly
by a MALLS experiment (data not shown) demonstrating
that R% formation is complete irk2 min on addition of 5
mM ATP to a reaction mixture containing #M R1 and
300uM dTTP. At 0.5 mM ATP, the equilibrium concentra-
tion of Ry, which has very low specific activity, is
considerable. As a result, during a preincubation period of
7 min (approximately two half-lives for R3-R14, equilibra-
tion), R1, accumulates at the expense of;Rhd R, and

activity decreases. By contrast, in the absence of preincu-

bation, R, has no time to accumulate, and activity remains
high. As the equilibrium concentration of Rls very low
either in the absence of ATP or in the presence of 10 mM
ATP, preincubation has little effect on activity, except for
ATP-independent inactivation.

In contrast to the ATP effects, the activity loss resulting
from addition of 20 uM dATP is rapid, showing no

results, we consider the most likely fully active form of
enzyme at a high ATP concentration (10 mM) to be the
heterohexamer, RR2, although we are unable to rule out
fully active forms of the enzyme having an R2:R1 ratio of
somewhat less than 1. Previously, Ingemarson and Thelander
(18) determined an R2:R1 binding stoichiometry of 1.3 at 5
mM ATP, using a biosensor technique with immobilized R2.
We take this value to be an upper limit, since some
inactivation of R2 on immobilization is possible.

BiscussION

Scheme 1 provides a simple yet complete framework for
understanding the apparently complex modulation of RR
enzymatic activity by ATP and dATP, as demonstrated by
our ability to fit data collected in a wide variety of
experiments with a limited number of parameters. Below,
we first consider the evaluation of pertinent equilibrium and
rate constants and go on to discuss the implications of the
values obtained for (a) sitesite interactions within mRR
and their consequences for enzymatic activity and (b) in vivo
activity of mRR. We conclude with consideration of a
structural model that rationalizes specific features of Scheme
1.

Evaluation of Equilibrium and Rate Constantstting the
results in Figures 1 and-3 to eqs 12-17, generated from
Scheme 1, required evaluation of the seven equilibrium
constants defined by eqs-X (Table 1). Of these, only one,
Ko, had a marked dependence on the presence phaging

values of 170 and &M in the absence and presence of

dependence on the time of preincubation prior to substrate(saturating) R2 respectively, as determined previouslp)

addition. This indicates either that RT R 14, equilibration

All other equilibrium constants were evaluated assuming that

is more rapid in the presence of dATP than in the presencethe presence of Rhad no effect, with one minor exception,

of ATP or else that the R2complex of R, has little
enzymatic activity (see the Discussion).

noted below. Thus, for example, single values for each of
the K., Ka,, andKa» constants describing ATP binding in
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Table 4: Dissociation ConstantgN]) for ATP and dATP

ligand no addition with dTTP and GDP with dGTP and ADP with CDP with UDP
ATP Ko 94+ 2 - - 25+1 44+ 1
61+1
Kar 94+ 2 140+ 10 110+ 10 300+ 10 210+ 10
160+ 10
Ka~ 1100+ 100 4200+ 100 not determined 1806 100 1200+ 100
2200+ 100
Figure 1 5 6 7 7
dATP Ky 1.1+ 0.2/0.94+ 0.01 - - 0.66+ 0.02 0.9+ 0.1
Kar 1.1+0.2/2.3+0.1 0.964 0.01 (1.7 0.1y 0.7+0.3 0.30+ 0.01 0.28+ 0.03
Figure 3/4A 8 8 9 9

a Fitted values shown are for assumption I; values in bold are for assumption Il which differ from those calculated for assumptit%by

bNo added GDP.

the presence of CDP gave adequate fits to both the DLSTable 5: Reductase Rate Constants)fs

(without R2) and activity (with R3) results (Figure 7A).

