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Abstract: Cross-reaction rate constars (22 °C) at pH 7.0 have been determined for the reduction d8f,Fe

and tyrosyl-radical-containing active-R2 frdi coli ribonucleotide reductase with eight organic radicals (OR),

e.g., Mt from methyl viologen. The more reactive OR’s were generated in situ using pulse radiolysis (PR)
techniques, and other OR’s were generated by prior reduction of the parent with dithionite, followed by stopped-
flow (SF) studies. In both procedures it was necessary to include consideration of doubly-reduced parent forms.

Values ofk;, are in the range 2o 10* M~1 s 1 and reduction potentialg®; for the OR vary from—0.446

to +0.194 V. Samples dE. coli active-R2 also have an ltg met-R2 component (with no T9r which in the
present work was close to 40%. From separate experiments met-R2 gave kigndde constants (on average

66% bigger) to those for active-R2, suggesting that reduction of tHe Eenter is the common rate-limiting

step. A single Marcus free-energy plot of I&g — 0.5 logf vs —E®/0.059 describes all the data, and the
slope of 0.54 is in satisfactory agreement with the theoretical value of 0.50. It is concluded that the rate-
limiting step involves electron transfer. In addition, the interceptB$,/0.059= 0 is 5.94, where values of

the reduction potential and self-exchange rate constant for met-R2 contribute to this value. To maintain
electroneutrality at the-10 A buried active site H uptake is also required. For both and Hf transfer the
conserved pathway Trp-48, Asp-237, His-118 tq Fea possible candidate requiring further examination.

Introduction

Ribonucleotide reductase (RNRY catalyzes the de novo
synthesis of the four deoxyribonucleotide components of DNA.
Of the three classes of RNRhose containing an e center
are the best characterized/understood, and that Eoooli is
the most extensively studied. It consists of two nonidentical
protein components RM; = 2 x 85.5 kDa) and R2NI, = 2
x 43.5 kDa), each having two identical subunits (hemge).”
Only 16 of the R2 residues are conserved within 12 known
sequences. The tyrosyl radical (T)yof active-R2 is a depro-
tonated phenolate formX-ray crystal structures of R1 and R2
from E. colihave been reportetf In the R2 case the structures
determined are for the met-R2 and reduced R2 fdtifs,

Fe' oo Tyrt So Fe' oo (TyrH) 25 Fé' o+ (TyrH) (1)
active-R2 met-R2 red-R2

where protonation of the phenolate O-atom of the nonradical
met and red-R2 forms is indicated. Met-R2 and active-R2 have
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a u-oxo bridged FH#,, but theu-oxo is no longer present in
red-R2, and proton uptake is again evident. Therefore in (1)
three electrons and as many as three protons are taken up in
the conversion of &+« Tyr* to Fé',-++(TyrH) with maintenance
of electroneutrality. Features of the met-R2 structure are the
position of the F#, and tyrosyl-radical-forming Tyr-122, which
are buried and~10 A from the protein surface. The-oxo
coupled F¥, is close to Tyr-122, with Fe5.3 A from the
phenolate O-atom. The [te stabilizes the Tyrradical, and the
reduced F& state is required for regeneration of T The
mechanism of redox interconversion of R2 forms in (1) is a
subject of current interedt 16

The aim in these studies was to determine rate conskants
for cross reactions involving the reduction of active-R2 from
E. coli with eight organic radicals (OR), Figure 1. The rate
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Figure 1. Formulas (pH~7) of eight parent reagents (X) used to generate the organic radicals O (¥is study).

constants are appraised in terms of the Marcus equations foris no longer appropriate since no account was taken of the direct

outer-sphere electron-transfer reactions

k122 = Ky qKooK o 2

_ (logKyp)?
4 log (kKo ZZ)

wherek;; andky, are self-exchange rate constants for the OR
and relevant R2 couple (which we specify later), respectively,
and the collision frequency is assumed to be 1M1 57117
Using the Nernst equation the equilibration constégntfor the
cross reaction is given by log:, = (E° — E°;)/0.059, where
E°; andE®; are reduction potentials in volts (vs NHE) applying

3

reduction of R2 by excess dithionitéwhich at the time was
reported to be negligible.

Experimental Section

Protein Source.Wild-type E. coli R2 was prepared as t}# protein
from anE. coli overproducing straif kindly provided by Professor
B.-M. Sjoberg, University of Stockholm, Sweden. Concentrated solu-
tions of R2 0.3 mM), consisting of a mix of active-R2 (60%) and
met-R2 (40%) forms, were stored in small batches 80 °C. Protein
was made air-free by dialyzing against deaerated buffer. Met-R2 was
prepared by reacting the above R2 mix with hydroxyurea (50 mM) at
25°C for ~30 min, after which excess hydroxyurea was removed using
a Sephadex G-25 column or by dialysis. The dilute met-R2 solution
was concentrated by ultra-dialysis against deaerated 50 mM Tris/HCI

to the OR and R2 couples, respectively. Equation 2 can be at pH 7.5 containing 20% glycer&l.The UV—vis spectra of active-

expressed in the alternative form

(log k;, — 0.50 logf) = 0.50(logk, ; + log k,, +
E°,/0.059)— 0.5CE°,/0.059 (4)

