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Abstract: Each -protomer of the small 5 subunit of Escherichia coli ribonucleotide reductase (R2) contains
a binuclear iron cluster with inequivalent binding sites: Fea and Feg. In anaerobic Fe' titrations of apoprotein
under standard buffer conditions, we show that the majority of the protein binds only one Fe' atom per
subunit. Additional iron occupation can be achieved upon exposure to O, or in high glycerol buffers. The
differential binding affinity of the A- and B-sites allows us to produce heterobinuclear Mn"Fe' and novel
Mn'"Fe!" clusters within a single 3-protomer of R2. The oxidized species are produced with H,O, addition.
We demonstrate that no significant exchange of metal occurs between the A- and B-sites, and thus the
binding of the first metal is under kinetic control, as has been suggested previously. The binding of first Fe'
atom to the active site in a g-protomer () induces a global protein conformational change that inhibits
access of metal to the active site in the other S-protomer (8). The binding of the same Fe' atom also
induces a local effect at the active site in Si-protomer, which lowers the affinity for metal in the A-site. The
mixed metal FeMn species are quantitatively characterized with electron paramagnetic resonance
spectroscopy. The previously reported catalase activity of Mn,"R2 is shown not to be associated with Mn.

Introduction activity of RNR and is believed to initiate a thiol radical (C439)
within the active site of R1 through a long-range proton-coupled
electron transport (PCET) pathw&§The structure of diferrous
clusters in R2qis shown in Figure £:18.19

Mossbauer and MCD studies have shown that thedfe?©
(spectroscopically assigned to the Fe2, 8.3 A from Y122)
exhibits approximately a 5-fold greater binding affinity for'Fe
than the Fg site (spectroscopically assigned to the Fel, 5.3 A
from Y122)18.192¥23 \We have previously demonstrated that
under standard buffer conditions, the tWeprotomers of R2
do not act independently during metal incorporation. Under
nonturnover conditions, only a singestrand of R2 is capable

Ribonucleotide reductase (RNR) catalyzes the reduction of
nucleotide diphosphates (NDP) to deoxynucleotide diphosphates
(dNDP) for DNA synthesid.As isolated fromEscherichia coli
RNR is composed of two homodimeric subunitgf,). The
o subunit (R1) is the larger of the two homodimers and contains
the substrate binding site and at least two allosteric effector sites.
Each monomer of the R1 subunit contains five conserved redox-
active cysteine residues essential for catalytic activityThree
of these cysteines, located within the active site of R1, are
directly involved in the reduction of NDP'S.

Each polypeptide chain within the small@f subunit (R2)
contains the binuclear non-heme iron site. This subunit belongs(12 Thelander, LJ. Biol. Chem.1974 249, 4858-4862.

Reichard, PSciencel993 260, 1773-1777.
to a diverse group of proteins that are capable of reductively (12) Boliinger, J. M., Jr.; Edmondson, D. E.; Huynh, B. H.; Filley, J.; Norton,
activating Q in order to perform a variety of biological J. R.; Stubbe, BSciencel991 253 292-298. _ _
reactions In the reduced state (RJ, the diferrous site can (15) Baidwin, J. Krebs, C, Ley, B. A Eamondson, . E Huynh, B. H.
reductively activate @and, combined with an “extra” electron,

1989 264, 8091-8096.

Bollinger, J. M., Jr.J. Am. Chem. So200Q 122 12195-12206.
Lynch, J. B.; Juarez-Garcia, C.; Munck, E.; Que, L.,JJrBiol. Chem.
produce a stable tyrosine radical (Y222adjacent to the diiron
active sitef~1° The Y122 on R2 is essential for the catalytic

(1) Stubbe, JAdv. Enzymol. Relat. Areas Mol. Bial99Q 63, 349-419.

(2) Reichard, PTrends Biochem. Scl997, 22, 81—85.

(3) Stubbe, J.; Nocera, D. G.; Yee, C. S.; Chang, M. CCifem. Re. 2003
103 2167+2202.

(4) Stubbe, JJ. Biol. Chem.199Q 265 5329-5332.

(5) Ge, J.; Yu, G.; Ator, M. A.; Stubbe, Biochemistry2003 42, 10071
10083.

(6) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759-805.

(7) Wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625-2657.

(8) Nordlund, P.; Eklund, HJ. Mol. Biol. 1993 232 123-164.

(9) Bollinger, J. M., Jr.; Krebs, C.; Vicol, A.; Chen, S.; Ley, B. A.; Edmondson,

D. E.; Huynh, B. H.J. Am. Chem. S0d.998 120, 1094-1095.

(10) Nordlund, P.; Aaberg, A.; Uhlin, U.; Eklund, Biochem. Soc. Tran4993
21, 735-738.

(11) Nordlund, P.; Sjoeberg, B. M.; Eklund, Mlature 199Q 345 593-598.

10.1021/ja0491937 CCC: $30.25 © 2005 American Chemical Society

(17) Atkin, C. L.; Thelander, L.; Reichard, B. Biol. Chem1973 248 7464

7472.

(18) Logan, D. T.; Su, X.-D.; Aaberg, A.; Regnstroem, K.; Hajdu, J.; Elkund,

H.; Nordlund, P.Structure1996 4, 1053-1064.

(19) Andersson, M. E.; Hoegbom, M.; Rinaldo-Matthis, A.; Andersson, K. K.;

Sjoeberg, B.-M.; Nordlund, Rl. Am. Chem. S0d.999 121, 2346-2352.

(20) The use of FeA and FeB to designate the crystallographic iron sites Fel
and Fe2 reported by Nordlund et al. was originally invoked by Ravi et al.
to clarify comparisons made between the crystallographic work and their
Mdssbauer assignments. Subsequently, this nomenclature has been adopted
by several other researchers spectroscopically characterizing the individual
iron binding sites of R2.

(21) Yang, Y.-S.; Baldwin, J.; Ley, B. A.; Bollinger, J. M., Jr.; Solomon, E. I.

J. Am. Chem. So@00Q 122, 8495-8510.

(22) Bollinger, J. M., Jr.; Chen, S.; Parkin, S. E.; Mangravite, L. M.; Ley, B
A.; Edmondson, D. E.; Huynh, B. H. Am. Chem. S04997 119 5976~
5977.

(23) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Stubbe, J.; Edmondson, D.
E.J. Am. Chem. Sod.994 116 8007-8014.
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previous conclusion of a protein conformation change upon
Y1ZZOOH loading of a single equivalent of metal into the homodimer R2.
E204 We suggest that thglobal effect is a protein conformational
D84 F298 07/ change that affects access to the active site, wheredsdalke
/K d effect is a change in the active site that affects the binding
o 0o o ¢ constant of the second metal.
H1O18 e >F\\ H241 New electron paramagnetic resonance (EPR) signals are

7 X
o

Figure 1. Schematic representation of the diferrous R2 active site adapted
from reference§819

of Mn" incorporation. Subsequently, we have introduced
nomenclature to differentiate th@protomer which initially
binds metal ag, and the adjacent secoysdprotomer ag3);.2*
We also demonstrated that binding of metal intogh@rotomer
occurs during or after activation of R2 with,O

Previous studies of the kinetics of the @&action with R2
have shown an order of magnitude rate increase for R2
preloaded with 2 equiv of Peover apoRZ3250n the basis of
that work, it was proposed that the slow step in apoR2 is a
protein conformation change that occurs during the preloading
of iron.2%27 An implicit assumption in this previous work was
that the preloading step involved binding of''Fato the two
Fes sites of the homodimer of R2. However, our previous work
indicates that thes, protomer is not occupied during such

presented here for three different states of the mixed metal
protein: F&'"Mng", Fey"Mng"', and Mn"'Fes'". These signals

are assigned, and the electronic properties of the respective
clusters are characterized. The'ln'' R2 dinuclear sites are
produced by anaerobic sequential addition of Bad Mr' to

R2 followed by addition of HO,. We have prepared isolated
samples of each oxidized mixed metal species. The hyperfine
contributions of the MH ion determine a unique ground-state
electronic configuration for each site.

