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ABSTRACT: Ribonucleotide reductase (RNR) froBscherichia colicatalyzes the conversion of ribonucle-
otides to deoxyribonucleotides. It is composed of two homodimeric subunits, R1 and R2. R2 contains
the diferric-tyrosyl radical cofactor essential for the nucleotide reduction processn 7itr® mechanism

of assembly of this cluster starting with apo R2 or with a diferrous form of R2 has been examined by
time-resolved physical biochemical methods. An intermediaté;,/Fe** cluster (intermediate X), has

been identified that is thought to be directly involved in the oxidation of Y122 to the tyrosyl radical
(*Y122). An R2 mutant in which phenylalanine has replaced Y122 has been used to accumulate
intermediate X at sufficient levels that it can be studied using a variety of spectroscopic methods. The
details of the reconstitution of the apo and diferrous forms of Y122F R2 have been examined by stopped-
flow UV/vis spectroscopy and by rapid freeze quench electron paramagnetic resonance,sshduldo
spectroscopies. In addition the structure of this mutant, crystallized at pH 7.6 in the absence of mercury,
at 2.46 A resolution has been determined. These studies suggest that Y122F R2 is an appropriate model
for the examination of intermediate X in the assembly process. Studies with two mutants, Y356F and
double mutant Y356F and Y122F R2, are interpreted in terms of the possible role of Y356 in the putative
electron transfer reaction between the R1 and R2 subunits of this RNR.

Proteins containing dinuclear non-heme iron clusters (RNR). The kinetics of cofactor assembly starting with apo
involved in reductive activation of Dare ubiquitous in R2 or diferrous R2 and rapidly mixing with Feand Q or
nature. They are involved in reversible; ®inding, hy- with O,, respectively, have been studied by stopped-flow
droxylation of unactivated carbethydrogen bonds, oxida-  (SF) UV/vis spectroscopy and by rapid freeze quench (RFQ)
tion of a saturated to an unsaturated hydrocarbon, andelectron paramagnetic resonance (EPR) andssWauer
oxidation of phenols to phenoxide radicals, @). The spectroscopiess(9, 10, 21, 22). These studies in conjunc-
detailed mechanisms of these reactions, including the struc-tion with crystallographic data on diferrous and diferric R2
tures of the reactive intermediates, is a focus of many have led to a mechanism of the reaction shown in Figure
laboratories. Understanding these catalytic details and how(23 24, 8 14). When the extra reducing equivalent required
different ligands and their stereochemistries modulate chemi-tg assemble the cluster is readily available, regardless of the
cal reactivity is the long-range goal of all of these studies gtatys of the R2 (apo vs diferrous), an intermediate X has
(3—20). _ . been detected that appears to be reduced to diferric R2

Our laboratories have focused on the mechanism of . ,comitant with oxidation of Y122 to &r122. A com-
forfmatlon of the_ |d|1;err|c;1clusterl tyrpdsyl ra§|cth(122)1 parison of the studies starting with apo R2 and diferrous R2
cotalctordesbseguah c_)rh.t € r}pqt()eon el r?ductlor& ptrocess suggests that a conformational change in R2 might be rate-
catalyzed byEscherichia coli ribonucieotide reductase limiting in the case of apo R2 for the rate of formation of
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* The atomic coordinates described in this paper have been depositeopm and by EPR spectroscopy at 9 GHz as a sharp isotropic
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Fe2* stock solutions49—31) for the Mitssbauer experiments were
AppR2 TNl Y® prepared as previously describel,
open ~— e ) FelDyR2 SDS-PAGE was carried out as described by Laemmli
(32. R2 activity was assayed by following NADPH
l‘k:S-lOs‘l roz rapid oxidation spectrophotometrically in a final volume of 400
uL containing 50 mM HEPES buffer (pH 7.6), 15 mM
. MgSQ,, 1 mM EDTA, 1.6 mM ATP, 1 mM CDP, 0.16 mM

Prave NADPH, 0.02 mM TR, 0.5«M TRR, 2 uM R1, and 0.2

peroxo uM R2 (31). The effects of mutant Y356F R2 and the

double mutant Y356F and Y122F R2 were also determined
by this method.

s = 60-80 571 Mathematical modeling was performed by using Hop-
KIMSIM, a Macintosh version of Barshop and Freiden’s
kinetic simulation program, KINSIM33). Nonlinear re-

X gression analysis on the EPR and $dbauer kinetic data
was carried out with the Git and Gear programs of Dr. R. J.
McKinney and Dr. F. J. Wiegart, Central Research and

k=07-15" Development Department, E. |. du Pont de Nemours and

FIGURE 1: Proposedn vitro mechanism for the assembly of the Co.

diferric tyrosyl radical cofactor of R2. Preparation of R2 Mutants The R2 Y356F and R2 Y356/

Y122F mutants were constructed by the polymerase chain

reaction method using standard proceduBs 85). DNA

sequencing of the mutants was carried out using the dideoxy

|
ApoR2 Y12
closed

Native R2

spectroscopic analysid§¢—18, 20). To facilitate interpreta-
tion of these spectra, an R2 mutant, Y122F R2, that cannot
generate ay122 has been very useful. chain-termination methocB6).