To test for (4) the left-hand side is plotted againrg©,/0.059.
Hence the free-energy dependence AB', on AGP; is
explored, or more precisely tHe®; term of AG°,. Active-R2

has an F&, met-R2 component that has to be taken into account.
No preparation to date has25% of met-R28 Rate constants
(ki) for the reaction of met-R2 were also determined by

independent experiments, and are an important mechanistic

contribution to the studies described.

and met-R2 allow the composition to be determined using known
absorption coefficientse].2% In the case of active R2 a sharp band at
410 nm € ~6600 Mt cm1)%8 is largely due to Tyr The Tyr also
has a weak absorbance a600 nm, which contributes to the
characteristic green color of active R2. Fully reducethfpeotein has
little or no absorbance &t 400 nm. Concentrations of protein were
determined spectrophotometrically using the difference in absorption
coefficientsezgo — €310 = 1.2 x 10° M~% cm2.27

Buffers. For kinetic experiments all solutions were made up to pH
7.0, 1=0.100 M, using sodium hydrogen phosphates (Sigma). During
the preparation tris(hydroxymethyl)aminomethane (Tris; pH range 7.1
8.9) was used.

Reagents for Organic RadicalsThe following parent forms, Figure
1, with trivial, systematic, and abbreviated names as indicated, were
used to generate the one-electron reduced organic radicals (OR): methyl

The procedures used have been tested previously for theyiologen, GH:1N,Cl, (1,1-dimethyl-4,4-bipyridinium dichloride),

reduction of cytochrome(lll) with the same eight OR’$?
where a plot of (4) has a slope of 0.49 (theoretical value 0.50)
and intercept at—E%/0.059 = 0 of 6.57. The latter was

MV 2*; benzyl viologen, GH22N2Cl; (1,1 -dibenzyl-4,4-bipyridinium
dichloride), B\?*; phenosafranin, gH1sN4Cl (3,7-diamino-5-phen-
ylphenazinium chloride), Pf riboflavin Ci7H20N4Os (vitamin By), Rb;

calculated as 6.55 from known parameters and assuming aresorufin, GeHgNOsNa (7-hydroxy-3i-phenoxazin-3-one sodium salt),

commonky; of 1.0 x 10° M~1 s71 for the self-exchange of the
different OR’s with the parent for#?22 It is possible therefore
to proceed with this same value kf; in the present studies,
and comment on the magnitude Ef, andk,, respectively for
R2. The procedure initially devised to study these reactiéns,

(17) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265—
322.
(18) Lynch, J. B.; Juarez-Garcia, C.; Nk, E.; Que, L., JrJ. Biol.
Chem 1989 264, 8091.
(19) Borman, C. D.; Dobbing, A. M.; Salmon, G. A.; Sykes, A. 5.
Phys. Chem. B999 103 6605.
(20) de Oliveira, L. A. A.; Haim, AJ. Am. Chem. Sod982 104, 3363.
(21) Curtis, J. C.; Sullivan, B. P.; Meyer, T. lhorg. Chem 198Q 19,
3833.
(22) Tsukahara K.; Wilkins, R. Gl. Am. Chem. S0d 985 107, 2632.
(23) Lam, K.-Y.; Fortier, D. G.; Sykes, A. Gl. Chem. Soc., Chem.
Commun199Q 1019.

Rf~; methylene blue GH1gN3SCI (3,7-bis(dimethylamino)phenazothion-
ium chloride), MB; toluidine blue, (GsHsN3SCl),ZnCl, (approximate
formula only), TB"; and indo-phenol, GHsCl,NO.Na (phenolindo-
2,6-dichlorophenol sodium salt), TPThese were obtained from Sigma
Chemicals, except MBand IP- (BDH), and TB" (Fluka). Toluidine
Blue (1 g) was recrystallized by being dissolved is0H18 mL) at 80

°C. Ethanol (13.5 mL) was added with stirring oveL0 min at 0°C.

The solid obtained was filtered off, washed with cold ether, and dried
in a desiccator containing silica gel (yield 28%). Redox titration with

(24) Sjtberg, B.-M.; Hahne, S.; Karlsson, M.;idwall, H.; Goransson,
M.; Uhlin, B. E. J. Biol. Chem 1986 261, 5658.
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Proc. Natl. Acad. SciU.S.A.1983 80, 1492.
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P.J. Biol. Chem 198Q 255, 6706.

(27) Climent, |.; Sjderg, B.-M.; Huang, C. YBiochemistry1992 31,
4801.



2208 J. Am. Chem. Soc., Vol. 122, No. 10, 2000

dithionite gave 81% reactivity in accordance with that expected from
the formula (GsHeNsSCl):ZnCl,, and was used in this work, see also
ref 19. Some difficulties were encountered in dissolving resorufin, and
solutions were prepared by sonicating appropriate mixed fo and
then filtering through a 22m Acrodisc filter (Gellman).