Our results indicate little accumulation of R1in any of
the reported experiments, so we were unable to estikaate
As a result, fitting calculations were carried out for each of
two limiting assumptions: (l) that both tetrameric forms have
low activity (ksa = kap), Which would be consistent with the
rapid activity loss seen on addition of dATP (Figure 10), or
(1) that R1y, displays full enzymatic activitylsa = (kg +
kn)/2]. As defined,K;, K, andKjs are independent of R1

ligands, and consistent with these definitions, all of the data

in Figures 1 and 39 could be adequately fit with single

rate constant GDP ADP CDP UDP
Kg 0.28 0.18 0.290.25 0.16/0.08
Kard 0.028 0.008
0.022 0.006
kqP 0.25 N> 0.30 0.26

a Fitted values shown are for assumption I; values in bold are for
assumption Il which differ from those calculated for assumption | by
>10%." Values in the presence of ATPValues in the presence of
dATP. 9 Values are the same in the presence of ATP or dATVot
determined.

Site-Site Interactions within mRR and Their Conse-

values of each of these constants. These values, which wergjuences for Enzymatic Actiy. Three publications have
different for assumption | and assumption 1 (in parentheses), recently appeared in which allosteric effector binding to

were as follows:K; = 2.0+ 0.1 mM (5.9+ 0.1 mM), Kj
=6+ 1uM (1.7 £ 0.1 uM), andKjs = 10 (40)3 Despite
these differences, it is clear that, at equilibrium, the overall
distribution of R1 among the major species in solution is
essentially the same for assumptions | and Il, since]iR1
[R14] is equal toKig/K; and ([RE][R14))/[R1e] is equal to
KnKis. Accordingly, values oK, Ka,, andKa- for ATP or

of K. andKa' for dATP (Table 4) were almost the same
for either assumption | or assumption Il. A comparison of
K. andKa values for dATP binding in the absence (DLS,
Figure 3) or presence (equilibrium dialysis, Figure 4A) of
R2, shows that added Rlad no effect orK_ and only a
minor (2-fold) effect onKa..

For the most part, the catalytic efficiencies of the active
forms of mRR are quite similar (Table 5). Thus, thealues
for the GDP/dTTP, ADP/dGTP, CDP/ATP, UDP/ATP, and
CDP/dATP catalytic pairs and th&, values for ATP
activation of GDP, CDP, and UDP all fall within a narrow
range (0.16-0.29 s1). The exception is thi, value for the
UDP/dATP pair, which is notably lower (0.08™9. The

murine RR was measured, (14, 15). These studies are
consistent with the present work in showing that dATP,
dTTP, dGTP, and ATP compete with each other for binding
to the s-site, while only ATP and dATP bind to the a-site,
that dGTP and dTTP bind to the s-site with comparable
affinities, and that the ATP affinity for both sites is much
lower (~2 orders of magnitude) than the dATP affinity
(Table 4). However, the values of the dissociation constants
for dATP binding to R1 in the absence of other ligands,
measured in this work and two of the other studies, each
differ from one another. Thus, we find th&t andKa' values

are similar, both falling in the range of 6-2.3uM, whether
measured in the presence or absence of (Rable 4). By
comparison, as measured in the absence gf R@ichard et

al. (4) report dissociation constants of 0.07 and Mg,
whereas Chimploy and Mathews4) report values of 12.6
and 54uM. The reasons for these differences, which are
obviously more pronounced with the latter study, are unclear.
However, it is worth noting that the mR1 used in our studies
was purified with a peptide affinity column, whereas the

general similarity of rate constants suggests that once aother studies employed a dATP affinity column, requiring
conformation at the active site that is appropriate for ribose high concentrations of ATP for protein elution.
reduction is achieved through s-site and, as needed, h-site Allosteric effects on activity may be exerted on eitkgg

binding, a common step, such as cystine formation within
mR1 (19), becomes fully or partially rate-determining.

3 Although curve fitting of reductase activity is carried out assuming
full equilibration among R4, Rla, Rl and R3, the standard
preincubation time of 7 min corresponds to two half-lives fonR1
R4 equilibration. As a result, values fés are systematically slightly
underestimated. However, since only a lower limitK§ could be
estimated, this error has little practical consequence.