Y122F R2 was constructed initially to identify the essential A} mutants were cloned into pT7-5 and transformed into
tyrosyl radical of R2 25). We have used this mutant as & g ¢oji K38 containing pGP1-2. The mutant proteins were
mechanistic probe on the basis of the premise that replace |ated as previously describedi( 37) and the protein

ment of Y122_ by a nonQX|d|_zabIe amino acid should result purity was judged by SDSpolyacrylamide gel electrophore-
in accumulation of the iron intermediate that serves as the i "The concentrations of the apo mutant proteins were

oxidant of Y122. The mutant functions in the expected yaotarmined by absorbance at 280 nm (assumigg= 120.5
capacity and its properties, including accumulation of a long- M1 cmrY).
lived X, have facilitated the characterization of this inter-  tina course of the Reaction of Apo R2 withadd F&*

mediate via a number of spectroscopic methods. As Monitored by SF AbsorptiofRFQEPR and RFQ

Given Y122F R2's central role in characterization of X, Mossbauer SpectroscopieSF and RFQ experiments were
we have investigated in detail the properties of this mutant -5 ried out at two different P&/R2 ratios as described

in comparison with wt R2.  In this paper we report the results 5q\i0usly (L0, 21, 11). In the limiting Fe experiments, the
of kinetic investigations of the assembly of the diferric cluster Fo+/R2 ratio is 2.2-2.4. and in the excess Fe experiments
of apo Y122F R2 and diferrous Y122F R2 as examined by (e F@+/R2 ratio is 5. SF experiments were carried out on

SF, RFQ-EPR, and Msshauer methods. We also reportthe 5, applied Photophysics (Leatherhead, U.K.) DX.17MV

structure of this mutant at 2.46 A resolution, crystallized at sequential SF spectrofluorometer. The reaction of apo R2
pH 7.6 in the absence of mercury. In addition we report \\iih Fe2+ and O was initiated by mixing at 5C equal
results on the assembly of Y356F R2 and the double mutant,,,,mes of a solution containing 1600 xM apo R2 in

Y122F and Y356F R2 in an effort to further probe the 199 mM HEPES (pH 7.7) and a solution of%én 5 mM
consequences of removal of the Y122. A role of the |y 50, and the reaction was monitored at wavelengths
conserved Y356 residue is discussed. between 320 and 560 nm. Both the protein solution and
the Fé* solution were saturated with 1 atm 0£.0
MATERIALS AND METHODS In the RFQ-EPR and RFQ-Mgbauer experiments, 600
Natural abundance§e) iron wire was purchased from uM apo R2 in Q-saturated 100 mM HEPES (pH 7.7) was
Baker (Phillipsburg, NJ).5Fe was purchased from Ad- mixed at 54 1 °C with 1.38 mM (limiting Fe) or 3.0 mM
vanced Materials and Technology (New York, NY). Fer- Fe& (excess Fe) in @saturated 5 mM kSQ,. The reaction
rozine and Fe atomic absorption standards were purchasednixture was freezequenched at various reaction times as
from Sigma (St. Louis, MO). 2-Methylbutane (reagent described previoushsg, 39, 11). EPR spectra were acquired
grade) was purchased from Aldrich (Milwaukee, WI). on a Briker ER 200D-SRC spectrometer equipped with an
Preparation oE. coli apo wt R2 and apo Y122F R2 was Oxford Instruments ESP 910 continuous-flow cryostat or on
carried out as previously describeti0]. R1 was isolated a Briker Model ESP 300 equipped with an Oxford Instru-
from the overproducing strain C600/pMBd&:donm= 189 000 ment ESP 900 continuous-flow cryostat. " 84bauer spectra
M~! cm™t; specific activity 1500 nmol mg min—?%) (26). were recorded on a weak-field dsbauer spectrometer
E. coli thioredoxin (TR) (specific activity 50 unit/mg) and equipped with a Janis 8DT variable-temperature cryostat and
thioredoxin reductase (TRR) (specific activity 800 unit/mg) operated in a constant acceleration mode in a transmission
were isolated from overproducing strains SK29827) (and geometry. The zero velocity of the Msbauer spectra refers
K91/pMR14 @8). Oligonucleotide primers were made at to the centroid of the room-temperature spectrum of a
the MIT Biopolymers Laboratory. Thé&fFet and 5’Fet metallic iron foil. All M&ssbauer spectra were acquired at
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4.2 K with a magnetic field of 50 mT applied parallel to the
y-beam. Analysis of the Mgsbauer spectra of the freeze

quenched samples to determine the quantities of the inter-

Tong et al.

34.9% for the wt structure and correlation coefficien.79,
R = 30.7% for the Y122F mutant structure.
For refinement, all the active-site atoms including diiron,

mediate X, diferric cluster, and other iron-containing species water ligands, and«-oxo bridge were removed from the

in the reaction was carried out as previously descrid€il (
Time Course of the Reaction of Diferrous R2 withA3
Monitored by SF Absorption and RFEPR Methods An
anaerobic solution (292L) of FeSQ:7H,0 (15.4 mM) in
5 mM H,SO, was mixed with an anaerobic solution of
HEPES buffer (pH 7.6) (958L) inside a glove box. The
resulting mixture was combined with apo Y122F R2 (720
uM, 1.25 mL) to give a final solution (2.5 mL) that was
360 uM in Y122F R2 and 1.8 mM in F&. For EPR

starting model. Powell minimization of y, zand conjuga-
tion gradient refinement of individual isotropB:factors were
done with X-PLOR 42). The significance of the refinement
was monitored by cross-validation with the fieéactor @3),
which was calculated from 6% of the data omitted from the
refinement.