The parent forms M¥%" and B\ are colorless and the OR’s have
peaksi/nm (/M1 cm™1) at 606 (12400) and 555 (11250), respec-
tively.282% All the other parent forms are colored with peak positions
Pft 521 (3.3x 10%, Rb 445 (1.1x 10%, Rf~ 570 (4.5x 10%, MB*

660 (7.8 x 10%, TB* 632 (5.8 x 10%, and IP" 603 (1.4 x 10%.
Methylene Blue has been fairly extensively studied and the radical MB
shown to disproportionate 2MB= MB~ + MB* with K ~ 2 x 1(P.

The rate constant for the forward reaction is in the range<2.6) x
10°M~1s71.30 Double reduction of parent forms (withb@s?>~) and/or
formation of the double reduced form by disproportionation of OR has
to be considered in this work.

Electrochemistry. Reduction potentials=’; vs NHE) for the parent/
OR couples were checked by cyclic voltammetry (CV) using a Princeton
Applied Research model 173 potentiostat, as previously desciibed.
In all but two cases these were within 10 mV of literature vafiege
listing in Table 5. One exception is with Toluidine Blue, for which a
value of 0.015 V, as compared to a literature value of 0.034 his
been obtained. The other is with Indo-Phenol for which a 22 mV smaller
value is obtained.

Procedures for Pulse Radiolysis Studie€xperiments were carried

Dobbing et al.

Reactions with R2 were monitored at the peak posititimsn for
the OR'’s as follows: MV* (606), BV (555), Pf (670), Rb~ (550
and 600), and R¥ (700). At these wavelengths absorption by the
radical is large and absorption by the protein and parent forms is
relatively small. Rate constants reported are average values usihg 3
fresh amounts of the same reactant solutions.

Stoichiometries for Parent Forms with Dithionite. In the stopped-
flow studies prior reduction of parent MBTB*, and IP forms with
dithionite is required? The stoichiometries were determined by addition
of ~2 mM sodium dithionite in air-free conditions (glovebox; © 3
ppm) until only a trace of color remainé®.Dithionite is a two-
equivalent reducing agentGs?~ — 2e- — 2SQ (i.e. SQ?). The
number of moles of dithionite required for bleaching of the parent was
0.98 for MB" and 0.96 for TB, and 0.47 mol in the case of the quinone
type molecule IP. In the first two instances therefore double reduction
and in the latter single reduction of the parent is observed.

Procedure for Stopped-Flow StudiesAn Applied Photophysics
UV —vis stopped-flow spectrophotometer was used to monitor reactions.
Rigorous air-free conditions were achieved by replacing connecting
leads on the stopped-flow by polyetheretherketone (PEEK) tubing which
has low Q permeability, and by prior bubbling of hrough all but
R2 solutions which were stored long-term under ®he flow system
was washed with dithionite immediately prior to use. Reduction of the
three parent forms MB TB*, and IP- was by dropwise addition of
concentrated~+10 mM) sodium dithionite using a Gilson pipetman in

out on a Van de Graaff accelerator at the Cookridge Radiation Researcha glovebox (@ < 3 ppm) until there was little color remaining. An

Centre, University of Leeds, using a triple-pass cell (6.9 cm light path
length) and a 2.5 MeV~4 x 10716 J) beam of electron.Pulse lengths
were 0.6us, and under the conditions adopted the production of radicals
by each pulse was as in

4.23H0— e ,,(2.8), OH (2.8), H (0.62), H' (2.8), H,0, (0.73)
(5)

where 10 G values in brackets correspond to the number of moles of
product per joule of energy absorb&dSolutions for kinetic studies
were at pH 7.0 (40.5 mM phosphate), contained 0.010 M sodium
formate, and were saturated with,®} | = 0.100 M. Subsequent
reactions are

€ aq+ N,O+H,0—N,+OH +OH (6)
OH'/H* + HCO,” — CO," + H,0/H, @
CO, ™ + X —CO,+ X'~ ®)

where in the present case Xis the OR and X the parent. A large
excess of X{1.0 x 10-*M) was used so that the formate radical £O
is effectively scavenged, generating>as the only reducing species

present in solution. With such a choice of reactant concentrations double

reduction of the parent is precluded. The addition of 2% X2~ or
disproportionation to X and X also needs to be considered. Experi-
ments were at temperatures in the ranget22 °C.

Samples of R2+100 «M) were dialyzed against two portions of
deaerated buffer (each200 times the volume of R2 solution) and
stored under Bbefore use. Prior to each experiment buffer solutions
containing 10Q«M of the parent X {10 mL) were saturated with J
and argon by bubbling for at least 20 min. Calculated amounts of stock
deaerated protein were added to give the required concentrati (
uM). Gastight syringes were essential when loading the sample cell,
and a positive pressure of argon was maintained while loading and
draining the cell.

