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ABSTRACT: For enzymatic activity, mouse ribonucleotide reductase must form a heterodimeric complex
composed of homodimeric R1 and R2 proteins. Both substrate specificity and overall activity are regulated
by the allosteric effectors ATP, dATP, dTTP, and dGTP, which bind to two different sites found on R1,
the activity site and the substrate specificity site. We have used biosensor technique to directly observe
the effects of these nucleotides on R1/R2 interactions. In the absence of effectors, positive cooperativity
was observed with a Hill coefficient of 1.8 and<ag of 0.5uM. In the presence of dTTP or dGTP, there

was no cooperativity and subunit interaction was observed at a much lower R1 concentration. The highest
R1/R2 affinity was in the presence of dATP or ATP wilas of 0.05-0.1 uM. In all experiments, the

molar stoichiometry between the subunits was close to 1:1. Our data support a model whereby binding
of any of the effectors to the substrate specificity site promotes formation of the R1 dimer, which we
believe is prerequisite for binding to the R2 dimer. Additional binding of either ATP (a positive effector)

or dATP (a negative effector) to the activity site further increases R1/R2 association. We propose that
binding of ATP or dATP to the activity site controls enzyme activity, not by changing the aggregation
state of the R1/R2 proteins as proposed earlier, but rather by locally influencing the long range electron
transport between the catalytic site of R1 and the tyrosyl free radical of R2.

Ribonucleotide reductase catalyzes the first unique stepal., 1992). In vivo active specific inhibitors, mimicking the
in the metabolic reactions leading to DNA synthesis. The herpes simplex virus R2 C-terminal peptide, were developed
enzyme reduces the ribonucleotides CDP, ADP, GDP, andagainst the viral ribonucleotide reductase (Krogsrud et al.,
UDP to the corresponding deoxyribonucleotides (Thelander 1993; Liuzzi et al.,1994). Affinity labeling the mouse protein
& Reichard, 1979; Eriksson & Sperg, 1989; Stubbe, 1990; R1 with photoreactive mouse R2 C-terminal heptapeptides
Reichard, 1993). localized the R2 interaction area to the C-terminal region of

The active form of the mammalian ribonucleotide reduc- the R1 protein (Davis et al., 1994).
tase, which belongs to the class I ribonucleotide reductases To supply the cell with balanced pools of deoxyribonucle-
like the extensively studiedEscherichia colienzyme, is otides, the mammalian enzyme is allosterically controlled.
composed of two nonidentical homodimeric subunits, pro- Four different nucleoside triphosphates, ATP, dTTP, dGTP,
teins R1 and R2. Each polypeptide of the R2 subunit and dATP, have been shown to regulate enzyme activity.
contains a binuclear non-heme ferric center which, during The presence of an allosteric effector is required to observe
its formation, generates a tyrosyl free radical, essential for any measurable enzymatic activity from the mammalian
activity (Thelander & Gralund, 1994). The R1 subunit ribonucleotide reductase (Eriksson et al., 1979). The mam-
contains substrate binding sites and binding sites for allostericmalian R1 subunit contains two different classes of binding
effectors as well as redox active disulfides participating in sites for allosteric effectors. The positive effector ATP and
the reduction. the negative effector dATP compete for one class of allosteric

The interaction between the subunits of mammalian binding sites that regulates the overall activity of the enzyme.
ribonucleotide reductase is dependent on the C-terminalAll four effectors ATP, dATP, dTTP, and dGTP, bind to
seven amino acid residues of the R2 protein (Yang et al., the other class of allosteric sites regulating the substrate
1990; Cosentino et al., 1991). This C-terminal part is flexible specificity (Eriksson et al., 1979; Thelander et al., 1980;
in isolated protein R2 in solution, but after binding to the Reichard, 1993). Although qualitatively correct, we believe
R1 subunit, it becomes rigid and structured (Lycksell et al., that the earlier reported number of effector binding sites per
1994). Subunit interaction in ribonucleotide reductase from mammalian R1 polypeptide should be reconsidered (The-
many different species has been shown to be dependent ohander et al., 1980). The presence of two different classes
the unique C-terminal tail of the R2 protein (Dutia et al., Of allosteric effector binding sites in the mammalian R1
1986; Cohen et al., 1986; Climent et al., 1991; Filatov et protein is supported by the characterization of separate

mutations in the activity and specificity sites (Eriksson et
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Table 1: Allosteric Regulation of Mammalian Ribonucleotide - A
Reductase E
effectorat  effector at stimulates the inhibits the ~
specificity site activity site reduction of reduction of H
c
ATP ATP CDP,UDP GDP, ADP e
dTTP ATP GDP CDP, UDP, ADP g
dGTP ATP ADP CDP, UDP, GDP o
dATP dATP CDP, GDP, UDP, ADP g