The metal center was modeled in the final stage of
refinement to avoid model bias. The irohgand distance
was restrained with a weak energy constant® kcatmol™

experiments one drive syringe of the ram unit was loaded A2 and target distance of 2.2 ) The final wt model

with this solution. The other drive syringe was loaded with

contains 2x 340 residues, 4 ferric ions, 137 water molecules,

O,-saturated HEPES (pH 7.6). The reaction was initiated and 2u-oxo bridge atoms and was refinedRox = 13.9%

by rapid mixing and analyzed as previously describgf] (
39, 11).

for the data between 7.0 and 2.8 A resolution wiho >
1.0. The refined Y122F R2 model, which containg 340

For SF experiments, the instument was prepared by residues, 5 ferric ions including an extra metal (possibly iron)
soaking the drive syringes and the cooling bath overnight in binding site in dimerdimer contact, 2-oxo bridge atoms,

100 mM sodium dithionite. Just prior to loading, the drive

and 204 water molecules, was refinedR@« = 18.1% (data

syringes were rinsed with deoxygenated buffer. One drive between 7.0 and 2.46 A resolution wiff|/c > 1.0). There

syringe was filled with 59Q«M Y122F R2 and 2.95 mM
Fet. The second syringe was loaded with-§aturated

is excellent agreement of bond lengths and angles with
expected values for both wt and Y122F mutant model. The

HEPES buffer. Equal volumes were mixed and the reaction atomic coordinates have been deposited in the Brookhaven

was monitored at various wavelengths.

CrossLinking Experiments under Limiting or Excess Iron
Conditions R2, Y122F R2, Y356F R2, or double mutant
Y122F and Y356F R2 (60QuM) was mixed with an
oxygenated solution of P& (1.4 or 2.95 mM, limiting or

Protein Data Bank (entries 1AV8 and 2AV8S).

RESULTS

Reaction of Apo Y122F R2 with Excess*Fand O
Monitored by SF Absorption Spectroscopis previously

excess conditions). Alternatively, anaerobic diferrous R2 gescribed §), the reconstitution of Y122F R2 was initially

was mixed with oxygenated buffer. After the mixture was
allowed to stand for 2 min, 40g of protein was removed
and analyzed by SDSPAGE.

Crystallization and Data Collectian Hexagonal Y122F
R2 crystals of space grolgb1 (cell dimensions och = b =
136.5 A,c = 109.6 A, two subunits/asymmetric unity\=
3.5, solvent content= 65%) were grown from drops

investigated in an effort to increase the amount of the diiron
intermediate, X, involved in oxidation of Y122 t¥122, to
facilitate its spectroscopic characterization. When apo
Y122F R2 is mixed with excess Pe(5F€t/R2) at 5°C, a
broad visible absorption band at 36865 nm, characteristic

of X, develops (Figure 1A, Supporting Information). In the
0.46 s spectrun;-40% of the final absorbance at 360 nm

containing 10 mg/mL Y122F R2, 50 mM Tris, pH 7.6, and  has developed, while the 325 nm shoulder indicative of the
5% glycerol by vapor diffusion against a reservoir containing giferric cluster is still undetectable, suggesting that X
80% saturated NaCl. As a control, hexagonal crystals (cell agccumulates prior to formation of the product cluster. With
dimensions o =b = 139.7 A,c = 110.6 A, two subunits/  jncreasing reaction time, the spectrum of the diferric cluster
asymmetric unit) of wt R2 crystals were obtained under the gevelops as judged by the appearance of the more intense

same conditions by vapor diffusion. The crystals of both
wt and Y122F R2 were flash-frozen using 30% glycerol as
a cryoprotectant. All wt and Y122F R2 diffraction data were

collected at the Stanford Synchrotron Radiation Laboratory

(SSRL), beam line 7-1 (1.08 A radiation) atL70 °C and

processed with the program packages DENZO-SCALEPACK

(40).

The data set for wt R2 is 99% complete to 2.8 A resolution
with a Rym value on all data of 8.9% and is 92% complete
in the last shell between 2.92 and 2.8 A. Diffraction data
for Y122F R2 is 95% complete to 2.46 A resolution with a
Rsym value on all data of 5.6% and is 83% complete in the
last shell between 2.55 and 2.46 A.

Structure Determination and Refinemefithe solution of

360 and 325 nm features.