(28) Zare, R. NBer. Bunsen-Ges. Cherh974 78, 153.

(29) Bird, C. L.; Kuhn, A. T.Chem. Soc. Re 1981, 10, 49-82.

(30) Keene, J. P.; Land, E. J.; Swallow, A. J., Ed. Baxendale J.H
Academic Press: London, 1965; p 225.

(31) Clark, W. M. Oxidation and Reduction Potentials of Organic
SystemsWilliams and Wilkins: Baltimore, Maryland, 1960.

(32) Steihler, R. D.; Chen, T.-T.; Clark, W. M. Am. Chem. S0d933
55, 891.

(33) Salmon, G. A.; Sykes, A. GQvethods Enzymoll993 227, 522.

excess of dithionite was avoided because of possible contributions from
direct reduction of active- and met-R2Reactant concentrations used
were in the range 4:19.9 uM for parent and 3647 uM for R2.
Conditions were 22.6- 0.1°C, pH 7.0 (45 mM phosphate)= 0.100

+ 0.002 M. Reactions were monitored at peak positions for reformation
of the parent formsl/nm (/M ~'cm™): MB* 660 (7.4 x 10%, TB*

632 (5.8x 10%, and IP 603 (1.4x 10%. At wavelengths>600 nm
absorption coefficients for active- and met-R2 &@00 M~‘cm . The
reactivities with TB" and IP- were also monitored at the 410 nm R2
peak. At 410 nm, MBabsorbs strongl§ Stopped-flow-loaded reactant
solutions were repeat triggered 4 times and averaging procedures carried
out.

Treatment of Data. In pulse radiolysis studies the program
FACSIMILE®** was used to fit UV-vis absorbancetime data. In the
stopped-flow studies the Applied Photophysics global analysis program
Glint (version 4.10) was used.

Results

Initial Studies of R2 with CO2*~ and e 4. A solution of
R2 (7.3(tM) at pH 7.0 (40.5 mM phosphate), 0.010 M formate,
| = 0.100 M, was subjected to a dose of 1 Gy of radiation,
which gave 0.6QuM CO*~ (reduction potentia-1.9 V). No
reaction was observed at 410 nm overnEdto 10 s at 22+ 1
°C. At 350 nm rapid formation and decay of €O could be
monitored € = 250 M~ cm™1) with rate constant{CO,*~ +
COy") =1.0x 1®® M~1s 1 for the decay process. On repeating
with no phosphate or protein present a rate constant of 8.91
10° M~1 s71 was obtained as compared to a literature value of
1.3x 1° M1 13

To generate &q (—2.9 V) a solution of R2 (5.kM) at pH
7.0 (45 mM phosphate) containitgrt-butyl alcohol (50 mM),
| = 0.100 M, was subjected to a dose of 1 Gy of radiation,
which gave 0.3&M of ™54 At the 410 nm R2 peak no reaction
was observed over 15 to 10 s. Decay of the g, absorbance
at 650 nm ¢ = 16.8 x 10° M~t cm™1)33 was approximately
first order with a rate constant of 5.2 1®s 1. This can be
largely accounted for by the reaction ofg with phosphate
buffer. The rate constant for the reaction ofg@with R2 would

(34) Curtis, A. R.; Sweetenham, W. P. FACSIMILE/CHECKMAT Users
Manual, UKAEA, Atomic Energy Research Establishment, Harwell, 1987,
R12805.

(35) Sellers, R. M. Ph.D. Thesis, University of Leeds, 1972.
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have to be>2 x 10°© M~1 s71 to contribute>20% to the y ¥

changes observed. (A)
It is concluded that there is no measurable reaction of CO

or € 4q With active- or met-R2. 1t
Rate Constants for the Disproportionation of OR’s. Rate

constant¥p(22 °C) for the disproportionation of OR (hereX

102 A670

2X — X + X% (or X,2) (9)

where X is the parent form, were determined by monitoring t t t
the absorbance decay at the OR peak positionge?D nm), (B)
Rbr~ (600 nm), and R#~ (700 nm). The PR dose gave OR
concentrations of0.6 M. Parent concentrations were 1081, 1r
pH 7.0 (40.5 mM phosphate buffer), with 0.010 M sodium
formate present] = 0.100 M. Rate constantkp/M~1 st

obtained were 4.4(8% 10° (Pf), 1.9(8) x 10° (Rbr™), and 3.0(3)
x 108 (Rf27). Flash photolysis studies involving Rbdispro-
portionation have previously been reporfédhe radical MV* ol ]

is long-lived and reaction 9 does not occur. With BV t
dimerization rather than disproportionation occt%] but is 0 0.5 1.0 1.5