The reaction of @with Mn''Fe' R2 sites does not produce
Mn""Fe!' R2 sites. However, we observed the formation of a
minority amount of MH'Fe!' R2 sites during multiple turnover
reactions of the protein in the presence of dithionite, mediator,
and Q. During these reactions, the only oxidants present are
O, and the high oxidation states of the diiron cluster (e.g.,
intermediate X). Since the reaction of @ith Mn''Fe' R2 sites
does not produce the MiFe"" R2 sites, one dinuclear site must
serve as an electron source for another site in the generation of
the active form of R2 [F&'R2; Tyre], R2, Therefore, in part,
the substoichiometric yield of Y132er R2 could be a result
of inter- and/or intraprotein electron transfer between the active

preloading and that a protein conformational change occurs uponsites of R2.

loading of the first metal into th¢g, protomer. Thus, in the

Previous publications have reported catalase activity from

absence of oxygen we can focus solely on the metal loading Mn-incorporated R2 samplé&2® We show here that such

within a singlef-protomer.

Protein-bound mononuclear ferrous iron is spectroscopically
difficult to accurately differentiate from adventitious'Feand
thus our initial work used paramagnetic Mion as a spectro-
scopic probe for Febinding within the apoR2 homodimer. Here

activity is not associated with Mn incorporation.

Materials and Methods

Protein Purification. R2 was isolated from an overproducing strain
of E. coli N6405/pSPS2 as previously descri§&d? During purifica-

we focus on the effects due to iron and present four new resultstion, proteolytic degradation of R2 was decreased by addition of a

with respect to metal binding. (1) We now show direct
quantitative spectroscopic results for'Fanly titrations, indicat-
ing that Fé bound within the B-site significantly decreases the
affinity for Fe' (the native metal) within the adjacent A-site.
For higher concentrations of added"Fa& small amount of

general purpose cocktail of protease inhibitors (Sigma P 2714). After
iron chelation, the buffer was exchanged by passing the protein solution
down a Sephadex G-25 size exclusion column [k938 cm]
equilibrated with 25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), 100 mM KCI, and 5% glycerol, pH 7.6. Significant
amounts of denatured R2 were produced during chelation. After the

diferrous clusters is formed, but these clusters are not the cojymn, the denatured protein was pelleted with centrifugation. UV/

majority Fd' species. (2) We show that Feound within the
B-site also significantly decreases the affinity for Mwithin
the adjacent A-site. (3) As previously observed for Mn additions,
Fe! binding in the B-site of a single protomer shows a negative
allosteric effect on metal incorporation within the opposite
B-protomer. (4) In the reverse addition, Mor F€e' added to
samples of apoR2 preloaded with a single equivalent of Mn
generates the MiMng" or Fe"Mng'" cluster, respectively,
within a singleg-strand of R2.

The results indicate that the occupation of one B-site with
ferrous iron affects botlocal andglobal occupation of the other

three metal binding sites. The results are consistent with our

(24) Pierce, B. S.; Elgren, T. E.; Hendrich, M. Am. Chem. So2003 125
8748-8759.

(25) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.; Edmonson, D.
E.; Stubbe, JJ. Am. Chem. S0d.994 116, 8015-8023.

(26) Tong, W. H.; Chen, S,; Lloyd, S. G.; Edmondson, D. E.; Huynh, B. H.;
Stubbe, JJ. Am. Chem. S0d.996 118 2107-2108.

(27) Umback, N. J.; Norton, J. BBiochemistry2002 41, 3984-3990.
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vis measurements were made on a HP 8453 spectrophotometer equipped
with a constant temperature cuvette holder. The protein concentration
was determined spectrophotometrically from the absorbance at 280 nm
[€280 = 141 mMt cm! (R2) and 126 mM! cm™ (apoR2)]3?

Sample Preparation.Stock Mr' and Fé solutions were prepared
anaerobically by dissolving Mngbr Fe(NH:)2(SOy). within degassed
protein buffer or double distilled water, respectively. The concentration
of the Mnl' stock solution was determined from quantification of the
EPR signal. The Festock solutions were assayed spectrophotometri-
cally as described previoust§.These stock solutions (typically 30
20 mM in metal) were prepared fresh prior to addition to apoR2. For
each metal addition, the appropriate amount of metal containing stock

) Hogbom, M.; Andersson, M. E.; Nordlund, P.Biol. Inorg. Chem2001,
6, 315-323.
(29) Elgren, T. E.; Marcoline, A. T.; Goldstein, J.J. Inorg. Biochem1999
74, 122.
(30) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.; Edmondson,
(31)
(32)

D. E.; Stubbe, JJ. Am. Chem. S0d.994 116, 8024-8032.
Salowe, S. P.; Stubbe, Jl. Bacteriol. 1986 165 363—366.
Lynch, J. B. Ph.D. Thesis, University of Minnesota, 1989.

(28
1
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solution (typically 5-10 4L) was added anaerobically to solution of
apoR2 (initially 156-200 uL of 1 mM R2) directly within the EPR g=20
tube with a 25L Hamilton gastight syringe. The solution was mixed |
with a second gastight syringe (2aQ) and by inversion for 5 min,

and then the sample was frozen in liquid. MO, solutions were
prepared by dilution of a 30% stock solution in buffer. Determination
of H,O, concentration was performed spectrophotometrically from the
absorbance at 230 nnafo = 72.8 M~ cm1].23 The resulting solution
was degassed prior to use.

Catalase Activity. Dioxygen content was assayed polarographically
using a standard Clark electrode within a 1.5-mL water-jacketed cell.
Experiments were run at 2& 2 °C and controlled by a circulating
water bath. The oxygen electrode was calibrated from the voltage
difference after addition of a known amount of® (confirmed
spectrophotometrically) to a solution containing bovine liver catalase
(Sigma C-9322). From the voltage difference an electrode constant
could be determined.