4 The fitted value oK for dATP (Figure 3) was so high (6% 7
mM) that h-site binding of dATP could be safely ignored.

or substrate binding affinity, with thermodynamics requiring
that the latter effects be reciprocal. Examination of substrate
effects on allosteric binding to the s-, a-, and h-sites (Table
4) shows them to be modest, reinforcing the notion that
allosteric effects on RR activity are principally exerted on
keatand depend on which ligand occupies the allosteric site.
There has long been clear evidence for cooperative
interaction between an NDP substrate bound to the active
site and the allosteric ligand bound to the s-site that activates
reduction of that NDPZ0). In our earlier study on the purine
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reductase activity of the RR2, complex (L5), we measured
positive cooperative heterotropic binding effects (e.g., GDP - - -
effects on dTTP binding) of 24-fold. Similar positive rlzl"’}:éve rlzla}&ve Eﬁlsit\'l‘;e
heterotropic effects are now also seen for CDP and UDP 0N gpstrate ket Kn («M) (murine)  (othersj  concentration
s-site binding (decreasdfl) of ATP and dATP, although ADP 018 12:1 010 0045073 1.00

Table 6: Catalytic Properties of Mammalian RR

the effects are smaller for dATP (Table 4). GDP 0.28 4.9 038 014-047 0.27+0.20
The situation with the a-site is more complex. As with CDP ~ 0.30 2.6t0.3 1.00 1.00 0.04+ 0.03
the s-site, the nature of the ligand occupying the a-site UDP 025 6.4 026 0.13-0.23  0.15+0.06

determines enzyme activity, with both ATP and dATP  2Per R1 monomer From ref15. ¢ From this work.d Calf thymus
inducing formation of the low-activity R1 tetramer, whereas (9), Novikoff hepatoma 34), Ehrlich tumor 6), and Molt-4F (0).
either dGTP or dTTP can induce R1 tetramer formation °Average for eight mammalian celist¢tandard deviation); human
(Figure 3) without inhibiting RR enzymatic activity. How- eosinophils, erythrocytes, lymphocytes, monocytes, and neutropgls (
S - . rat liver and hepatom&B{), and mouse leukemi&8).
ever, substrate binding has more varying effects on a-site
binding than on s-site binding. Thus, whereas either the ) ) ,
dTTP/GDP or dGTP/ADP pair has little or no clear effect complexed with R2 In these complexes, the s-site will be
onK, for either ATP or dATP, UDP and CDP both increase occupled'by one Qf the four allosteric ligands, the'a-sn.e will
the Ku for ATP (2—3-fold) while decreasing th&a: for b_e occupied _by either ATP or dATP, anq the h-site will be
dATP (2.5-8-fold). The effects of CDP and UDP on dATP  &ither occupied by ATP or empty. Neither R1 tetramer
binding have the consequence that, in the presence of eitherfiormation induced by dGTP or dTTP nor the very weak
K. is greater tharKa. As a result, the maximum dimer binding of dATP to the h-site (Figure 3) is physiologically
concentration induced as a function of dATP concentration 'elevant.
is much lower than as a function of ATP concentration. This ~ Binding of ATP to the h-site mediates the interconversion
accounts for the much lower maximum velocities of CDP 0f Rl and R%, and the values of the dissociation constant
and UDP reductase observed as a function of dATP for dissociation of ATP from the h-sité) fall within the
concentration (Figure 9) versus those seen as a function offange of physiological ATP concentrations. It would thus
ATP concentration (Figure 7), despikevalues that are either ~ appear that ATP binding to the h-site plays an important
similar (CDP reductase) or only 2-fold different (UDP role in coupling the rate of DNA biosynthesis, as determined
reductase). by total RR activity, with the energetic state of the cell. Such
Concluding our consideration of substrate interaction with coupling should be modulated by the effectors dGTP or dTTP
allosteric sites, the observation that the small amount of and the NDP substrates, via their effectskon (Table 4).
hexamer formed at high dATP concentrations (Figure 3) Collected in Table 6 are values fa andKy that have
displays no enhanced activity (Figure 9) permits the sug- determined in this paper and by Scott et &b)(for each of
gestion that the enzymatic activity of the hexamer dependsthe four NDP substrates and murine ribonucleotide reductase,

on ATP occupancy of the h-site. This is clearlya effect, under conditions corresponding to maximum reductase
since substrate effects on ATP binding to the h-sifg-) activities. Displayed alongside the resulting normalikgd

range from none at all (UDP) to negative [CDP (2-fold) and Km values are corresponding ranges of values reported for
dTTP/GDP (4-fold)]. RRs from other mammalian sources, along with the normal-