2
10% Ag7o

negligible for the concentrations used in these studies. 10%t/s
Reactions of OR’s with R2 by Pulse RadiolysisAbsorption Figure 2. Fit of absorbancetime data from pulse radiolysis studies

changes were monitored at wavelengths for decay of the OR'Stg eqs 1113 (as appropriate) for reactions of the radical(R60uM)
(see Experimental Section). At these wavelengths absorptionswith E. coli R2 monitored at 670 nm: (A) the reaction of met-R2 (10

of the parent and R2 forms are small. The rate condiafur uM) and (B) the reaction of active-R2 (1M, 40% of which is met-
(10)is>5 x 1°® M~1s 1 R2), using the FACSIMILE program. Conditions: 22, pH 7.0 (40.5
mM phosphate)| = 0.100 M.
— k .
CO,” +X—CO,+ X (10) Table 1. Results from Pulse Radiolysis Experiménts
di id dto oth ‘ ( 13) OR ki/M-1s1b k/M~tglc
and is rapid compared to other steps (eqs13).
b P P q MV -+ 1.06(2)x 1@° 2.00(2)x 10°
K BV** 3.3(4)x 108 3.5(2)x 108
X+ Fé"z"'Tyr' — X + Fe'Fd" - Tyr* (11) Pf 2.2(4)x 107 3.4(5)x 107
Rbr- 1.1(1) x 107 2.6(2)x 107
K, Rf2~ 2.7(5)x 1¢° 3.4(5)x 1¢°
o— 2 ==l
X"+ Fe 2 Fe'Fe + X (12) a Rate constants (2ZC) for reactions of active-RX() and met-R2
(k2) with organic radicals (OR), pH 7.0 (40.5 mM phosphattey,0.100
— ko o M. P Listed asks, for active-R2 in Table 5¢ Listed ask;, for met-R2
2XT — X" or X+ X (13) in Table 5.

Satisfactory fits to absorbance vs time data were obtained usingTable 2. Absorption Coefficientsd) for the Parent, Organic

4 . : : Radical (OR), and Fé&€" (R2) Intermediate (not previously
the FACSIMILE progrant* Solutions of met-R2 allowek in determined) from Pulse Radiolysis Experiments, Using the

(12) to be determined by separate experiment. Solutions of FacSIMILE Program and Monitoring the Decay of the YVis
active-R2 have a met-R2 component40%), and concurrent  Absorbance of the OR (wavelength indicafed)

reactions have to be considered. In the case of the™\id 2 e(parent)/ (OR)/ (Fé'Fa")/
BVt (11) and (12) are favorable compared to (33¥ andk; OR nm M~-tcml M-Tcmt M-temt
and_kz were oE)tained from first-order decay processes. For Pf P 670 950(80) 10440(300) 1310(150)
Rb~, and Rf?, ki, kz, andkp are relevant, wherk, andk; are Rbr- 550 ~10 5390(240) 1500(100)
as determined in separate experiments. Examples of fits of data 600 ~10 3730(90) 1090(30)
are shown for Pfin Figure 2 and for Rty and Rf~ as Rf-2- 700 400(60) 3550(260) 1010(100)

Supporting Information. No further steps corresponding to the apH 7.0 (40.5 mM phosphate),= 0.100 M.

further reaction of X~ were required in the fitting process. ’

Values ofks andk, are listed in Table 1. The similarity d& Pf, Ry, and Rf2-, and for F8F€" obtained as part of the fitting

andk; values k; > ki by an average 66%) implies an identical - ,ceqyre, are listed. The values for FéFe! are small
AT : ) .

redox step P&, — FelFe!l. This is an unexpected result in o 0ared 't those for the OR'’s. No major peak positions in

vieyv of the reduction potentigl for the TYTyr couple currently the 556-700 nm range were indicated, and further details were
believed to be-1.0 V*% Details of the FéFel! decay have not o ayhiored as a part of these studies. The reaction of MB

been established, but the _reaction is known to be rapid from was also studied by PR, but rates are too slow and the fit is
EPR freeze-quench experimefg! In Table 2,¢ values for less precise than when the SF method is used.

(36) Ahmed, 1.; Cusanovich, M. A.; Tollin, GProc. Natl. Acad. Sci. Reactions of OR’s with R2 by Stopped-FlowThe dithionite
U-?é%l\?af‘# Zegéﬁﬁ' 1. W.: van Dk, C.; Veeger, Bur. J. Biochem procedure for the reduction of the parent X gives double-reduced
1983 135, 601, I T T X2~ forms of MB* and TB', and single reduced X in the

(38) Carey, J. G.; Cairns, J. F.; Colchester, JJEChem. Soc., Chem.

Commun 1969 1280. (40) Atta, M.; Anderson, K. K.; Ingemarson, R.; Thelander, L.;<hrad,

(39) Silva, K. E.; Elgren, T. E.; Que, L., Jr.; Stankovich, M. T. A. J. Am. Chem. Sod994 116, 6429.
Biochemistryl1995 34, 14093. (41) Gerez, C.; Fontecave, NBiochemistryl992 31, 780.
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Table 3. Stopped-Flow Studies (22C) on the Reduction of the
Active-R2 Component F&:+-Tyr* (46.7 uM) with Toluidine Blue
(4.4 uM)?

Dobbing et al.