Scheme 1

kl k2 . .
apo R2— X — diferric cluster

In an attempt to estimate the rate constants for formation
and decay of X, theAgssversus-time traces (Figure 1B,
Supporting Information) were analyzed according to the
kinetic model shown in Scheme 1, giving rate constants of
2.7 stand 0.16 s'. In contrast to expectations, formation
of X in Y122F R2 is slowed relative to its formation in wt
R2 by a factor of 2. In fact, the kinetic fits to the data are
better than anticipated, given the simplicity of Scheme 1 and

the structure of both wt and Y122F R2 was obtained using the multiple pathways by which X is reduced because of

molecular replacement and the wt R2 model fr&mcoli
(24). Two rotation and translation solutions were found,
corresponding to a dimer in the asymmetric unit, with
AmoRe @1) and gave correlation coefficient 0.74,R =

the propinquity of oxidizable amino acid residues.

Reaction of Apo Y122F R2 with Excess*Fand O
Monitored by RF@Modssbauer Spectroscopy at°€. To
establish that the features associated with the SF data could
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Table 1: Quantitation oK, Diferric Cluster, and the Putative Fast-Relaxing Ferric Species in the Reaction of Apo Y122F R2 with EX¢ess Fe
at 5°C in Comparison with the Same Reaction with wt R2

Y122F R2 wt R2
reaction equiv of fast- equiv of diferric equiv of fast equiv of diferric
time (s) relaxing F&" equiv of X cluster -relaxing F&* equiv of X cluster
0.077 0.08+ 0.05 0.4+ 0.1 0 0.25+ 0.06 0.53+0.11 0
0.18 0.20+ 0.05 0.65+ 0.1 0 0.45+ 0.06 0.84+ 0.10 0.08+ 0.03
0.24 0.25+ 0.05 0.73£ 0.1 0.05+ 0.03 0.50+ 0.06 0.88+ 0.07 0.15+ 0.04
0.32 0.3+ 0.08 0.83+ 0.05 0.1+ 0.05 0.60+ 0.11 0.98+ 0.09 0.24+ 0.05
0.46 0.45+ 0.1 0.95+ 0.05 0.14+ 0.04 0.60+ 0.06 0.83+ 0.07 0.35+ 0.06
0.63 0.5+ 0.1 1.02+ 0.05 0.23+ 0.03 0.65+ 0.06 0.68+ 0.09 0.50+ 0.05
1.0 0.5+ 0.1 0.98+ 0.05 0.33+ 0.03 0.70+ 0.06 0.55+ 0.09 0.80+ 0.10
5.0 0.45+ 0.1 0.58+ 0.05 0.85+ 0.03 0.60+ 0.06 <0.08 1.33+0.08
10 0.4+0.1 0.38+0.08 1.23+0.03
60 0.4+0.1 0 1.38+ 0.08 0.50+ 0.11 <0.04 1.38+ 0.08

in fact be attributed to X, the assembly process was Table 2: Rate Constants for the Formation of X
monitored, under identical conditions, by RFQ-84bauer
spectroscopy. This method allows quantitation of all of the
iron-containing species during the course of the reaction,
given the availability of standards for diferrous R2, diferric apo ~3 >-10
R2, X, and a fast-relaxing ferric species thought in the case diferrous 35 66:80
of wt R2 to deliver the extra reducing equivaledtl). In
the case of the wt R2 assembly, 1.2and 1.4-1.6 diferric Previous Masbauer studies of wt R2 indicated that a stable
clusters are formed during the reconstitution. In contrast to or slowly decaying fast-relaxing ferric species is produced
wt R2, two of the reducing equivalents for Y122F cofactor concomitantly with X (0). It was proposed that this ferric
assembly must be supplied from an external source toSpecies represents the product of the donation of the fourth
generate the diferric cluste44, 9, 10). Table 1 summarizes electron by F& required for formation of X (Figure 1).
the quantitation of X and diferric cluster as a function of Quantitative analysis of the amount of iron associated with
time using methods we have previously described for this species indicates that it provides only half the required
assembly of the cluster in wt R2 (Figure 2, Supporting reducing equivalents. This putative fast-relaxing ferric
Information, shows data graphically21). X is present at ~ species is also produced in the reaction of apo Y122F R2
~1.0 equiv/R2 at~600 ms and decays slowly. After an with excess F&. As shown in Table 1, its measured
initial lag phase the diferric cluster is formed. The ratio of quantity increases with time, accumulates to or)5 equiv/
diferric cluster/Y122F R2 at completion of the reaction is R2 between 0.6 and 1 s, and does not appear to decay
1.38, in good agreement with wt R20). Attempts to fit significantly within 60 s. Consistent with the temporal
the appearance and disappearance of X using Scheme 1 hawdifferences in the kinetics of X between wt R2 and Y122F
not been very successful, although analysis of the initial rate R2, formation of the fast-relaxing ferric species also appears
of formation of X gives a rate constant of 3.7's Our to be ~2-fold slower in Y122F R2 than in wt R2. Fitting
inability to model the decay of X and formation of the diferric the quantities of this species as a function of time to the
cluster is not surprising since, as described above, the normakquation for a first-order process gives a rate constant of
mechanism of reduction has been obfuscated by the mutatior8.6 s%, which is in reasonable agreement with the rate of
of Y122. In fact the slow disappearance of X and the recent formation of X. These observations suggest that the fast-
SF EPR experiments at room temperature of Sahlin et al.relaxing F&" species is produced in a kinetically competent
(45, 46) suggest that X is reduced by multiple pathways via fashion when a Pe¢ donates an electron to generate X, in a
oxidation of specific aromatic amino acid residues within manner previously proposed for wt R2. These results are
the active-site region. Inspection of the EPR spectrum of surprising, for as described above, an additional reducing
the reaction quenched at 60 s reveal3.07 equiv/Y122F equivalent is required to assemble the diferric cluster of this
R2 of (an) EPR-active species other than the singlet mutant, given the unavailability of an electron from Y122.
associated with X (data not shown). Our inability to account for the required reducing equivalents
Despite the kinetic complexity, some insight into the for assembly, in both wt and mutant systems, suggests that,
mechanism of cofactor assembly can be obtained by quali-in vitro, the electron can be supplied by multiple routes. In
tatively comparing wt and mutant R2 data. In Y122F R2, the case of Y122F R2, it further suggests that each diferric
the tmax for X is 600 ms, while that for wt R2 is 226300 cluster may be assembled by a different mechanism: one
ms. Furthermore, the decay of X in wt R2 is almost cluster associated with efforts to oxidize residue 122 and a
complete at 3 s, while decay of X in Y122F R2 +650% second that is incapable of this oxidation. Whether X is an
complete &5 s (data not shown). Thus as anticipated, X is intermediate in both types of observed clusters remains to
more stable in the mutant. However, these SF studies alsobe established. However, in all the assembly processes,
revealed that thdormation of X in the mutant is also  starting with apo or diferrous wt or Y122F R2 that we have
apparently slower than in wt. Initial rates of formation of examined thus far, we have never seen more than 1.2 equiv
X in Y122F R2 of~2.7—4 s! in comparison with 510 of X/R2. In the case of wt R2 this number is equivalent to
st for wt R2 indicate that formation of X is slowed by the amount of tyrosyl radical observed. The remaining-0.2
approximately a factor of 2 (Table 2). 0.4 diferric cluster observed must arise, at a minimum, from