Last, the limited information that is available about the ized concentrations of each of the four substrates in several
interaction of allosteric sites with one another comes from mammalian cells. The results for the murine enzyme show
our studies of dGTP and ATP effects on dATP binding. The a striking inverse correlation dt../K,, and in vivo NDP
competitive curves (Figure 4B) gave fitted valuegffor concentration. For instancka/Kn for CDP reductase is 10-
dGTP (1.4+ 0.1 uM) and of K. (40 £+ 8 uM) andKa' (90 fold greater than for ADP reductase and the ADP concentra-
+ 16 uM) for ATP that are quite similar to those measured tion is on average 25-fold higher than the CDP concentration,
directly either by Scott et al16) [K @ger)= 1.4+ 0.3uM] whereas for both measures, UDP and GDP fall between the
or by DLS (Table 4). These similarities suggest little extremes. Such an inverse correlation, suggestive of an
interaction between dATP bound in the a-site and whatever enzyme that has been designed to produce dNDPs in a ratio
ligand occupies the s-site. reflective of that organism’s genome [the A/T:G/C ratio in

In Vivo Activity of mRR Comparison of the results mammals is 1.443)], has previously been found for RR
presented in this paper with what is known about the cellular from T4 bacteriophage2@). For the other mammalian RRs,
concentrations of mRR allosteric effectors and substratesthe correlation is roughly maintained for CDP, UDP, and
leads to the conclusion that ATP binding to the h-site is GDP, but the relativéc./Kn values for ADP fall over a range
crucial for controlling mRR activity in vivo and demonstrates that is too wide to allow a clear conclusion, being much
an interesting correlation between in vivo NDP concentra- higher for RRs from calf thymus and Ehrlich tumor cells

tions and relative rates of NDP reduction. [0.68 (9) and 0.73 29), respectively] than for RRs from
The concentration ranges found in mammalian cells for Novikoff hepatoma cells [0.045%2¢)] or mouse (0.10).
the allosteric effectors of mRR are as follows: 689 uM RR StructureAlthough the active form of RR is typically

dTTP, 0.4-15uM dGTP, 1-60uM dATP, and 0.5-10 mM depicted in the literature as an WP, heterodimer, our
ATP (21, 22). As a consequence, the allosteric s- and a-sitesresults demonstrate that the §REs heterohexamer has
should be fully saturated in vivo, and the oligomeric forms essentially the same activity per R1 monomer and, given
of R1 present in the cell should be principally distributed the nucleotide substrate and effector concentrations present
among R, having low enzymatic activity when complexed in vivo, is likely to be the major active form of the enzyme
with R2, and R3%, having high enzymatic activity when in mammalian cells. This conclusion is consistent with the
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Scheme 2: Importance of the A-Site in the Aggregation of
R12

o h /

2 The R1 dimer has two a-sites, shown as projections, and two a-site
receptors, shown complementary to the a-site projection, but no-a-site
receptor interactions. The R1 tetramer has an open form, having two
such interactions, and two possible closed forms, each having four
a-site-receptor interactions. The closed R1 hexamer has six such
interactions. Tetramer isomerization could involve substantial structural
change.

crystal structure ofEscherichia coliR1 (eR1), the only
determined R1 structure, which shows R1 to be a hexamer,
i.e., a trimer of three identical dimerg%).