5 5
sedimented as a double peak, indicating a mixture of @

monomeric and dimeric protein. In the presence of dTTP, . s —— ——

protein R1 sedimented as a dimer, and in the presence of 100 200 300 400 500 600 700

dATP the protein sedimented as a tetramer. In ATP, the

protein sedimented as a mixture of dimers and tetramers . . ,
(Engstian et al., 1979; Thelander et al., 1980). This Ficure 1: (A) Overlay of sensorgrams showing the interaction

. . .__between immobilized protein R2 (900 RU) and increasing concen-
demonstrates that the aggregation behavior of the mammalian;ations of mobile phase protein R1 (0, 50, 150, 300, 700, 900,

R1 protein is strongly influenced by the allosteric effectors. 1500, and 2000 nM). The first arrow from the left indicates injection
The influence of allosteric effectors on the. coli of protein R1 (association phase). The second arrow shows when

: . . : _R1 injection is interrupted and bound protein starts to wash away
ribonucleotide reductase has earlier been studied by ultra by the running buffer (dissociation phase). In this figure, the bulk

centrifugation (Brown & Reichard, 1969a,b ; Thelander, gftect response of 56-100 RU was not subtracted, indicated by
1973). The bacteriophage T4 ribonucleotide reductase wasthe initial rapid drop during the dissociation phase (see Experimental
reported to contain more tightly bound R1 and R2 subunits Procedures). (B) Control where no protein R2 was immobilized.
than theE. coli enzyme (Berglund, 1972). However, this Increasing concentrations of protein RIH2000 nM) are injected.
tight binding was recently demonstrated by immunoprecipi- L o .
tation to be completely dependent on the presence of eitherc0lumn, and before injection, dithiothreitol was added to 2
of the four allosteric effectors (Hanson & Mathews, 1994). MM final concentration. In the experiments with 5 mM
The recently presented crystal structure of Ehecoli R1 ATP, the MgC} concentration was raised to 15 mM to be

protein showed that polypeptide interactions are weak with IN EXCESS over ATP' Protein Rl was normally |nJecteq asa
a narrow interaction area mainly formed by taehelixes. series of six to nine concentrations between 50 nM of dimeric

However, there are also a number of flexible loops of weak protein (9ugiul) and 2000 nM (36ng/;4L), in both_the

density which may stabilize dimer formation in the holoen- presence and absence of gllos_tenc effectors (nucleot|d_es were

zyme. One effector binding sitemost probably the speci- purchasr_ad from PharmaC|a_B|otech). In some experiments

ficity site—was suggested to be very close to the dimer the maximal R1 concentration was 360(.) nM (GEgiL).

interaction area (Uhlin & Eklund, 1994). Between each injection bound R1 protein was removed by
H for the first ti ’ titative d ini washing with 0.5 M KCI. The interactions were studied at

ere we report for Ine 1irst ime a quantitative description o . ot temperature of 2€. The resonance unit (RU)
of the influence of the allosteric effectors on the binding

between the R1 and R2 proteins using the mouse ribonucle-- proportional to the mass, and 1 RU corresponds to a
otide reductase and the %|ACOI’6 bios?ansor technique ThisSurface concentration of 1 pg of protein/tef the 100 nm
. . . nique. thick dextran layer (Jusson et al., 1991).

technique allows direct observation of proteprotein L L . -
. Co . o ; Determination of Equilibrium Dissociation Constants.
interaction in real time and determination of the different : ; : : . .

R, From a series of increasing concentrations of protein R1 in
kinetic binding constants. The data presented here, along . .