Metal Analysis. Samples of apoR2 were analyzed for metal content 8.8 45
by inductively coupled plasma emission spectroscopy (ICP ES) at the \ |
University of Minnesota, Research Analytical Laboratory, Department \
of Soil, Water, and Climate. ICP samples were prepared by digesting
protein in ultrapure concentrated HCI (0.5 mL of HCI diluted to 5 mL
with double distilled HO) followed by boiling for 30 minutes. The 100 200 300 400 500 600
resulting suspension was centrifuged to pellet undigested protein. B (mT)

Supernatant was taken for analysis. To determine that nearly all metal

was extracted from the protein, a second sample was prepared fromR2 before (dashed lines) and after addition df @mlid lines). The parallel-

the pellet following the same technique described above. mode signal intensity was scaled byx10Sample conditions: 1.23 mM
Chemicals. All chemicals were purchased from Sigma, Fisher, or apoR2, 0.63 mM Mh, 3.1 mM Fé, 25 mM HEPES, 100 mM KClI, 5%
VWR and used without purification. The water was from a Millipore-Q  glycerol, pH 7.6. Instrumental conditions: temperature, 9 K; microwave

filtration system or double distilled. All aqueous solutions prepared power, 0.02 mW [()), 0.2 mW ([); microwave frequency, 9.62 GHZ,
for protein work were made within a 25 mM HEPES, 100 mM KCl, 9.27 GHz ()).
5% glycerol, pH 7.6 buffer except where noted.

EPR Spectroscopy.X-band (9 GHz) EPR spectra were recorded having a known sample concentration. The only unknown factor relating
on a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 the spin concentration to signal intensity is an instrumental factor that
cryostat for low-temperature measurements and a Bruker bimodal cavity depends on the microwave detection system. However, this factor is
for generation of the microwave fields parallel and transverse to the determined by the spin standard, CUEDTA, for which the copper
static field. The microwave frequency was calibrated by a frequency concentration was accurately determined from plasma emission spec-
counter, and the magnetic field was calibrated with a NMR gaussmeter. troSCopy.

The temperature was calibrated with resistors (CGR@00) from Lake
Shore Cryonics. A modulation frequency of 100 kHz was used for all
EPR spectra. All experimental data were collected under nonsaturating  Formation of the (Fex" Mng' ) Cluster, Sample 1aTo a
conditions. , » ~ sample of apoR2, 0.5 equiv of Mmwas added to the protein

EPR Simulations. Analysis of the EPR spectra utilized the spin - qer strict anaerobic conditions via a Hamilton gastight syringe
Hamiltonian: and allowed to equilibrate for 5 min prior to freezing. Figure 2
shows X-band EPR spectra of this sample for microwave fields
perpendicular B, [0 B) and parallel By || B) to the static
magnetic field &9 K before (dashed lines) and after (solid lines)
whereD describes the axial zero-field splitting (zfs) parameter gnd ~ addition of F&. The broad signals (dashed lines) observegl at

7

-
Wy

Figure 2. Perpendicular-[{) and parallel-mode{|) EPR spectra of Mgi'-

Results

Hs=—2X(S:9) + Y SD'S+AS 9B +SAlL (D)
i=T2

is the g-tensor?* Nuclear hyperfine interaction®A\j are treated with = 5.2, 2.9, and 2.08; 00 B) andg = 4.5 B, || B) originate
second-order perturbation theory. In the case€/bf > 1, the above from mononuclear bound Mnwithin the active site of R2.
spin Hamiltonian simplifies to the following: Given the greater binding affinity observed for the B-3#&?
this signal was assigned to Mibound within the B-site of R2
Ho=B(S&g:B) + SoAl ©) (Mng"R2) and quantified as 0.5 equiv as previously character-

ized?* The sharp six-line hyperfine pattern observedyat

where& is the coupled spin state. Simulations of the EPR spectra are 2.0 is attributed to adventitious hexaqua ligated"Mermed

Ealculated from dlago_nallza_tlon of this equation Wlth soft_ware _created aquaMri, and accounts for2% of the total M# added. The
y the authors. The simulations are generated with consideration of all ~. . . . .

intensity factors both theoretical and experimental to allow concentration SIgNal intensity of both species is observed to be inversely
determination of specié& This allows direct comparison of simulated ~ Proportional to temperature.

spectra to the absolute intensity scale of the experimental spectrum Upon addition of 5 equiv of Fe(solid lines), all EPR signals
attributed to Mp""R2 disappear, the aquaMsignal intensity
(33) Foote, C. S.; Valentine, J. S.; Greenberg, A.; Liebman, Acfiue Oxygen increases, and two new signals are observegj;at8.8 (B1 I

In Chemistry Chapman & Hall: New York, 1995; Vol. 2. . i :
(34) Abragam, A.; Bleaney, EElectron Paramagnetic Resonance of Transiton ~ B) andg = 6.3 B1 [ B) from two different species. The signal

lons Clarendon Press: Oxford, 1970. — ; f ot ;
(35) Hendrich, M. P.; Petasis, D.; Arciero, D. M.; Hooper, A.JBBAm. Chem. a_t g 8.8 (Bl I B) IS CharaCtenStlc of a_qua'r@‘nd will be
So0c.2001, 123 2997-3005. discussed in more detail below. The increased amount of

J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005 3615
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B (mT) Figure 4. Perpendicular-mode EPR spectrdlaf(solid line) and simulation

) (broken line) at 9
Figure 3. Perpendicular-mode EPR spectralafat temperature¥ = 2,

4, 8, 14, and 17 K. Each spectra was plotted as signdl Theg = 4.3
signal is from trace €5 uM) ferric iron contamination. Sample conditions
same as those in Figure 2.

K. Inset: Intensity of thg = 6.3 (B, O B) signal x

temperature versus temperature. The theoretical curve is the fractional
population of the second excited doublet illustrated in Scheme 1 for
—1.3 £ 0.4 cnrl. The aquaMh signal atg = 2 was subtracted out for
clarity. Instrumental conditions: microwave power, 0.02 mW; microwave

frequency, 9.62 GHz. Simulation paramete&; = 2, |Dgd = 8.8 cnTl,

aquaMt displaced upon % addition of F¢ corresponds to
20% of the total MH added. However, stoichiometric addition
of F&' with Mn'" also results in the loss of MR2 signals, with
less than 5% of the total Mndisplaced (data not shown). The
loss of the MHR2 signal indicates that Fenust bind adjacent
to the Mry site to give an exchange-coupled'n" cluster.
An antiferromagnetically coupled F¢S= 2) Mn' (S= 5/2)
cluster withJ/Dge > 1 should show an EPR signal from the
groundS: = 1/2 doublet neag = 2. No evidence for such a
signal is observed, but small amounts of aquéMiso produce
signals in this region that can easily obliterate the= 1/2
signal. Alternatively, for a species with only carboxylates
bridging the metals, we expect a weak exchange interagijon
< 2cml(H=-2]S-S). Typical values of D¢ for Fe' range
from 3 to 11 cn?, thus J/Dre < 135738 For this case, the
coupled system spin states are not good quantum numbers andD,
the spectra are more complicated. As shown in Figure 3gthe
= 6.3 B1 O B) signal is observed to grow in at higher
temperatures and is nearly absent at low temperature, indicating
that this signal originates from an excited doublet. We attribute
the g = 6.3 B, O B) signal to a weakly coupled k&Mng"
cluster as demonstrated néXt. Fell
Scheme 1 illustrates the relative placement of the first six , - —— !
doublets for a weakly coupleliDee < 1 FE€'Mn'" cluster. Figure .
4 shows the X-band EPR spectrumlafat 9 K overlaid on a
simulation for a weakly coupled systet@;. = 2 and Sun
5/2, Imn = 5/2. The spectra was fit reasonably well wjDe|
= 9 cnT'L, ErdDre = 0.33, andDwn| = 0.1 cnt?, Eyn/Dyn =
0.21, Aun = 250 MHz, andJ = —1.3 cn1l. Furthermore, as
mentioned in the Materials and Methods section, the simulation
method links the signal intensity to the sample concentration.
The amount ofLa predicted from simulation is within 13% of
unaccounted [M¥ after addition of F&. Therefore, within
experimental error, all of the metal added to apoR2 is accounted

0.05,J=1.3cn1}

Scheme 1

(

—~
—~

\
D ~10cm™ Y
E./D;,~0.33

§=2

for. The EPR si

(36) Hendrich, M. P.; Debrunner, P. Biophys. J.1989 56, 489-506.