Because of the clear sequence homology between mR1
and eR1 28), it is reasonable to use the eR1 hexamer
structure in interpreting our results for mR1. The cartoon
shown in Scheme 2 provides a possible structural rationale
for Scheme 1. Here the projecting part of the structure
corresponds to the N-terminal region making the dimer
dimer contact (Figure 12) which structural, genetic, and
biochemical studies strongly implicate as the location of the
a-site @9). Depicting R% as shown in structure 1 leads to
speculation that Rldimerization first leads to an “open”
form of R, in which only two of four potential dimer
dimer contacts are made. This open form can either isomerize
to a “closed” form or forms, in which all four contacts are
made, or react with a third R1forming closed Rdin which
there are six dimerdimer contacts. From the parameter
values given in Table 4, Rdis more stable than R1n the
absence of ATP binding to the h-site. It is tempting to FicURe 12: Structure of Rdfrom E. coli (PDB entry 1RLR) with
speculate that the open and closed forms of &trespond t(’:Oth(‘:Z '2“3{'2'5_’\“; ggd thre ?éogfi?dé??figgnfgfss h??hhg%wg%l
!n Scheme 1 to R‘*l?‘”d R.]‘b’ respectlyely, with the lncrea_se hgxamer, ();eIIO\}v) resildgléspwﬁich C(l)Jntact theI ATP z\;\ﬂallogue AMP-
in the number of dimerdimer subunit contacts accounting  pNp, and (gray) R1 residues within 13 A of R2 residue Phe47,
for Kis values of>1 and the conformational change implicit  which is at the R4—R2; interface in the docked model. Views are
in conversion of open to closed forms providing a rationale with the 3-fold rotational symmetry axis (A) perpendicular or (B)
for the slowness of the process. It may also be that full parallel to the plane of the page. The large white arrows indicate
stabilization of the R4, closed form requires ATP or dATP Eiossmle docking site for Rbdinding to R% that is accessible in
binding to the a-site, and the high activity retained in dGTP-
or dTTP-induced tetramers is due to a lack of conversion of
a more active R4, form to a less active R form. transfer between the Y177 free radical in mR2 (Y122 in eR2)

Why does tetramer formation result in low enzymatic and the active site in mR1. Such rates are exquisitely
activity? We at first speculated that the low specific activity sensitive to distance and pathwa80{-32).
of Ry, (and possibly of R4) might be due to an inability Finally, the similarity of dissociation constants for R2
to form a complex with R2 However, this is not the case, binding either R1 (15) or Rl (this work) implies that the
since increasing the R2concentration (3-fold, data not R2, binding site(s) should be similar on both Rdnd RZ%.
shown) had no effect on the dATP concentration required This assumption excludes RfPom binding R% as indicated
for inhibition of dTTP-dependent GDP reductase (Figure 8). in an earlier docked model of the FR2, complex 83),

If the R1 tetramer were unable to bind Rihcreasing the  since, in this model (Figure 12), R1 residues contacting R2
R2, concentration would favor Rbver R1, with the result lie at the interior of the Ri.hexamer structure, a physical
being that higher dATP concentrations would have been impossibility. This conclusion has obvious consequences for
required for inhibition of enzymatic activity. It remains previous studies34, 35) that have used the docked JRP,
possible that R2binding to R, (and possibly to R4 as complex structure to rationalize losses of enzyme activity
well) is distorted vis-avis R2, binding to either R1or R, resulting from mutations in R1, on the basis of perturbation
and that such distortion results in a slower rate of electron of radical transfer between the two subunits of the enzyme.
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It emphasizes the need, in the absence of a crystal structure 12.

of the holoenzyme, for a new computational subunit docking
study using R4, rather than R4 as the docking surface.

In conclusion, while Scheme 1 provides a satisfactory
explanation for many aspects of the allosteric regulation of
RR enzymatic activity, it leaves several important questions
unresolved, including (a) the enzymatic activity of the,R2
complex of R, (b) the location of the putative h-site, (c)
the structure of the holoenzyme, (d) the energetics of
hexamer formation, and (e) the nature of structural differ-
ences between Rland R%. Experiments are underway in
this laboratory to address these questions.
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