rate constant (3)
starting R2 Y122F wit
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1 reconstitution experiments. In addition, the kinetic complex-
ity of the formation of X suggests that, as in the case of wt
0.8 | } % i R2, some fraction of the diferric cluster could arise by a
, different pathway that may or may not involve X.
< 0.6 i e | Structure of Y122F R2 at.26 A Resolution at pH .8.
5 | The flexibility of the diiron center of R2 is the key to its
% E catalysis. It is readily apparent that additional high-resolution
S04 N structures are required to complement the existing structures
: (14) and to think about the detailed mechanism, involving
02k i ligand reorganization in the conversion of apo to the diferrous
' and to the diferric state of R2. Toward this end, both the
0 | | | | wt and Y122F R2 were crystallized at pH 7.6, without Hg
0 1 5 3 4 5 modification. Due to the low resolution of the newly

Time (s) determined wt structure at pH 7.6 and its close resemblance

Ficure 2: Diferrous R2 is rapidly mixed with ©and monitored to the published 2.2 A resolution structur®),(the focus

for X by RFQ EPR spectroscopy. Each data point is the average herein will be to compare the Y122F R2 structure with the
of three experiments. previously determined wt structure at pH 6.0 and with Hg

modification. The overall structure of Y122F R2 is very
a different kinetic scheme and perhaps by a different similar to that of wt R2, and the rms difference between the
chemical scheme as well. This observation also adds to thetwo structures for all @ atoms is 0.69 A. When the two
kinetic complexity. structures are superimposed and compared, each protomer

Reaction of F& —Y122F R2 with @As Monitored by SF in Y122F R2 is slightly contracted along an axis perpen-
Absorption and RFEEPR SpectroscopiesRecent assembly  dicular to a molecular 2-fold axis of the dimer. There are
studies starting with anaerobic diferrous wt R2 have revealedsignificant differences in main-chain conformation for amino
that allowing Fé* binding to R2 prior to the assembly acid residues 5371, 131133, 219-224, and 286-305,
process increases the rate constant for formation of Xt0 60 which cluster near the dimedimer contacts in the crystal
80 s!(19). The rate constant for disappearance of X and lattice. The average rms difference between Y122F R2 and
formation of*Y122 (=1 s!) is not affected. When Pé— wt R2 in Ca. atoms of these residues is 1.1 A and probably
Y122F R2 (5 F&/R2) is mixed at 5C with O,, the broad results from different crystal packing due to the different
absorption feature at 36(B65 nm, characteristic of X, crystallization conditions. An extra metal binding site is
rapidly accumulates before formation of the diferric cluster found in the dimet-dimer contact region, which is discussed
(data not shown). subsequently (Figure 4, Supporting Information).