. . . e the mobile phase, the levels of the relative response were
with previous data derived from enzyme activity measure-

. measured when the interaction had reached equilibrium. A
ments, glycerol gradient results, and crystal structure analy- ; . I
r - Scatchard plot was used to determine the dissociation
ses, allow us to put forth a unifying model describing the

; . . : equilibrium constant from these data. The general Scatchard
influence of the allosteric effectors on ribonucleotide reduc- S o

. equation isB/F = (1/Kp) x (Bmax — B). B represents the
tase holoenzyme formation.

amount of bound protein R1 per immobilized protein R2
EXPERIMENTAL PROCEDURES determined when the interaction had reached equilibrium.
A low, gradual decrease in binding was observed at equi-
Biosensor Analysis.Subunit interaction was studied by librium in some experiments in the absence of effectors
biosensor analysis using the Pharmacia Biosensor (BIAcore)(Figure 1). In these experimenBwas measured from the
method (Jasson et al., 1991; Malmquist, 1993). The baseline to the highest equilibrium level. The value of the
immobilization of protein R2 to the dextran layer on the response at equilibriunR{y), measured in resonance units
sensor chip was according to the amino coupling method as(RU) was divided with the relative response obtained from
previously described (Rova et al., 1995). After activation the immobilization of protein R2. The number gives the
of the dextran layer, 3aL of protein R2 at a concentration  weight ratio between bound protein R1 and immobilized
of 0.4 mg/mL (4.4uM of dimeric protein) or alternatively  protein R2. Using the molecular mass for dimeric protein
0.1 mg/mL (1.12uM) in 50 mM phosphate buffer, pH 7.0, R1 and R2 (2x 90 kDa and 2x 45 kDa, respectively), the
was injected at a flow rate of BL/min. The R1 protein molar ratio of bound protein R1 to immobilized protein R2
was equilibrated with the running buffer (10 mM Hepes, 0.15 was calculatedB = Re{(immobil R2) x (2 x 90)/(2 x
M NaCl, 10 mM MgCL, 1 mM EDTA, 0.05% (v/v) 45)]. F represents free ligand (concentration of injected
Surfactant P20 (Pharmacia Biosensor), pH 7.4, and allostericprotein R1). The flow of protein R1 was constant, and
effector as indicated) by gel filtration on a Sephadex G 25 therefore the concentration of the injected protein R1 is set

Time (s)
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equal to free protein R1 in these calculatiomsaximally Ej. (280 nm) 12.0 (Thelander et al., 1980) ', (280
1.6 ng of protein was bound and the minimal amount of 310 nm) 13.8 (Mann et al., 1991), respectively.
injected protein was 85 ng. Bound R1 over R2/Free B1 (
F) was plotted against bound R1 over B®).( The negative RESULTS
value of the slope of the Scatchard plot gives the association
equilibrium constant k). The dissociation equilibrium
constanKp is 1/Ka. The maximal amount of bound protein
R1 per mole immobilized protein RBg,,) was calculated
from the intercept with the abscissa. For all concentrations
of protein R1, a control sample was injected in a flow cell
lacking immobilized protein R2. The response arising from
a small bulk effect from 50 to 100 resonance units was
subtracted from the interaction response. . .
Determination of the Hill CoefficientThe Hill coefficient tﬁ a ftotal og.IQ.S ng of bounc: prfoteln R2for 8.9 fmol.z During
gives the number of different binding steps in an interaction t € Immo ||;at|on, a total of 12g of protein R Waso
and measures the degree of cooperativity (Bennet, 1978).|njected_. Th_|s low degree of a_tta_chment (only 0'007 %)
The Hill equation applied for these experiments is Rag( n"_nakgs it _unhkely that the p_roteln is attached at multlp_le_
(Rmax — Req)) = N log [F] — log Ko', wheren is the Hill binding s!tes and _therefore increases the chance that it is
.- ; : - : attached in an active form.
coefficient, F is the concentration of injected free ligand _ . .
(protein R1), andKp' is a composite constant composed of The interaction between the R1 and R2 subunits was

the intrinsic dissociation constaki and interaction factors ~ Studied in real time. With the injection of protein R1 at 160
that determine the degree to whit is altered at each S after the start of plotting the sensorgram (Figure 1), the

discrete binding step.Req is the response at equilibrium association phase starts immediately, reaching an equilibr.ium
measured in resonance units (RU), &ty is the maximal ~ PlatéauReqat time points between 170 and 450 s depending
response measured in resonance units (RU). The Hil on the R1 concentration, where higher concentrations reach
coefficient (n) was determined from the slope of the line equilibrium faster than lower concentrations. At the time