(37) Clay, M. D.; Jenney, F. E., Jr.; Hagedoorn, P. L.; George, G. N.; Adams,
M. W. W.; Johnson, M. KJ. Am. Chem. So2002 124, 788-805.

(38) Knapp, M. J.; Krzystek, J.; Brunel, L. C.; Hendrickson, Dlirg. Chem.
200Q 39, 281-288.

(39) Near the axial limit (E/Dx 0), the theoretical signal intensity for doublets
that could possibly give the desired temperature profile is too weak to
explain the observed signal. However, near the rhombic limit (&/D'3),
the transition probabilities increase significantly.

given the low
parameters of

3616 J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005

op=29 CI’TTl, EFJDFe: 0.33,0ep = 0.10,Sun = 5/2, Ivn = 5/21AMH =
250 MHz, Dy = 0.10 ¢nT?, op = 0.03 cnm?, Eyn/Dwn = 0.21,0ep =

,og=1.0mT.

Mn"
Jeb,,

D, ~ 0.1 cm”

S$=5/2

\

1a
J<DFe

gnal originates from the second excited doublet

of Scheme 1. The high rhombicity of the'Fsite is reasonable

symmetry of the crystal structure. The "Mn
the simulation are taken from those of the

mononuclear site. However, significant changes in these values
have little effect on the simulation. Unresolved hyperfine from
manganese and distributionsrandE/D are found to dominate
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K g=2.0

B:1LB

1x
4.9
|

B41IB

50x
0 100 200 300 400 500 600
B (mT)

Figure 5. Perpendicular-I{) and parallel-mode||) EPR spectra of Fg-

R2 after stoichiometric addition of Mn The signal ag = 2.0 from trace
Y122 (~0.06 mM) was deleted for clarity. The parallel-mode signal intensity
was scaled by 59 for comparison. Sample conditions: 0.80 mM apoR2,
0.80 mM Mrl', 0.80 mM Fd, 25 mM HEPES, 100 mM KClI, 5% glycerol,
pH 7.6. Instrumental conditions: temperature, 2.3 K; microwave power,
2.0uW (0), 0.2 mW (|); microwave frequency, 9.62 GHZ), 9.27 GHz

an-

the line width of the signal. The observed line width is fit for
Gaussian distributions efp = 2.9 and 0.03 cmt, andogp =
0.10 and 0.05 for Feand Mr', respectively.

The inset of Figure 4 illustrates the temperature dependence
of theg = 6.3 (B1 I B) signal intensity times temperature versus
temperature. The theoretical curve is generated for a fractional
Boltzmann population of the second excited doubletafThe
temperature dependence of the signal intensity does not
significantly depend orDge within the range 3< Dge < 11
cml. Thus, the value ofJ = —1.3 & 0.4 cnT! can be
determined from a fit to the data.

Addition of Mn " to Feg""R2, Sample 1b.We attempted to
generate the complementary reduced mixed metal cluste'@Mn
Fes'"'B)) in which the Mn and Fe occupation is reversed. One
equivalent of F& was added to a sample of apoR2 under strict
anaerobic conditions and allowed to equilibrate for 5 min prior
to freezing. The EPR spectrum of this sample (data not shown)
shows a weak signal in parallel mode with a pronounced valley
atg = 8.8 B1 || B). This signal, which will be discussed later,
is indicative of high-spin ferrous iron and quantifies to 1.1 equiv
of F€'.37 An insignificant amount of P& was observed a =
4.3 (B, O B). Upon addition of 1 equiv of Mhto this sample,
no protein-bound Mh species were observed. As shown in
Figure 5, only the characteristic six-line signalgat= 2.0 B,

0 B) of aqguaMt is observed. The parallel-mode EPR signal
observed ag = 4.9 B1 || B) exhibits a six-line pattern split by
9.4 mT. This signal is typical of aguaMrand originates from
the Ams = 2 “half-field” transitions?* Double integration of
theg = 2.0 signal B; [0 B) accounts for essentially all (93%)
of the total MA' added. Thus, apoR2 preloaded with a single
equivalent of F& does not bind a significant amount of Mim
either the adjacent A-site ¢, or within the vacang-strand
(ﬁ") of R2.

Fe' Titration of apoR2. As shown above, addition of 1 equiv
of Fe' to apoR2 prevents Mnfrom binding eithers-strand of

ﬂ Increasing [Fe']

B41IB

T

T T T
50 150 200 250

B (mT)
Figure 6. Parallel-mode EPR spectra of (A) aqueous ferrous iron, (B) the
reduced diiron active site of R2 (Rg, and (C) the anaerobic titration of
apoR2 with ferrous iron. The arrows point in the direction of increasing
[Fé'] for the spectra in C. Sample conditions: (A) 10 mM Fe(NKBQy),,
(B) 0.76 MM RZeq (C) 1 mM apoR2. All samples were prepared in 25
mM HEPES, 100 mM KCI, 5% glycerol, pH 7.6 buffer. The equivalents
of added F& per R2 are 1.2, 1.7, 2.9, and 5.6. Instrumental conditions:
temperature, (A) 11 K, (B) 2 K, (C) 2 K; microwave power, (A) 2.0 mW,
(B and C) 0.2 mW; microwave frequency, 9.27 Giz= 15 scans for (B).

T
0 100 300

R2. Thus, F& binding within the B-site of apoR2 induces the
same negative allosteric effect observed for'!lhresulting in
the restriction of metal access withfin. We refer to the negative
allosteric affect o, caused by metal binding withjfy as the
global conformational change. However, unlike Mrferrous
iron also exhibits docal change that decreases the affinity of
Mn'" within the adjacent A-site ofii. To determine if thigocal
change also affects the incorporation of the native ferrous metal,
samples of apoR2 were titrated with'Fand the amount of
mononuclear Peand Fg''R2 was followed by parallel-mode
EPR spectroscopy.

To determine the concentration of each species, we compared
the observed signals to samples of known concentration. Figure
6A shows an X-band parallel-mode EPR spectra of an aqueous
Fe' (10 mM) solution prepared anaerobically in buffer. This
signal exhibits a pronounced valley@gt= 8.8 B, || B), which
is linearly dependent on Feconcentration. We observe that
this signal is not significantly affected by solvent conditions
and introduction of nonmetal binding proteins. Therefore, the
concentration of mononuclear'Femono-Fé] present in protein
solutions can be determined from comparison to this aqueous
Fe'! standard. The uncertainty in the determination of [mono-
Fe'] with this protocol is 20%.