The best fit (Figure 3, Supporting Information) to thgs Despite the different crystallization conditions and pH, the
vs time trace from 5 to 200 ms, the time frame in which the coordination of the diiron cofactor is close to the previously
maximum amount of X is generated as determined by EPR reported structure of wk. coli R2 within the limits of
spectroscopy, was achieved with an equation describing tworesolution. The electron density at the diiron center in both

exponentials. In this time frame, rate constants of3%50 the A and B subunits is similar and well-defined except for
st and 4.8+ 1.0 s were obtained. Both rate constants one water ligand and the-oxo bridge. The positions of
may be associated with formation of X. two iron atoms (Fel and Fe2) were confirmed by a Biojvoet

The rate of formation and decay of X can also be examined anomalous difference map (Figure 3). The distance between
starting with diferrous Y122F R2 using rapid freeze quench- the two iron atoms is 3.4 A for subunit A and 3.5 A for
ing and analysis by EPR spectroscopy. The results are showrsubunit B. One ordered water molecule (Watl1201) is
in Figure 2. The data can be fit to two exponentials over strongly bound to Fe2 with a 2.5 A distance and a
the 5 ms-5 s time frame (Scheme 1), giving rate constants temperature factor of 33A However, the electron density
of 18 st and 0.1 s*. However, the minimal set of data of a water ligand (Wat1202) for Fel and theoxo bridge
points between 5 and 200 ms, makes it impossible to assesss weak and difficult to interpret. The peak heights of the
the kinetic complexity within that time frame, making a direct water ligand (Wat1202) and-oxo bridge in the ko — F)
comparson with the SF data difficult. map are only 2.7 and 2.5 times the rms deviation, whereas

Comparison of rates of formation of X from apo Y122F the water ligand for Fe2 is 4.7 times rms deviation (Figure
R2 and diferrous Y122F R2 and how these differ relative to 3). The positions of Wat1202 and theoxo bridge are
identical experiments with wt R2 is informative. X is formed difficult to refine because these ligands are adjacent to the
in all cases, as shown by UV/vis, EPR, and d¢dbauer  two high peaks in the electron density map from the ferric
spectroscopic analysis. On the basis of these criteria,ions and because of the limited resolution of the data.
therefore, X generated using the mutant should be an The positions of all the protein ligands relative to the Fe
excellent tool for spectroscopic analysis. While it is not atoms are well-maintained in the Y122F R2 structure. No
surprising that X is more stable in mutant R2, it is surprising major conformational changes are seen in the side chains of
that the rate of formation of X is decreased by a factor of F122 and D84. In fact, the aromatic ring of F122 has a
~2—3 in the case of both apo and diferrous R2 reconstitution similar orientation to that of Y122 in wt R2 (data not shown).
experiments. The hydroxyl group of Y122 affects not only D84, which hydrogen-bonds to Y122 in metR2, has the same
the conformation of the apoprotein, as reflected in differences bidentate coordination to the Fel. However, #2eangle
in apo R2 assembly experiments, but also a second step prioof D84 is changed by 30toward F122 in subunit A. As a
to generation of X (Figure 1) as reflected in diferrous result, the distance of Fe1051 (2.5 A for subunit A and
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Ficure 3: Stereoview of diiron binding site. The two Fe atoms are shown as large magenta spheres. Blue density is a Bijvoet anomalous
difference map contoured at& Light green density (2) is from anF, — F. map calculated just before the water ligands andaxo

bridge are added to the model.

2.6 A for subunit B in wt R2) and Fe1052 of D84 (2.2 A
for subunit A and 2.5 A for subunit B in wt R2) become 2.1

importance in the nucleotide reduction process revealed by
mutagenesis studied&) suggested that it might be a viable

and 3.0 A, respectively. This structural change in subunit candidate for this transient species. If the transient is in fact

A is consistent with the omit-refine maps obtained by
omitting all the atoms withii 6 A of D84 @7).

An interesting structural feature in Y122F R2 is that an
additional metal binding site has been found in the dimer
dimer contact region of the crystal lattice (Figure 4, Sup-
porting Information). The corresponding site in the wt

associated with a*yusing an extinction coefficient identical
to that for*Y122 suggested that at a maximum, 10% of the
protein is in this form. Y356 is located in the C-terminal
tail of R2, a portion of the protein not observable crystal-
lographically in the original structures or in the present
structures, due to thermal lability.

metR2 is vacant and solvent-exposed. The metal has a There are now several examples in the literature of

similar maximum density in an anomalous difference map
to that of the diiron cofactor, indicating full occupancy. Since
Y122F R2 was purified under identical conditions to the wt
R2, by addition of iron and ascorbate to the crigecoli

cell extracts prior to the purification, this third metal, possibly
iron, unigue to the mutant R2 may be of chemical interest.
Not suprisingly, the binding site for this monomeric metal
is different from the cysteine residues that form Hg binding
sites in the published wt metR2 structuB). ( Five ligands
bind to this metal atom and include the side chains of two

observed cross-linking of subunits of enzymes that have been
mutated such that a chemically reactive intermediate will
have an enhanced lifetime. In the absence of the natural
reductant, amino acid residues with oxidizable side chains
can be oxidized and the information could potentially be
transferred to the surface of the protein where chemistry with
a second protein molecule may be observed. Tew and Ortiz
de Montellano 49) have demonstrated the formation of
intramolecular dityrosine cross-linkages in the reaction of
metmyglobin with peroxide. A similar mechanism involving