obtained from a plot of lo _ aqainst lo pointl 530 s in the sensorgram, the in_jection of protein R1
(Bennet, 1978). P Fed(Rnax — Red) a9 F was interrupted and followed by running buffer alone, and
Determination of the Association Rate Constanhe  UiS starts the dissociation phase (Figure 1). _
association rate constant was determined from a series of A Series of solutions containing increasing concentrations
solutions containing increasing concentrations of protein R1 ©f protéin R1 was injected to the same sensor chip with
interacting with immobilized protein R2. Using the BlAcore immobilized protein R2. Between each injection, the sensor
software, the association rate constant was determined fronhip was regenerated by washing with 0.5 M KCI which
the equation B/dt = Kassoex F(Rmax— R) — kassocx R. The  removed all bound protein R1. The results from such an
derivative of the responseRitit from the association phase ~€xperiment are shown in Figure 1. This “overlay plot”
was plotted against the resporRdor different concentra- ~ demonstrates that increasing concentrations of protein R1
tions of the R1 protein. Thereafter, the slope of each line resulted in increasing equilibrium levels. The equilibrium
(k) was determined from the linear section of each curve. |€vels were approaching asymptotically a maximal value

Immobilization of Protein R2 and General Design of the
R1/R2 Binding ExperimentsProtein R2 was immobilized
to a sensor chip as described in Experimental Procedures.
The immobilization of protein R2 at a concentration of 4.4
uM gave an increase of 1000 resonance units (RU), which
corresponds to 1 ng/nmiJinsson et al., 1991) or 11.1 fmol/
mn?, while a concentration of 1.4M gave an increase of
500 RU. With a surface of 0.8 nin1000 RU corresponds

The ks value was plotted against the concentrati& ¢f Rmax Which is set by the number of available binding sites

free protein R1. The association rate constagi.ccould on the immobilized protein R2. In a control experiment with

finally be calculated from the slope of the new plot according the same series of increasing concentrations of protein R1

t0 the equationks = —Kassocx F + Kaissoc(CF. Karlsson et al., passing the sensor chip without immobilized protein R2, a

1991; Rova et al., 1995). "bulk effect" gave a response of only 5000 RU (Figure
Determination of the Dissociation Rate Constarkthe 1B).

dissociation rate constant was determined from two time The immobilized protein R2 showed the same capacity
points in the early phase of dissociation. The derivative of With respect to protein R1 binding for periods of up to 3

the response curve reflects the dissociation rate in thedays. Repeated injections of a constant amount of protein
equation @R/dt = —kgssoc X R Integration of the equation ~ R1 in the presence of dATP (see below) resulted in a

with respect to time gives the equationR(R,) = Kaissoc X maximal loss pf binding capacity of 6%. .OnIy in the
(t» — t2). A plot of In(R,/R.) vs time ¢, — t1) gives a value presence of high concentrations of ATP did we see an
of the dissociation ratek{sso) from the slope, wher&, is appreciable decrease in R2 binding capacity (see below).
the response at an arbitrary start timeandR,, is the response Analysis of the Binding in the Absence and Presence of
at a subsequent timg. This estimation okgissocis valid Effectors. A completely diverse pattern of binding in the

under the assumption that rebinding of released ligand is absence and in the presence of the four effectors dATP,
negligible, i.e., the ligand is efficiently removed by the buffer dTTP, dGTP, and ATP is illustrated by plotting the response
flow (Karlsson et al., 1991). at equilibrium Reg) against the concentration of the injected
Expression, Purification, and Determination of the Con- protein R1 in a dose response curve (Figure 2). In the
centration of Proteins R1 and RRecombinant mouse R1  absence of allosteric effectors, a much higher concentration
and R2 proteins were expresseddn coli bacteria using a  of protein R1 was required to detect binding and the curve
PET 3a expression vector (Studier et al., 1990) and purified had a sigmoid shape. Such a curve suggests that the binding
as described earlier (Davis et al., 1994; Studier et al., 1990).is cooperative.
Protein R1 and R2 concentrations were measured by light The negative allosteric effector dAATP was most efficient
absorbance at 280 nm using the extinction coefficients in increasing the affinity between the R1 and R2 subunits.
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1 Determination of the R1/R2 Equilibrium Dissociation
_§ & M/——*—’—@ Constants in the Absence and in the Presence of Effectors.
55 08 To determine the equilibrium dissociation const#at =
232 06 [R1][R2]/[R1R2] for the interaction between the R1 and R2
1‘; § T{/%/v subunits of mouse ribonucleotide reductase, the equilibrium
] % 0.4 response data from increasing concentrations of protein R1
§ a / / as described above were analyzed in a Scatchard plot (cf.
] g 0.2 Experimental Procedures).
cs okf‘/ . , , , With no effector present during the experiment, several