Table 4. Rate Constants from Stopped-Flow Studies on the
Reduction of the Active-R2 Component (fe--Tyr) with Organic
Radicals

10~%p(start) 105, 1075k 10~%p(final)
0.01 37(6) 3.2(7) 0.057(6)
0.30 7.1(3) 5.6(2) 1.2(3)
1.5 6.9(3) 5.7(2) 1%

apH 7.0 (45 mM phosphate),= 0.100 M, monitored at 632 nm.
Solutions of the parent X were reduced with dithionite prior to stopped-
flow mixing. The program Glint was used to fit rate constakis
(reaction of X~) andks (reaction of X~), using different starting values
for kp (examples given). A best fit value féw is indicated? Listed
aski2 in Table 5.¢Best fit ko. 9 Does not vary during fit.

case of IP. Experiments on the reaction of dithionite reduced
MB™ and IP" (2.8«M) with met-R2 (17..xM) were explored
(under N) using a two compartment (split) optical cell. The
latter (total solution volume 2.6 mL) was loaded and initial
absorbance readings taken prior to mixing. No reaction was
observed over 2 h indicating a reduction potential for the met-
R2 Fé'',/Fé"Fé' couple of<0.011 V. This value is in keeping
with the two-equivalent reduction potential ©f0.115 V for
the Fé',/Fe', couple® In the case of mouse R2 the reduction
potential for the Fé,/Fé'Fe" couple has been estimated as
0.150 to 0.010 W0 and if such a range holds also far coli
met-R2 then it is expected that some of the OR radicals will
have difficulty in bringing about reduction of met-R2. Reactions
with active-R2 could, however, be studied because the unfavor-
able reduction of Pi,---Tyr* to Fe'Fe!'---Tyr* is followed by
the favorable intramolecular redox change to give met-R2.
The reaction scheme to be considered is therefore

X% + Fd" - Tyr" Sox Fe'Fe'---Tyr  (14)

k,
2XT = X¥ + X (15)

k.
X"+ F' e Tyr = F' R Tyr (16)
Concentrations of the parent were in the range-49.9 uM,
and of active-R2 in the range 3@7 uM. A fitting procedure
for toluidine blue was employed using absorbanttme data
at 632 nm, and the Glint program with differdai(start) values.
As can be seen from Table B; and ks converge and give a
ko(final) value of 1.5x 10® M1 s™1 after a number of iterations.
The samekp was used for methylene blue, where valueg&of
in the range (1.53.0) x 10° M~1 s71 have been determined
previously3° No double reduction is observed with indo-phenol
and a simpler treatment was possible. ThetTrBaction was

[parent]/ [active-R2]/ 1075k,/ 1075ks/
Alnm uM uM M-is® M-1s?
reaction of methylene blue
660 45 30.8 7.5(2) 6.0(1)
660 7.4 30.8 7.2(3) 5.8(1)
660 9.9 46.7 7.3(3) 6.1(1)
reaction of toluidine blue
6.32 4.4 46.7 6.9(3) 5.7(2)
410 7.0(2) 5.9(2)

632 6.6 30.8 6.8(2) 5.8(1)
632 9.1 30.8 6.8(3) 6.0(1)
reaction of indo-phenél
603 41 30.8 0.11(1)
603 5.8 30.8 0.11(1)

10 0.10(2)
604 1 46.7 0.13(1)

a Solutions of the parent X were reduced with dithionite prior to
stopped-flow studies. The program Glint was used to fit rate constants
for active-R2 with X (k;) and doubly reduced X (ks), with kp fixed
at 1.5 x 10°® M~! s PListed ask;, in Table 5.6ks (and kp) not
relevant.

Table 5. Summary of Rate Constanks, (22 °C) at pH 7.0 for the
Reduction of Active- and Met-R2 frork. coli Ribonucleotide
Reductase with Organic Radicals (OR) Determined by Pulse
Radiolysis (PR) and Stopped-Flow (SF) Spectrophotorhetry

OR method /nm) E%/V log ki2 —logf
active-R2 as oxidant
MV *+ PR(605) —0.446 9.04 2.07
BV PR(555) —0.355 8.51 1.56
Pf PR(670) —0.243 7.26 1.00
Rb~ PR(550) —0.200 7.04 0.76
Rf2~ PR(700) —0.059 6.43 0.25
MB* SF(660) +0.006 5.88 0.115
TB* SF(632) +0.015 5.88 0.115
P2~ SF(603) +0.194 4.04 0.070
met-R2 as oxidant

MV ++ PR(606) —0.446 9.28 2.07
BV PR(555) —0.355 8.53 1.56
Pf PR(670) —0.243 7.52 1.00
Rb~ PR(550) —0.200 7.41 0.76
Rf2- PR(700) —0.059 6.54 0.25