residues, Glu69 from both the A and B subunits of two surface Y has been proposed to account for the cross-linking
different dimers, and three water molecules. The geometry of cytochromec peroxidase, which occurs when the ferrous
of this metal is close to a trigonal bipyramid with three water enzyme reacts with £in the absence of substraté&g). To
molecules as equatorial ligands and two Glu69 residues asdetermine whether the formation of the putative transient
axial ligands (Figure 5, Supporting Information, presents the radical species in the limiting Fe reaction also causes an
difference density for the third metal and its water ligands). intermolecular cross-linking reaction, the products of the
All three water ligands are stabilized by forming hydrogen limiting Fe?t reactions were analyzed by SBBAGE. As
bonds to nearby amino acid residues His68, Glu69, Arg221, shown in Figure 4, only one major band is observed in each
and the backbone of lle 297 of both subunits A and B. An of the reactions involving excess ¥€Figure 4, lanes 3 and
important conclusion from this structure is that the pH of 6 4). These bands have migratory properties identical to that
and the presence of ethyl Hg required to obtain the first of native R2, 43.7 kDa. However, when a concentrated
structures of R2 have not altered the ligand organization sample (1 mM of apo YI22F R2 or apo wt R2) reacts with

under more physiological condtions.
Reaction of Apo R2 with Limiting Fels Accompanied
by R2 Crosd.inking: A Role for ¥s¢? Our previous studies

limiting Fe?*, the SDS-polyacrylamide gel of the reaction
mixtures shows that part of the R2 present is converted to a
band corresponding to a dimeric form. These results indicate

revealed that when apo Y122F R2 is mixed with limiting that protein-protein cross-linking can occur under these
iron (2.3 Fét/R2) and the required reducing equivalent is conditions.

not readily available, the assembly of the iron-cluster tyrosyl ~ Characterization of Y356F R2 and Y122F and Y356F R2
cofactor is accompanied by a transient absorption change atf the cross-linking results and the observation of the transient
410 nm 4, 9). We suggested at that time that since F122 absorption at 410 nm are indicative of formation of a
could not be oxidized, the reducing equivalents were transient Y356 its mutation to a phenylalanine should
provided, at least in part, by an oxidation of a second preclude both observations. We initially prepared and
tyrosine. The conservation of Y356 among all R2s and its characterized Y356F R2. This protein has a UV/vis spectrum
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97.5 kDa - b

45 kDa -

Ficure 4: SDS-PAGE of the assembly of apo R2, apo Y122F
R2, and apo Y122F and Y356F R2 and monitoring by SP8GE

for protein cross-linking. Conditions are as follows: lane 1, apo
R2 and 2.3 F&/R2; lane 2, apo Y122F R2 and 2.3%F&R2; lane

3, apo R2 with 5 F&E/R2; lane 4, apo Y122F R2 and 5%€R2;
lane 5, apo Y356F and Y122F R2 and 2.3 #mutant R2; lane 6,

Tong et al.
DISCUSSION

Y122F R2 has been used to study intermediate X,
proposed to be the direct precursor to the diferric tyrosyl
radical cofactor of wt R2 essential for nucleotide reduction.
This mutation was chosen to increase the lifetime of X, as
F is more difficult to oxidize than Y, and to eliminate the
EPR signal associated with the 6 facilitate interpretation
of RFQ ENDOR experimentd 6—18, 20). This mutant has
now been used for spectroscopic characterization of X by
RFQ ENDOR and EXAFSH2) and hand-quenched reso-
nance Raman. Thus the relationship between its diferric
cluster assembly relative to wt R2 is important to establish.

We have therefore examined the assembly process from
apo Y122F R2 and diferrous Y122F R2, following the
progress of the reaction by SF UV/vis spectroscopy and RFQ
EPR and Masbauer methods. Using these methods, X has
been identified and is spectroscopically indistinguishable
from X generated with wt R2. The kinetics of formation
and disappearance of X are much more complex than with
wt R2. Recall that, in the assembly of active diferric-tyrosyl
radical cofactor of R2, an extra reducing equivalent is

molecular weight standards. The spaces in between the lanes€ssential for the 4ereduction of Q to HO (33, 44, 10).

indicate that different gels were run.

indicative of a diferric-tyrosyl radical cofactor and contains
2.8 Fe/R2 and 1.1 ¥R2. Reaction of apo Y356F R2 with
5Fe*™ and Q results in formation ofY122 with a rate
constant of 0.7€. Thus the properties of this single mutant
are very similar to those of wt R2.

Additional complexity arises in the case of wt R2, in that
only 1.2 Y* are observed/141.6 diferric clusters. Thus
despite the observation of fully occupied iron sites in the
original crystal structure at pH 6 and the present structure at
pH 7.6, biochemical analysis never reveals a full complement
of iron for reasons that are not understood. In the case of
Y122F R2, further complexity results from the requirement

The double mutant Y122F and Y356F R2 was thus Of tWo extra electrons to generate the diferric clusters, rather

prepared. Its visible spectrum is very similar to that of

Y122F R2 and contains 2.8 irons. Both mutant R2s have

activity for nucleotide reduction-0.5% that of wt R2. This

than the one electron for wt R2 assembiyl)(

How could replacement of a single hydroxyl with a
hydrogen (Y to F) affect the rate of formation of X? The

is the estimated amount of contaminating wt R2 thought to Working model (Figure 1) for this process is proposed to

be present in all preparations due to expressiok.icoli

require reductive cleavage of the-@ bond derived from

and our inability to delete the wt gene due to lethality. These Oz (22, 19, 54), presumably in the diferric peroxide state.

results, those of Climent et abZ, 48) with Y356A R2, and

This process may involve protonation of one of these

the conservation of Y356 suggest that it plays an important 0XYgens to generate X, the ¥é~¢'* cluster with au-oxo
function in the reduction process. However, it does not Pridge and a b or a disordered hydroxide attached to the

appear to play a role in the assembly of the cofactor.