0 500 1,000 1,500 2,000 phases of binding seemed to occur. Instead of a straight

Concentration of R1 (M) line, the plot resulted in a curve with a positive slope at low
FIGURE 2: Dose-response curve where the response at equilibrium concentrations of protein R1 and a negative slope at higher
is plotted against the concentration of protein R1 in the absence of concentrations (Figure 3). This again suggested positive

effector (the same data as shown in Figure@®)), (n the presence P T, ;
of 1004M dATP (O), in the presence of 100M ATTP ), in the cooperativity for the R1/R2 binding in the absence of

presence of 10eM dGTP @), or in the presence of 5 mM ATP effectors. _Choosing _only the four last _points of the curve
(a). Bound protein R1 is given as moles of R1 per mole of for regression analysis gave an approxintageof 0.5 uM.
immobilized R2 (Experimental Procedures). Another series of measurements with higher concentrations

of protein R1 (up to 3600 nM) was made for a more accurate
estimation of theKp value. These experiments confirmed
the first estimatedp value of 0.5uM (data not shown).

absence of effector (Figure 3).

o 02 04 06 08 1 The effects of dTTP and dGTP on the R1/R2 binding were
Moles of R1/mole of R2 also analyzed in the same Scatchard plot (Figure 3). In the

presence of 10@M dTTP or 100uM dGTP, estimation of

Ficure 3: Scatchard plot of the response at equilibrium of P : P :
increasing concentrations of protein R1 interacting with a constant Fhe equilibrium dissociation constant from the linear curves

amount of immobilized protein R2. No effector prese®},(in the in Figure 3 gave<,, values around 0.AM (Table 2). These
presence of 102M dATP (O), 100uM dTTP (x), 100uM dGTP values were in the same range or slightly lower thenkhe
(m), or in the presence of 5 mM ATR. The experimental values  in the absence of effector, but in the latter case the
are the same as the ones analyzed in Figure 2. concentration of protein R1 had to be much higher to get a
This effect is most clearly seen at low concentrations of linear curve for thep estimation.

protein R1. The dose response curve in the presence of Finally, we studied the effects of ATP. The slope of the
dATP followed a hyperbolic pattern (Figure 2). The results linear ATP curve in the Scatchard plot of Figure 3 is similar
with the positive effector ATP were similar to the results to the slope seen with dATP givingka, of 0.12uM (Table
with dATP in the initial part of the curve, but the values 2).

never reached the same levels as with dATP. A lower molar  Stoichiometry of the R1/R2 Bindind@inding of the R1
stoichiometry was often obtained in the presence of ATP subunit to immobilized protein R2 occurred with the same
compared to the other effectors (Figures 2 and 3). This is stoichiometry without effector as in the presence of the
most likely due to gradual inactivation of the immobilized nucleoside triphosphates dTTP, dGTP, dATP, or ATP.
protein R2 in the presence of high concentrations of ATP. Values between 0.72 and 0.98 mol of R1/mol of R2 were
When the first injection on a freshly prepared R2 sensor chip obtained from the intercept with the abscissa in the Scatchard
contained the highest R1 concentration, 0.9 mol of R1 bound plot (Figure 3).

per mole of R2 also in the presence of ATP. The R2  Quantification of Cooperatity in Binding. To quantify
inactivation seemed to originate from impurities in the ATP the cooperativity in binding seen in the absence of effectors,
preparation and was less pronounced with highly purified a series of data from the same type of experiments as in
ATP. The intracellular concentrations of ATP are much Figure 3 was analyzed in a Hill plot (Figure 4). The Hill
higher than the concentrations of the dNTPs, and thereforecoefficient for R1/R2 binding without effector was deter-
we used 5 mM ATP. This concentration gives maximal mined to 1.8 (Table 2). This should be compared to a Hill
stimulation of pyrimidine ribonucleotide reduction (Eriksson coefficient of 1 in the presence of effectors confirming the
et al., 1979). lack of cooperativity with the effectors present.