HoloR2 can be prepared by addition of excesd Ged
ascorbic acid to apoR2 under aerobic conditibifsllowed by
gel filtration to remove adventitious metal. For samples prepared
in this manner, typically we observe 3.5 Fe and 1.2 tyrosine
radicals per R2, which is consistent with published re-
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Table 1. Mn'" Parameters for the Mixed Metal Fe'"Mn''R2 Species

I. System and Intrinsic Mh Parameters

species system Ay, Ay, A; MHz intrinsic Mn'" A, Ay, A; MHz¢ system gi, g2, G5 intrinsic Mn" g, g5, g5 reference
2a(Mng) 188, 310, 317 €)141, (+)233, (+)238 2.044, 2.009, 2.033 1.967, 1.993, 1.975 this work
2b (Mna) 253, 370, 270 €)190, ()278, (+)203 2.041, 2.021, 2.015 1.969, 1.984, 1.989 this work
A2 222,210, 236 £)207, )207, (-)124 1.958, 1.965, 2.025 2.032,2.023, 1.981 47
BP 314 235 2.037 1.950 45

II. Isotropic and Dipolar Contributions to the MrHyperfine Tensor

species isotropic hyperfine (Aio) dipolar hyperfine (Aqp) empty Mn"" d-orbital
2a(Mng) —204 MHz +31.5 MHz (de-y?)
2b (Mna) —223 MHz —27.2 MHz (de)
A2 —179 MHz +27.6 MHz (Ge-y?)

aThe intrinsicg-values for M#' were calculated assuming an isotropic 'Mgpvalue of 2.0.A = Mn"Mn!" state of manganese catalase fréhermus
Thermophilus® Only the isotropic value for each spectroscopic parameter was repBrted=€" Mn'"! (u-O)(u-MeCQy)2. ¢ The signs given in parentheses
are not obtained from simulation of the EPR spectra.

Table 2. Distribution of Fe' within the R2 Homodimer upon

12,16,17,24,40 i i i i
sults! Upon reduction of this sample with sodium =" apoR2

dithionite and methyl viologen (R&), the resulting EPR spectra

(Figure 6B) exhibits a temperature-dependent EPR signgl at __FR2’ fmono-Fe'}IR2] [Fe:R2YIR2] 7 mass balance”

= 15.4 B || B), which has been assigned to a ferromagnetically 23 ggi 8-35 (’)‘/gi 01 1%%
coupled Fe'R2 cluster:* Samples prepared in this fashion 29 20105 0.5+ 0.1 99
represent the end result of metal loading and turnover with O 5.6 3.7+ 0.8 0.6+ 0.1 89

thus, after reduction, the active sites of bgtprotomers contain _ _ _
ferrous iron. Furthermore, since no mond.Feas observed by 2 Each sample contained approximately 1800f 0.95 mM apoR2 prior

. . . to ferrous iron addition? Percent mass balance is defined as the amount
EPR upon reduction, all of the iron present in the sample must ot Fd! rom each species divided by the amount of Belded . n/o: not

be contained within diferrous clusters. We will use this signal, observed.

which represents 1.75 Heclusters per R2 homodimer, to

determine the concentration of diiron sites formed in the titration. binding metal, up to 2 equiv of &R sites should be produced.
Figure 6C shows EPR spectra of four samples of apoR2 with These data are a direct indication that dinucledr ¢festers in

increasing additions of He Two spectroscopically distinct ~R2 are not the predominate species formed in titration 8f Fe

species are observed to grow with'Fadition. One speciesis  Thus, the affinity of F& for the A-site in the presence of Fe

observed aig = 8.8 B1 || B), which is characteristic of a  bound in the B-site is significantly lowered, and our observations

mononuclear Pespecies. We cannot distinguish on the basis extend to the biologically relevant metal. This is consistent with

of the spectra if this species is hexaqua Fe, adventitious Fe, orour previously published model of £lependent metal incor-

an internal Fe binding site of R2, and thus we refer to this signal poration of R2.

as the mono-Fesignal. The second species is observeg st Formation of the Oxidized (Fex" Mng'" i) and (Mna" Feg" -
15.4 @. || B) and has the samg—vallue, line shape, and g Clusters. Previously, we described an EPR signal that could
temperature dependence as that of'R& cluster of R2q only be simulated by a mixture of two spectroscopically distinct

described in the previous paragraph. For all of the titration \jllEgll clusters (specielsandll ).2* We speculated that these
samples, the amount of tyrosine radical observed by EPR Wasgpecies were formed by the displacement ¢f BeMn'! within
<6% of the total protein content, indicating that only a minor  gjiher the A- or B-site of R2 upon cycling the enzyme in the
fraction of Fe was oxidized because of @rnover chemistry presence of dithionite, methyl viologen, and. o confirm
of R2. i . . . . our assignments, samples of each oxidized mixed metal cluster
A comparison qf signal intensities between the Fe-titrated (Mna"Fes" and Fe'"Mng") were produced by addition of
apoR2 samples (Figure 6C) and the known aqueoligffigure excess HO, (20 equiv) to samplesa and1b described above
6A) and holoRz2 (Figure 6B) samples allows determination of \,jer anaerobic conditions. These samples were allowed to react
the species concentration. Table 2 shows the species concentray . 1520 min prior to quenching in liquid N Figure 7 shows
tions for mono-F& and Fe'R2 determined for each titration . =pr spectra after addition ob® to each sample. For
point. The sum of the EPR-determined mond-ged Fe'R2 clarity, the signal from trace Y1234 <0.07 equiv) was cut from

tci? ncerr:;[ralltlo_rll_ﬁ Wasllzﬁund';[c\)lvequarirtlhf dﬁfTorumidIffjis ton th each spectrum. The addition of,6, to 1la generates a new
€ sample. Thus, although we canno erentiate between i€y line signal neag = 2 with a hyperfine splitting of 11 mT

different types of mononuclear Fepecies, all of the Peis . - . } . .
uantitatively accounted for as either a mononuclear or dinuclear(':Igure 7A). A simulation of this species for a system spin of
q y S=1/2 is overlaid (dashed line) on the data of Figure 7A, and

species. It is apparent from Table 2 that, upon titration d¢f Fe . .
T . . o the parameters are given in Table 1. These parameters are more
significantly less than one diferrous active site is produced per . . .
accurate than our previous values determined in the presence

R2 homodimer. Of nearly 6 equiv of added'Fenly 0.6 equiv . ) o
of Fe'R2 is observed. If botkg-protomers were capable of of two species, but they are essentially the same, confirming
' our previous assignment of this species toa{eng" ) ().