@ Reduction potential&®, vs NHE are for OR’s. Values of lofy
were obtained from eq 3.Less precisé;, value obtained by PR, 12.9
x 1P M1 s1 ¢At 410 nm,ki, = 7.0 x 10° M~1sL 9 At 410 nm,
kip = 1.0 x 10 M-1tst

ki — 0.5 logf against—E°1/0.059, Figure 4, gives a single line
for all the data of slope 0.54(2) in satisfactory agreement with
the theoretical value of 0.50, and an intercept of 5.94(9) equal

also monitored at 410 nm. The latter is an absorbance peak fort0 0.50 (logkis + log ka2 + E°,/0.059). Separate consideration

Tyr with smaller absorbance contributions from'&% As can

of the active-R2 points has negligible-2%) effect on slope

be seen from Table 4 identical rate constants are obtained a@nd intercept values. Assumii), for the E. colimet-R2 couple

both wavelengths. The absorbance change at 410 nm was 0.01
which is bigger than the absorbance change fdtFe Fé',
(0.009). On this evidence reduction of the Tgccurs rapidly
and within the first phase of reaction. The llPeaction was
also monitored at 410 nm, Table 4. Since MiBsorbs strongly
at 410 nm, no similar studies were possible. Valueg;odire
listed in Table 5 a2

Free-Energy Plot.Rate constantk{) at pH 7.0 for the eight
OR reactions with active-R2 and for five OR reactions with
met-R2 are listed in Table 5. In those cases in which both have

g€"/Fe'Fe" to be close to zero (see above) ad for the

OR radicals to be 1.6 106 M~ 57129 the self-exchange rate
constantky, for the same couple is 7.6 10° M~1 s71,

Discussion

With five OR’s as reductants it was possible to determine
rate constants for the reduction of active- and met-R2 forms by
PR, Table 5. The coincidence ki, values for the two forms,
Figure 4, is significant since it indicates one-electron reduction
of Fe''; as rate limiting in both cases, with the Tyf active-

been studied the met-R2 rate constant is the larger, but only byR2 playing a passive role. Subsequently, in the case of active-

a small amount (average66%). This is most likely due to
minor structural differences at the active site. A graph of log

R2, the Tyr is reduced in an intramolecular step. Three other
less reactive OR’s (MB TB-, and IP2") were studied by the
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Figure 3. Fit of absorbance changes at (A) 632 and (B) 410 nm for
the stopped-flow reduction of thE. coli active-R2 component (46.7
uM) with toluidine blue (4.9uM), prior reduced with dithionite.
Conditions: 22°C, pH 7.0 (45 mM phosphate),=+ 0.100 M.
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Figure 4. Marcus free-energy plot for reduction of active-R&) @nd
met-R2 (1) from E. coli RNR by eight organic radicals (OR) as listed
in Table 5. No reaction of met-R2 with MBTB*, and IP2~ is observed.

SF method, when onl¥;, values for reduction of active-R2
were obtained. With TBand IP?~ the R2 absorbance decay at
410 nm gives identical rate constants to those obtained by
monitoring re-formation of the parent, Figure 3. Absorption
changes at 410 nm are bigger than those observed for th
reduction of F#, alone, and the differences are assigned to
the decay of Tyr On this evidence it would appear that the
rate of the Tyroxidation of F&Fe! is comparable to the initial
reduction of F#,.

No reduction of met-R2 is observed for the radicals ‘MB
TB*, or IP2~, which have reduction potentiats0.011V, Table
5. Reduction of met-R2 with B (—0.051 V) is observed,
however. It is concluded that the reduction potential for the
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Figure 5. Pathway proposed for transfer of an electron from the indole
ring of Trp-48 to His-118. A coordinated 4 (for mousé®) or
Asp-84 series as a contact to the phenolate O-atom of. Tyr

Fe'',/F'Fe! couple is betweer-0.051 and+-0.011 V. The
latter range is in keeping with an estimate of the mousé.Fe
Fe'Fe'" couple of 0.010 to 0.150 YA Since there is no reduction

of met-R2 with MB, TB*, and IP?~, the mechanism of reduction

of active-R2 has to be carefully considered. Formation ¢f Fe
Fe'!' followed by rapid reduction of Tyiis able to explain the
behavior observed. The latter does however need to be
significantly faster than the reverse step involvind &' and

the parent form.

The single linear Marcus correlation of rate constants for
active- and met-R2, Figure 4, is in accordance with (4), and
indicates a common rate-limiting electron-transfer (ET) process
occurring between the OR (donor) and'z€¢acceptor) centers.
However, the Tyris a much stronger oxidant«(.0 V)3° and
the exclusiveness of the Egstep, with reduction of active and
met-R2 occurring at similar rates, is an interesting outcome. A
pathway for ET from Trp-48 at the surface of R2 via Asp-237
and His-118 (which is a ligand to kehas been proposéd.
These amino acids are conservéd2and are connected by
hydrogen bonds, Figure%:#3 Variant E. coli and mouse R2
forms in which amino acids in the ET pathway are replaced by
residues which are unable to H-bond severely impair redox
activity.#243 Evidence has been presented that this pathway
mediates electron transfer during &ctivation?* Reduction of
Tyr* may require a proton as well as an electron, in which case
proton transfer involving the H-bonded chain between the donor
and acceptor sites may be relevant by adaptation of Figure 5.
Alternatively, the electron and proton may have other means
of accessing the active site. For conversion through to red-R2
three electrons and three protons are required to retain electro-
neutrality at the active centét#®Theoretical calculations have
indicated unfavorable energetics for ET without the accompany-
ing proton transfer to maintain electroneutrafityPossible
pathways for ET can be examined using the criteria of Beratan
and Onuchic, and may involve atoms on the peptide backbone
as well as the H-bonded routé?® To initiate H™ transfer in
the present case a proton would have to be provided by solvent