The effects on R1/R2 binding of the GDP reduction Kinetic Constants of R1/R2 Association and Dissociation.
specific effector dTTP were less pronounced than the dATP/ A separate analysis of the association phase in the reaction
ATP effects. However, also dTTP markedly increased the R1 + R2 — R1/R2 according to the method described in
affinity between proteins R1 and R2, and the curve followed the Experimental Procedures gave reproducibly a high
a similar hyperbolic shape as with dATP (Figure 2). The association rate constakyssocof about 500 000 (M s} in
ADP reduction specific effector dGTP gave results almost the presence of dATP or ATP (Table 2). In the absence of
identical to the ones obtained with dTTP. effector, the association rate constant was only around

&

g

£ r y

E 5 A\ )\ In the presence of dATP, the slope of the line in the
§ 4 \ \3 Scatchard plot of Figure 3 was steeper than without effector,
5< \ \ indicating a lowerKp value. The equilibrium dissociation
& 38 N constantKp was decreased from 08V in the absence of

E 52 \*\'\ \ s\ effector to 0.05M in the presence o_f 100M dATP (Table

g 2). In the presence of dATP all points could be plotted on
= 4 a straight line with no signs of cooperativity as seen in the
29

k<]

8

O

3
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Table 2: Summary of Binding Constants Characterizing the Interaction between Mouse Protei\IREteric Effectors and Immobilized
Mouse Protein R2, Measured by Biosensor Technique

equilibrium dissociation constant: association rate constant:  dissociation rate constant:

Ko (uM) 1078 X Kassoc(M~1s7h) Kdissoc(S™Y) Hill coeff
R2+ R1 0.52+ 0.2¢% 0.16+ 0.04 0.055+ 0.009 1.8
R2+ R1+dTTP 0.46+ 0.31 0.34+ 0.12 0.045+ 0.010 1.0
R2+ R1+ dGTP 0.40+ 0.31 0.36+ 0.1 0.045+ 0.009 1.0
R2+ R1+ dATP 0.05+ 0.02 0.56+ 0.06 nd (0.028) 1.0
R2+ R1+ ATP 0.12+ 0.04 0.47+ 0.07 nd (0.056) 1.0

aPoints at low protein R1 concentrations omitted in the calculaidto direct measurements could be made. These values are estimated from
the Kp andkassocvalues.

1.5 5
= & l1200 l
g 1 @
% 2 | 00
8
nE_ 0.5 §
=4 @
E 0 & | 400
< o
g5 2| o no effector
(] S ! , , ‘ ‘ X , .
1 . . . . . 2 0 200 400 600 800 1000 1200 1400
.7 68 66 -64 62 6 -58

Log cone (M)

Ficure 4: Hill plot of the R1/R2 interactionrt effectors. The Hill
equation applied for this experiment is I63{(Rnax — Reg)) = N

log F — log Kp' (see Experimental Procedures). The Hill coefficient
(n) was determined from the slope of the line. Increasing concentra- . . o "
tions of protein R1 (56-1060 nM) were interacting with a constant X+ Stopped at the time point 710 s indicated by the first arrow
amount of immobilized protein R2. No effector prese®y,(in the from the left and effectors were removed from the running buffer
presence of 5M dATP (O), in the presence of 5aM dTTP at the time point 1210 s indicated by the second arrow.

(x), in the presence of 50M dGTP @), or in the presence of 1 o . .

mM ATP (a). 0.23uM, which is within the range of the directly determined

Kp (Table 2).

Time (s)

Ficure 5: Sensorgrams of protein R1 interacting with immobilized
protein R2 in the absence of effector, in the presence of:200
dTTP or in the presence of 100 dATP. The injection of protein

150 000 (M s)?, while the values in the presence of dTTP
or dGTP were in between these values (Table 2). There werePISCUSSION