(40) Bollinger, J. M., Jr.; Stubbe, J.; Huynh, B. H.; Edmondson, DJ.EAm. We will refer to this species a&a henceforth. Quantitation of
Chem. Soc1991, 113 6289-6291. P ; ; L

(41) Elgren, T. E.: Hendrich, M. P.: Que, L., &.Am. Chem. S04993 115 2aindicates that 0.5 equiv of the avallatil_ewas px!dlzed to
9291-9292. produce (Fg""Mng" 8)(B11). The Mn contained withir2a and
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Figure 7. Perpendicular-mode EPR spectra far (A) and 1b (B) after
addition of HO,. (C) Spectra of2b after subtraction of 0.4 equiv of
aquaMr signal. The signal agg = 2.0 from trace Y.» was deleted for
clarity. Instrumental conditions: temperature, 11 K; microwave power, 0.2
uW; microwave frequency, 9.62 GHz. Simulation parameters for species
2a and2b are given in Table 1.
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an additional Ma'R2 species (data not shown) account for the
total Mn added to the sample.

The EPR spectrum dfb after H,O, addition is shown in B.
In this sample, two paramagnetic species are observe&=an
1/2 signal and &= 5/2 signal from aquaMh Figure 7C shows
the S= 1/2 signal after subtraction of the aquaMsignal. A
simulation of this species for a system spirsef 1/2 is overlaid

manganese-substituted R2 is due to an Fe species and is not
associated with manganese.

Discussion

Mixed Metal Additions. A schematic representation sum-
marizing the species and relative equilibria for sequential metal
addition to apoR2 is shown in Scheme 2. For all of these steps,
occupation of the secongtprotomer of R2 only occurs upon
reaction with oxygen. On the left side of the scheme!' Mimds
within the B-site of one3-protomer of apoR2/;) to produce
(Mng"B))(Bn).2* To this species, an additional equivalent of'Mn
or Fé' can be added to produce a binuclear cluster within a
single protomer (M"Mng")(811), where M= Mn or Fe. The
equilibria in both cases strongly favor full occupation of a single
protomer. The (Ma"Mng"8/)(81) cluster does not react with
either HO, or O,, whereas the mixed metal cluster ffte
Mng""8) (A1) is oxidized to (F&" Mng" 5)(811) by H2O.. Thus,

Fe rather than Mn is responsible for initiating the reduction of
H,0,. Introduction of Q to (Fe""Mng"A)(811) produces Rzt

and Mn'"R2, according to the published stoichiometry of (1
R2,: per 3 Fd).2* This implies that both Mh and Fé can
disassociate from the protein, and when a diferrous active site
is formed, it reacts with @to produce Fg'(0%"); Y122s (R2).

The Mn' can then be incorporated into either thée' Facated
sites onf, or into 3 during turnove’* For 1 equiv of Fé&
added per R2 homodimer, only 0.5 equiv of the diferrous active
site can potentially be produced, leaving an equal amount of
apoR2 available for Mh uptake. We cannot experimentally
differentiate which protomer Mhoccupies.

On the right side of Scheme 2, 'Fbinds within the B-site

(dashed line) on the data of Figure 7C, and the parameters aref g, to produce (Fg')(81). Previous MCD and NMssbauer
given in Table 1. The parameters are essentially the same asyork indicates that both Mhand Fé have a greater affinity

previously determined’ confirming our assignment of this
species to (MA"Fes'")(B1), which we now refer to as species
2b. Quantitation o2b and aquaMh accounts for 0.50 and 0.40
equiv of Mn, respectively. Therefore, upon addition of excess
H.0,, 2b is produced stoichiometrically with the loss of
aquaMr.

Catalase Activity of Mn,"' R2. Oxygen evolution from kO,

for the B-site of R21.22EPR spectroscopy indicates'Faust

be bound since Mhdoes not bind and diferrous centers are
not formed. The (Mp"Fes"B)(Bi) and (Fa'Fes"B)(Bn)
complexes are not observed in significant amounts. Thus, the
equilibria for both cases strongly favors singlé ecorporation,

and the additional metal is observed as an aqueous species or
at an adventitious site of the protein. This indicates that binding

addition to Mn-substituted R2 has been previously reported and of the native F&metal ing; induces the same negative allosteric

attributed to catalase activity at the Msites?82°However, we

effect onp, observed previously for M4

do not observe an increase in the catalase activity of apoR2 The addition of HO, to the sample which is best described

upon incorporation of Mh Catalase activity was observed from
apoR2 with a specific activity of up to 3% 3 umol O,
produced/min/mg (units/mg). However, addition of Mp@

samples of apoR2 had no effect on this base activity. Further-

more, upon addition of 1.46mol of H,0O,, at completion 0.65
umol of O, was generated, which is consistent with the known
stoichiometry (2 HO,:1 O,) of catalase reactions. Since we can
clearly observe by EPR spectroscopy that the added Mn
binding within R2 as a binuclear sfteand that addition of
excess HO, has no effect on the observed EPR spectra, we

as (Fg"pB)(B) with the majority of Md' in solution results in

the formation of the oxidized mixed metal cluster (Mh
Fes"'B))(Bn). We suggest that upon (equilibrium-controlled)
binding of MA' to (F&"S1)(B1), H.0- reacts irreversibly with

the (Mm"Fes"B))(B1) complex, resulting in a two-electron
reduction of peroxide to water and the generation of thea(Mn
Fes'"'3))(B11) complex. The trivalent metals are slow to exchange,
and thus the reaction is driven to the stable oxidized species
with the majority having Mn bound. Hydrogen peroxide does
not react with aquaMhor (Mna!"Mng"3))(81). Oxidation with

conclude that the manganese-substituted R2 is not catalaseH20. does not remove the restriction caused by ghebal
active. ICP ES of apoR2 samples was performed on multiple conformational change, since no protein-bound'pecies are
batches of apoR2 in an attempt to identify the catalase-active generated other than the oxidized mixed metal cluster.

metal. While metal analysis did indicate the presence of other

The addition of HO, to aqueous solutions containing divalent

redox active metals such as manganese (0.01/apoR2) and coppenetal ions can produce hydroxyl radicaé©H) from Fenton
(0.02/apoR2), only residual iron content (0.1/apoR2) correlated chemistry?3 however, we have no evidence in support of
with the catalase activity in all assayed samples. Therefore, weFenton-based chemistry. First, BMl@ould attack the protein,

conclude that the previously reported catalase activity of

giving rise to protein radical species, but no such radical species
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are observed in the EPR spectra. Second, the ferrous iron ismetal clusters does not produce Wie! clusters. However,
bound within the B-site of R2 (E84/)(81), and all of the added  we do observed the formation of some Wre! clusters during
Mn'! is quantitatively accounted for as free aqudimus, the multiple turnover reactions of the protein in the presence of
iron is within the active site of R2 and the manganese is not. dithionite, mediator, and £#* During these experiments, the
The formation of the MR''Fes'" cluster boundithin the actie only oxidants present are,@nd the high oxidation states of
site (shown previouslyf cannot be explained with a Fenton- the diiron cluster (e.g., intermediate X). Single turnover reactions
type reaction. If H@ is generated outside of the protein by of O, with Mn"Fe' do not produce MHFe" clusters. Thus,
manganese, the Mnion could be oxidized to MHK and the production of M#Fe!! clusters is due to oxidization by a
disproportionate to Mhand MrV. However, neither of these  high-valent diiron cluster of a different active site formed during
species are observed in the EPR spectra. In additio! Mn the G turnover chemistry of R2. We take this as evidence that
unlikely to diffuse into the active site of R2, just as'Fdoes one active site can serve as an electron source for another site

not. Third, if HOs is generated inside the protein by #8)) it in the generation of RZ:. Therefore, in part, the substoichio-
would more likely oxidize the protein rather than diffuse out metric yield of Y122 per R2 could be a result of inter- and/or
of the active site. intraprotein electron transfer between the active sites of R2.