To address the question of whether Y356 gives rise to the
transient absorption feature at 410 nm observed in the

limiting Fe™ Y122F R2 reconstitution experiment, the
reconstitution of apo Y122F and Y356F R2 with limiting
iron was examined. Even at 20M protein (this is 10 times

Fe** (55). The hydroxyl proton of Y122 could be a source
of the proton assisting in ©0 bond cleavage, with one of
the oxygens from @ ultimately resulting in water or
disordered hydroxide ligand formation. Deprotonation of
Y122 would also facilitate its own oxidation, as phenolates
are easier to oxidize than phenols. Thus Y122F R2, unable
to assist in the protonation of an intermediate required for

the concentration of protein used in the corresponding Y122F ¢5rmation of X. would be expected to have a reduced rate
R2 experiments), no transient feature was detected. Fur-q¢ its formation.

thermore, a similar reconstitution experiment carried out with

1 mM mutant failed to reveal any cross-linked dimer R2

(Figure 4, lane 5). Thus, both pieces of data support the
proposal that the transient 410 nm visible feature may be

associated with Y356 on the surface of R2.

The model in Figure 1 also requires an electron for
assembly of X. Previous workerSg) have pointed out the
presence of a putative hydrogen bond between the hydroxyl
of Y122 and a carboxylate oxygen of D84, a ligand to the
adjacent iron in the diferrous R2 state. In the case of Y122F

The reconstitution of apo Y356F and Y122F R2 was also R2, this interaction is absent. Could this interaction in some

examined with an excess of #g5F€t/R2). The interme-
diate X, an F&"/Fe** species, is detected (data not shown),

way facilitate the reduction of a precursor to X by altering
the rate of delivery of the required reducing equivalent or

but its decay is much slower than X observed with either wt could the interaction play a role in the tremendous structural

or Y122F R2. At 4 s, 0.7 equiv of X/R2 are still present.
This property will be useful in examining X spectroscopically
in the absence of liquid isopentane used in freepgenching
experiments.

reorganization that must accompany conversion of the
diferrous R2, in which the two irons are 3.8 A apart, to X,
in which they are 2.49 A apar6®)? The observation of
0.5 equiv of fast-relaxing ferric species in the reconstitution
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both of apo wt and Y122F R2 suggests that altered electronfailed to reveal the presence of a signal that could be
transfer is not the case. Recent EXAFS data suggest that Xunambiguously associated with a Yin addition, we carried
in both the wt and mutant R2 possesses a shortHinmm out a reconstitution experiment with diferrous Y122F R2
distance, although the Y122F R2 reconstituted from apo under limiting iron conditions. We thought that rapid
Y122F R2 is subtly different. These data, coupled to the generation of X (35} would increase the amount of the
similarities in the mutant and wt structures of R2, suggest transient 410 nm species, due to the intramolecular nature
that the major source of kinetic complexity is thus most likely of the reaction. However, in contrast to expectations, none
associated with the importance of the proton of the hydroxyl of the 410 nm feature was detected. Thus the importance
group of Y122 in the chemistry and the iron cluster of this transiently generated species is still open to question,
rearrangement during assembly. although the cross-linking results and disappearance of the
In addition to the altered rate in formation of X in Y122F transient 410 nm feature with the mutant are intriguing.
R2, its rate of disappearance is also altered relative to wt
R2 as expected. An examination of the crystal structure of SUPPORTING INFORMATION AVAILABLE
R2 indicates a number of easily oxidizable aromatic residues
(W48, W107, and W111) within 48 A of the cofactor,
which could potentially reduce X in the absence of its hormal
reductant45, 46, 57). Oxidation of these residues has been
demonstrated in recent studies using room-temperature rapid

flow EPR spectroscopy in Which SiX species were d_e_tected copy; (3) the formation of X monitored at 365 nm upon
(46). At least two of these species have been identified by mixing diferrous R2 with @, (4) the X-ray structure of
deuteration experiments as derivatives of tryptophan radicals.YlZZF R2 showing the & backbones of the two dimers of

The time scale and amounts of these radicals are slowg, a0 one of the dimerdimer contacts in the crystal lattice:

(minutes) and small {6%), respectively. As previously 54 5y 4 stereo drawing of the third, new metal binding site
demonstrated in many heme-dependent_ systems, When. the, the dimer-dimer contact between the R2 protomers (5
norm.al substrate is not available to be oxidized, the reactive pages). Ordering information is given on any current
species can be reduced by many pathways, none of Wh'Chmasthead page.

kinetically appears to be physiologically significant. Small
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