two different slopes of the pld¢ versusC (see Experimental Glycerol gradient centrifugations, gel filtration experi-
PrOCQdUreS) used for the determination of the association rathentS, ana|ytica| u|tracentrifugations (The|ander et a|_, 1980,
constants in the absence of effector and with dTTP or dGTP. 1985), and the crystal structdrshow that the mammalian
Therefore, in the calculations of the data obtained in the R2 polypeptides form very tightly bound homodimers.
absence of effectors, only the values obtained from th& 3 Therefore, they are most likely immobilized in the form of
measurements with the highest protein R1 concentrationsgimers on the sensor chip. In contrast, the mammalian R1
were used, while in the presence of dTTP or dGTP, th& 5 polypeptides alone in solution occur mainly as monomers
values with the highest R1 concentrations were used. in the absence of effectors, as indicated by glycerol gradient
A dissociation rate constant of 0.69.05 s*was obtained  centrifugations (Thelander et al., 1980). Photoaffinity label-
from plots of InR,/R;) versus time (Experimental Proce- ing experiments with th&. coli R1 protein using dTTP and
dures) both in the absence of effector and in the presence othe recently elucidated crystal structure of the s&meoli
dTTP or dGTP (Table 2). No estimation was made in the protein suggest that the allosteric effector binding site
presence of ATP or dATP since the dissociation did not go determining the specificity is located very close to the domain
to completion during the measured time interval. After a of interaction between the R1 polypeptides (Eriksson et al.,
relatively fast initial dissociation, the dissociation in the 1986; Uhlin & Eklund, 1994). This is also very close to
presence of ATP/dJATP became extremely slow at ap- the substrate binding site, which may allow local interactions
proximately half the equilibrium level. Therefore, the between substrate and effector. Interestingly, a similar
dissociation plots I, /R;,) versus time did not follow a  positioning of an allosteric binding site close to the substrate
linear pattern. Most likely, this is due to rapid rebinding of binding site was recently observed for the glutamine-5-
dissociated protein R1 in the presence of ATP/dATP. This phosphoribosyl-1-pyrophosphate amidotransferase enzyme
interpretation is supported by the dissociation curve in Figure catalyzing the committed step in purine biosynthesis (Smith
5where the dATP present in the running buffer during the et al., 1994).
first part of the dissociation phase was then removed from The location of the allosteric effector binding site deter-
the running buffer. This immediately resulted in a fast mining the activity has not been determined in the bacterial
dissociation. The effect was the same with ATP (data not enzyme. However, a G-to-A transition at codon 57, changing
shown) but hardly noticeable with dTTP (Figure 5). an Asp to an Asn, made the mouse R1 protein resistant to
The accuracy of the two rate constants obtained in the negative feedback regulation by dATP. This indicates that
absence of effectors could be estimated by calculating thethe activity site is located in the amino-terminal region of
equilibrium dissociation constaritf) from the equatiorKp
= kaissodKassoe This calculation gaveKp values of 0.53 1B. Kauppi et al., manuscript in preparation.
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the R1 protein (Caras & Martin, 1988). In the crystal struc- of the E. coli R1 protein, this position may be located close

ture of theE. coli R1 protein, this position corresponds to to an essential, amino acid residue specific, long range
one of thea-helices supposed to be in close contact to the electron transfer pathway leading from the catalytic site in
R2 protein in the R1/R2 complex (Uhlin & Eklund, 1994). R1 to the tyrosyl free radical in protein R2 (Uhlin & Eklund,

In our experiments, similar slopes in the Scatchard plots 1994; Nordlund et al., 1990). This pathway is supposed to
were obtained at high concentrations of protein R1 alone or generate a transient thiyl radical in the catalytic site required
at low R1 concentrations in the presence of dTTP or dGTP. for enzyme activity (Mao et al., 1992). We would like to
This indicates that a major effect of these allosteric effectors suggest that dATP binding to the allosteric activity site blocks
could be to increase dimerization of the R1 monomers. This this long range electron transport much in the same way as
is in agreement with the finding that the specificity site is substituting the conserved tryptophan 103 at the surface of
located close to the R1 dimer interaction area. Binding to protein R2 by tyrosine or phenylalanine which results in an
the specificity site may induce conformation changes result- inactive enzyme complex (Rova et al., 1995). In contrast,
ing in increased dimer formation. Furthermore, a positive ATP binding to the allosteric activity site would promote
cooperativity in R1/R2 binding is only observed in the electron transport.
absence of effectors with increasing concentrations of protein  The dissociation constant for the coli ribonucleotide
R1. This would be expected to increase the formation of reductase R1/R2 complex was reported to be 6M28uM
R1 dimers. Our model to explain these data would be that in the presence of 1.5 mM ATP and at 3Z. The constant
protein R1 monomers have low affinity for the R2 protein was calculated from enzymatic assays where the concentra-
dimer. However, once the R1 dimer is formed, it binds with tions of protein R2 were varied while the concentration of
high affinity to the R2 dimer. protein R1 was kept constant (Climent et al., 1991, 1992).