(42) Persson, B. O.; Karlsson, M.; Climent, I.; Ling, J. S.; Loehr, J. S;
Sahlin, M.; Sjderg, B.-M.J. Biol. Inorg. Chem1996 1, 247.

€ (43) Katterle, B.; Sahlin, M.; Schmidt, P. P.;Boh, S.; Logan, D. T;

Gréslund, A.; Sjierg, B.-M.J. Biol. Chem 1997, 272 10414.

(44) Parkin, S. E.; Chen, S.-X.; Ley, B. A.; Mangravite, L.; Edmondson,
D. E.; Huynh, B. H.; Bollinger, J. MBiochemistry1998 37, 1124-1130.

(45) Schmidt, P. P.; Rova, U.; Katterle, B.; Thelander, L.;<Brad, A.
J. Biol. Chem 1998 273 21463.

(46) Siegbahn, P. E. M.; Blomberg, M. R. A,; Crabtree, R.THeor.
Chem. Acc1997 97, 289.

(47) Beratan, D. N.; Onuchic, J. NPhotosynth. Res1989 22, 173.

(48) Beratan, D. N.; Onuchic, J. N.; Betts, J. N.; Bowler, B. E.; Gray,
H. B. J. Am. Chem. Sod99Q 112, 7915.
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H,O rather than the reductant. Electron-transfer from the
reductant OR to the He site may drive the protonation step
as in a similar instance involving redox coupled long-range
proton transfer to the [3Fe-4S] cluster Afotobactorinelan-
dii.*® Interestingly, the FeS cluster is also buried and is
inaccessible to solvent wateét A proton would thus travel to

Dobbing et al.

356, Tyr-731, and Tyr-730 to Cys-438 at the substrate binding
site of R1. The favorable self-exchange prodesss relevant
as a part of the communication between R1 and R2.

To summarize rate constantg4) for eight OR’s, reduction
potentials E°;) in the range-0.446 to+0.194 V, as reductants
for active- and met-R2, have been determined by PR and SF

the binuclear iron acceptor site in what has been described asechniques. Rate constants for any one OR with active- and met-

the “slipstream” of the electroff. Compliance with Marcus

R2 forms are very similar (met on average 66% bigger), and

theory suggests that the rate controlling process is ET, and thereduction of the P&, (E°, close to zero) is rate controlling. A

similarity of rate constants for active and met-R2 indicates that
ET terminates initially at Fe In the case oE. coli R2, the

single linear free-energy plot of ldg, vs E%/0.059 conforms
to the Marcus equations, and ET is therefore the rate-controlling

chelated carboxylate of Asp-84 has been suggested as a possibletep. Reduction of the more strongly oxidizing adjacent Tyr

mediator for proton transfer from the binuclear Fe to Tyr-122.
The intercept at-E®/0.059= 0 in Figure 4 of 5.94 is equal

to 0.5 (log ki1 + log kz» + E°/0.059), (4). The OR’s are

assumed to have a common self-exchange rate corlgtaoit

1.0 x 1 M~1 s71, which gives an excellent correlation with

cytochrome c(lll) as oxidant!® As already discussed the

reduction potentialE®, for the Fé',/Fé'Fe!' couple has a value

close to zero. Therefore the self-exchange rate conkjaftr

the Fd',/Fe'Fe! exchange process is 7:610° M~1s™1, which

is surprisingly favorable for a 10.9 AxQ2) separation of the

binuclear Fe centers of two R2’s. LargEf, values may be

considered withk,, decreasing by an order of magnitude for

each 0.059 V. The pathway for reduction of active- and met-

R2 is only a part of the total enzyme requirement. When R1

and R2 associate, the pathway extends from Trp-48 via Tyr-

(49) Hirst, J.; Duff, J. L. C.; Jameson, G. N. L.; Kemper, M. A.; Burgess,
B. K.; Armstrong, F. A.J. Am. Chem. S0od 998 120, 7085.

(50) It has also been propogé@dhat reoxidation of the [3Fe-4%]" is
controlled by the rate of release of the proton.

(reduction potentiat~1.0 V), in an overall process Tyt e~

+ H™ — TyrH, would serve to maintain electroneutrality of
the buried active site. A reasonable hypothesis, but one which
requires further examination, is that the electron and proton-
transfer steps may occur via the conserved pathway from the
surface Trp-48 to Asp-237, His-118, andaFe
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