Similar to the left side of Scheme 2, the single turnover  Fé' Incorporation of apoR2. Two observations indicate that
reaction of Q with (Fes"3)(B1) and Mr' in solution produces  the equilibrium constant for the binding of the iron to R2
R2.tand Mn''R2, according to the published stoichiometry of disfavors formation of dinuclear ferrous sites. First, the addition
(1 R2, per 3 Fd).24 Thus, exchange (scrambling) of metals of 1 equiv of Fé to apoR2 prevents a significant amount of
occurs during reaction with £to drive the formation of the Mn'" from binding eithei3-strand of R2. Second, a quantitative
stable diferric cluster. In contrast to the hydrogen peroxide accounting of all iron in the iron titration experiment finds
addition, the single turnover reaction of @ith Mn"Fe' mixed relatively small amounts of dimer formation at high iron
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concentrations. Thus, Eeéinding within the B-site of apoR2  4C site. The magnetic behavior of spin-coupled bimetallic sites
induces the samglobal conformational change observed for as detected from MCD or EPR spectroscopy allows an
Mn" 24 resulting in the restriction of metal access withfp. unequivocal assignment of dinuclear metal sites in the protein,
However, unlike MH, ferrous iron also induceslacal change whereas the CD spectroscopic data are not quantitative and not
that lowers the affinity of M and Fé within the adjacent site-specific for dinuclear metal centers. Since hexaqufaig-e
A-site onp,. not CD active, it is not possible to accurately determine the
On the basis of our in vitro studies of the R2 active site amount of either the 4C or the 5C site occupied at any point in
assembly, we suggest that prior to introduction gf &single the titration. The CD data show that the binding of the 4C site
ferrous iron binds within the B-site of a singfeprotomer of reaches a plateau near 3 equiv of addetiF*€onsistent with
R2 (F&'p)) and the A-site of this protomer is largely unoc- this observation, we also find (Table 2) that formation of the

cupied. When present,®inds to Fg', and when the (F¢'- dinuclear site increases until 3 equiv of'F&vith less change
Fes" 1) complex forms, reaction with £produces the oxidized  at higher equivalents. While the EPR data cannot differentiate
(Fea""Fes'"' A1) complex. Similar to the (MAFe" 51) complex, between the various mononuclear! BEpecies present, it does

the trivalent iron atoms are slow to exchange and the reaction quantitatively account for all of the metal added to the samples.
is driven to the oxidized species. If sufficient Fe is not present, The diferrous clusters are not the predominant species formed,
scrambling of Fe will occur during the Qeaction until all iron and thus the A-site is not saturated at 3 to 4 equiv of added
is oxidized. The @reaction chemistry proceeds to the formation Fé'. Therefore, we disagree with a conclusion derived from the
of the (Fa"Fe"' 1) complex and Y128 during which the CD data that R2 is completely reconstituted after addition of
remaining two ferrous iron binding sites located within the 3.2 ferrous iong! In previous work, we observed that low salt
opposite S-protomer i) become transiently available for concentrations of the buffe@5 mM) resulted in low binding
metal2* These sites, upon formation of the diiron cluster, also of metal in the active site of R2.We interpret this observation
turn over to produce Y132 to imply the existence of adventitious metal binding sites on
Given the estimated abundance of available iron within the R2 that can compete for metal.
cellular labile iron pool, it is possible that these observations  Properties of the Fé/Mn'" Cluster. For the FéMn'" cluster,
extends to the in vivo mechanism of assenfBZNevertheless, the high rhombicity Erd/Dre = 0.33) of the Fg site reported
R2 demonstrates a high level of interaction between the two here for the FEMn'" cluster is consistent with the low symmetry
metal binding sites within eagh-protomer and between each observed in the reduced R2 crystal strucfi#®!°The exchange
B-protomer of the homodimer. We suggest that the allosteric coupling for the dicarboxylato bridged MR2 cluster is] =
effect is aglobal protein conformational change that restricts —1.8+ 0.3 cnm%.24For 1a, we findJ= —1.3+ 0.4 cnt™. The
access of metal into thg, protomer. Prior kinetic studies of  number of available microstates that could take part in a super
reactions with @have suggested a protein conformation change exchange pathway is lower for the 'fén'" cluster by 20/25.
occurs upon preloading of £&%27 We suggest that thiecal Thus, the decrease in the value bfor the FdMn'" cluster
change at thg, active site results in a lower binding constant relative to the Ma'R2 cluster by this ratio is consistent with
of the second metal for the A-site Sfbecause of the occupation  the FEMn"R2 cluster shown in Scheme 2, which retains two
of the B-site with F&. Six-coordinate high-spin Mhand Fé carboxylate bridges. Oud-value also agrees with previous
have effective ionic radii of 97 and 92 pm, respectiv¥lyt MCD/CD studied! of the Mn'Fé' cluster § = —1.2 4+ 0.4
the size of the metal ion is the dominant factor, we might expect cm™1).
that binding of the larger Mhion would crowd the adjacent Properties of the Fd' Mn""" Clusters. A comparison of the
A-site and lower the metal affinity. Since the opposite is EPR signal observed for Bé&In''R2 to that of the FéMn''N,
observed, other factors such as ligand-field stabilization f&r Fe N',N"-trimethyl-1,4,7-triazacyclononane (TACN) compfex
must influence binding at the adjacent site. shows that the hyperfine splittings are similar. However, the
Our observations are consistent with the previous results of exchange coupling for BeMn''R2 is significantly lower than
Fe! titrations of R2 followed by MCD spectroscopylin the Fe'"Mn'""TACN, —18 cn1! versus—73 cnT, respectively. This
MCD measurements, the protein buffer contained 50% glycerol. difference in the exchange coupling likely reflects differences
We have shown previously that higher glycerol concentrations in a bridging ligand for FéMn''R2. The lower value o8 for
remove the allosteric interaction between the protomers, allow- F€'"Mn''R2 is consistent with a substituted single atom bridge
ing dinuclear metal clusters to form in both protomers during a of theu-hydroxo oru-carboxylato groups shown in Scheme 2,
titration24 In addition, higher glycerol concentrations also as opposed to the-oxo bridge of F& Mn"TACN. At temper-
significantly lower the metal binding constants. The results of atures up to 50 K, the relative signal intensities2afand 2b
the titrations monitored with CD spectroscopy, which were remain unchanged, indicating that the exchange coupling, and
performed in the absence of glycerol, require further explanation. therefore the metal bridging ligands, is independent of which
The CD titrations in the absence of glycerol also indicate metal occupies the A- and B-sites.
the presence of two spectroscopically distinct metal sites: four- In the strong exchange limit, the system hyperfine splitting
(4C) and five-coordinate (5C) binding sites. Furthermore, the (As) andg-values ¢s) for anS = 5/2 Fé!' ion coupled to ars
5C site was shown to have a greater binding affinity than the = 5/2 Mn" ion are related to the intrinsi&- andg-values of
the individual ions by*®