This model may explain the effects on R1/R2 complex A comparison with thé&p value of 0.124M for the mouse
formation on binding allosteric effectors to the specificity R1/R2 interaction determined in the presence of 5 mM ATP
site. However, the affinity between proteins R1 and R2 are and at 22°C shows that the affinity between the R1 and R2
much higher in the presence of ATP/dATP than in the proteins is similar for the two species.
presence of dTTP/dGTP. This may be a result of simulta- The dissociation constant clearly does not fully illustrate
neous binding of effectors to the specificity site and the the influence of the allosteric effectors on R1/R2 binding.
activity site, a property unique to ATP or dATP. Binding This is better illustrated by the dose response curves (Figure
to the activity site occurs secondary to binding to the 2) where the interaction is studied over the full range of
specificity site due to lower affinity, at least for dATP in  protein R1 concentrations since the influence of allosteric
theE. coliR1 protein (Brown & Reichard, 1969b). Activity effectors is most clearly seen at lower concentrations. These
site binding may further increase R1 dimer formation low concentration points had to be excluded from the
or—considering the position of the activity site at the R1/R2 calculations ofKp.
interface—more likely increase the affinity between the R1 ~ The maximal association rate constant was obtained in the
and R2 dimers. The latter resembles the situation for the presence of dATP/ATP and was repeatedly determined to
monomericLactobacillus leichmanniiibonucleotide reduc- 450 000-550 000 (Ms)*. Under these conditions, both the
tase where the presence of allosteric effectors increases thactivity and the substrate specificity allosteric effector sites
affinity for the cobalamin coenzyme (Thelander & Reichard, should be fully occupied. This value may reflect the
1979). physiological relevant association rate constant. At very low

A molar stoichiometry close to 0.9:1 was obtained when protein R1 concentrations in the presence of dTTP alone,
protein R1 bound to immobilized protein R2. Assuming that the monomer/dimer equilibrium may not be fully shifted to
the active native enzyme forms a complex of thg, type, the dimer formation. Therefore, the association rate constant
an assumption supported by data from ultracentrifugation in the presence of dTTP increased with increasing protein
experiments (Engstm et al., 1979; Thelander et al., 1980), concentrations (data not shown). However, inside a cell,
nearly all protein R2 was immobilized in an active form. protein R1 may never bind dTTP or dGTP alone but always
This 1:1 binding between R1 and R2 was observed both inin combination with ATP at the allosteric activity site
the absence and in the presence of effectors. The 1:1(Eriksson et al.,, 1979). The dissociation rate constant
stoichiometry in the binding between R1 and R2 is an showed only small changes in the absence of effector or in
indication that immobilization of protein R2 to a surface did the presence of dTTP or dGTP with values near 0.05 s
not seriously affect the interaction. Notable was that the dissociation rate constant could not be

Considering the very similar effects on R1/R2 complex directly measured in the presence of dATP/ATP since the
formation of the positive effector ATP and the negative plots of InR./R;) versus time were not linear. We think
effector dATP, one may ask how ATP induces an active this reflects the very high association rate constant resulting
enzyme while dATP induces an inactive form. The control in reassociation of dissociated protein. For comparison, the
must be exclusively by binding to the activity site since both kgissoc Values in the presence of ATP and dATP were
ATP and dATP induce the same pyrimidine specific enzyme calculated from the equatidQissoc= Kp x KassocWhich gave
when bound to the specificity site as demonstrated by the kgissoc 0f 0.06 s and 0.03 s, respectively (Table 2).
D57N mutant mouse R1 protein (Caras & Martin, 1988). However, using the same method to calculag.cin the
Earlier data suggested that enzyme activity may be controlledabsence of effectors or in the presence of dGTP or dTTP
by an ATP/dATP induced change in the aggregation statusresulted in values higher than the ones determined directly.
of the R1/R2 proteins (Brown & Reichard, 1969a; Thelander, Therefore, the calculatddissocvalues for ATP or dATP may
1973). However, our data give no support for such a model. be overestimated.

Instead, the position of the allosteric activity site in protein  Decreasing the amounts of immobilized protein R2 from
R1 suggests another mechanism. From the crystal structurel000 to 500 RU gave no change in the estimated association
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rate constants (data not shown). Therefore, we believe thatFilatov, D., Ingemarson, R., Gslund, A., & Thelander, L. (1992)

we really studied the association rate without influence of
the diffusion rate for protein R1 from the bulk flow to the
immobilized protein R2.

To be able to unequivocally distinguish the effects of
nucleotide binding to the allosteric activity sites from binding

to the allosteric specificity sites, we are now in the process
of expressing recombinant mouse R1 proteins having inde-

pendent mutations in each of these sites.
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