(42) Crichton, RInorganic Biochemistry of Iron metabolism. From Molecular
Mechanisms to Clinical Consequengc2sd ed.; Wiley & Sons: New York, 4

4 7

2001. FE— = 2
(43) Thomas, F.; Serratrice, G.; Beguin, C.; Saint Aman, E.; Pierre, J. L.; As 3 M s 3gM” + 3gFe (3)
Fontecave, M.; Laulhere, J. B. Biol. Chem.1999 274 13375-13383.
(44) Huheey, J. Elnorganic Chemistry2nd ed.; Harper & Row: New York, i Lo . i L
1978. Assuming F# is isotropic withg = 2.0/> the intrinsicg-values
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for Mn'"" (guin) calculated from the systegavalues derived from
the simulation of the FéMn'""R2 speciea and2b are given

in Table 1. Reported values fty,'" | range from 1 to 5 cmt,
implying that the ratio of/D could potentially range from 4 to
184750 Therefore, the&s= 1/2 ground doublet contains a small
admixture of thes= 3/2 state, which contributes an uncertainty
of ~15% in the determination of the intrinsgz andA-values.
The intrinsicg-values for M agree with published values of
other M complexes as listetl:4851 As expected for an
electronic configuration having less than a half-filled shell, the
intrinsic g-values determined for the Mhsite are all <ge
(ge = 2.0023).

Previous studies on various Mn complexes have found that
the intrinsic hyperfine values for manganese are nega-
tive 3447485553 The observed hyperfine splitting of manganese
has two contributions. The dominant contribution is the isotropic
Fermi contact interactionso), which varies inversely with the
covalency of the metal ligands at the magnetic nucféa$55
The second contribution comprises two parts: the dipdipole
interaction between the electron spin within a specific d-orbital
and the nuclear momend{p), and the interaction between the
nuclear moment and the orbital angular momentum of the
electron Aomita).%® The observed deviation gfvalues fromge
is small (~0.03); thus we assume that the orbital contribution
to the anisotropic component is negligible.

The A-values for Mif' complexes usually display near-axial
symmetry A, = A, = Ag andA; = A. The isotropic and dipolar
contributions to the hyperfine tensor given in Table 1 (part II)
are described by:

_(AHA+A)
EAia

(4)

— AD
AiSO A‘”T

AdipZAiso_AEJ:

The calculated values ofi§ for 2a and2b are —68.0 x 107
cmt (=204 MHz) and—74.5 x 107 cm™! (=223 MHz),
respectively, and are similar to values reported previously for
Mn"" ions3447-5357 The lower magnitude af;s, observed for
2asuggests increased covalency of the''Migands relative to

2b. The recent high-resolution crystal structure (1.42 A resolu-
tion)®8 of R2yetindicates that the Fe2 site is six-coordinate while

(45) Bossek, U.; Weyhermuller, T.; Wieghardt, K.; Bonvoisin, J.; Girerd, J. J.
J. Chem. Soc., Chem. Commuad®89 633-636.

(46) Bencini, A.; Gatteschi, CElectron Paramagnetic Resonance of Exchange
Coupled System$pringer-Verlag: New York, 1990.

(47) Zheng, M.; Khangulov, S. V.; Dismukes, G. C.; Barynin, V. Morg.
Chem.1994 33, 382-387.

(48) Campbell, K. A.; Yikiimaz, E.; Grant, C. V.; Gregor, W.; Miller, A.-F.;
Britt, R. D. J. Am. Chem. Sod.999 121, 4714-4715.

(49) Gerritsen, H. J.; Sabisky, E. Bhys. Re. 1963 132 1507-1512.

(50) Campbell, K. A.; Force, D. A.; Nixon, P. J.; Dole, F.; Diner, B. A.; Britt,
R. D.J. Am. Chem. So@00Q 122, 3754-3761.

(51) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A.;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. OJ. Am. Chem. So200Q
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the Fel site is five-coordinate. The higher coordination of Fe2
suggests that the Mhion of 2ais located in the Fe2 position
(Fes).

The anisotropic contributionAgi,) to the hyperfine splitting
is given in Table 1 (part 1l). TheéD ground term state for Mh
splits into orbital triplet T, and doublet®E states. The
degeneracy of theE, state is removed by JahiTeller distor-
tions, resulting in either the elongation or compression of the
dz orbital. In the case of gelongation, the gorbital is occupied
and a hole resides in thezdy2 orbital ° The 3d configuration
of Mn"" (a hole in a half-filled shell) is analogous to the®3d
configuration of Ct}.4959Thus, neglecting orbital contributions,
the ligand-field expression fokg, simplifies to450.51,59.60

Agp = _%SP' <0 empty d, orbital (5)

Adip = —l—%P’ >0 empty ¢,_, orbital (6)

in which P' = geuggnun(i—20] Equations 5 and 6 describe the
case for an empty glor de-2 orbital. Since the sign oAgip
depends on the orbital configuration, the experimental data
indicate which orbital is unoccupiéd>8In the case oRa, we
observeAqp, > 0, indicating a ground-state electronic config-
uration of (dy)(dk)*(dy2)*(d2)*(d-2)° whereas the opposite

is observed foRb, Agip < 0, indicating a ground-state electronic
configuration of (gh)*(d,)*(dy2)*(cie—2)X(d2)°. As shown in Table

1 (part 1), the observedyi, for the Mr" ion in the MAd'Mn'!
state ofThermus Thermophilusanganese catalase exhibits the
same sign and similar magnitude to thaRef +27.6 and+31.5
MHz, respectively, indicating that both species have an empty
de-y2 orbital 47

Biological Significance. The most surprising finding pre-

sented here is the effect of the first equivalent of Ba R2.

Not only does binding of the first equivalent of'F® R2 induce

a negative allosteric effect on the oppogitstrand 3;), but it

also has docal effect that inhibits formation of the diferrous
cluster. To our knowledge, this is the first indication that under
standard buffer conditions, the diferrous active site cannot be
guantitatively produced by simple titration.

We demonstrate here the ability to generate each oxidized
FeMn cluster in spectroscopic purity. In all divalent metal
additions, EPR spectroscopy showed no evidence of metal
exchange (scrambling) over the 10 min equilibration time.
Ligand exchange rates for Fand Mr' in an aqueous solution
are expected to be-10° s™%. We would therefore expect
scrambling of the metals if the occupation of the metal binding
sites of R2 is under thermodynamic control. Since scrambling
is not observed, a kinetic constraint must exist that slows the
redistribution of metals within the A- and B-sites @f Such a
kinetic constraint has been previously invoked to explain a lag
phase during the activation of R2. It was proposed that a slow
conformational change occurs after binding the first equivalent
of F€'.2627On this basis, exchange of the B-site metal would
be limited by the slower conformational step following metal
binding. The work presented here strongly supports this
hypothesis.
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Given the difficulty in producing significant levels of baseline apoR2 activity and should therefore not be considered
Fe''R2 sites by simple titration in vitro, it is possible that the a functional model for dimanganese catalases.
in vivo mechanism for active site assembly does not occur by
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Finally, this work demonstrates that incorporation of 'Mn
into R2 does not impart any catalase activity above that of the JA0491937
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