10798 Biochemistry1998,37, 10798-10807
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ABSTRACT. The R2 protein of ribonucleotide reductase catalyzes the dioxygen-dependent one-electron
oxidation of Tyr122 at a diiron-carboxylate site. Methane monooxygenase and related hydroxylases catalyze
hydrocarbon hydroxylation at diiron sites structurally related to the one in R2. In protein R2, the likely
reaction site for dioxygen is close to Phe208. The crystal structure of an iron ligand mutant R2, Y122F/
E238A, reveals the hydroxylation of Phe208 at the meta;,aing position and the subsequent coordination

of this residue to the diiron site. In another mutant, F208Y, the “foreign” residue Tyr208 is hydroxylated
to Dopa. The structures of apo and diferrous F208Y presented here suggest that Tyr208 is coordinated
to the iron site of F208Y throughout the Dopa generation cycle. Together, the structural data on these
two mutants suggest two possible reaction geometries for the hydroxylation reaction catalyzed by these
modified R2 diiron sites, geometries which might be relevant for the hydroxylation reaction catalyzed by
other diiron sites such as methane monooxygenase. A critical role for residue Glu238 in directing the
oxidative power of the reactive intermediate toward oxidation of Tyrl22 is proposed.

Diiron-carboxylate proteins constitute a diverse family of  Ribonucleotide reductases catalyze the formation of deox-
proteins, of which most members catalyze dioxygen-depend-yribonucleotide DNA precursors using a radical mechanism.
ent hydroxylation or oxidation chemistr{)( The prototype In the class | RNRs found in some prokaryotes (including
members of this family are: ribonucleotide reductase protein Escherichia coli and in eukaryotes, the enzyme is formed
R2 (RNR R2) (2—4), generating a catalytically essential by two homodimeric proteins R1 and R2)( R1 carries
tyrosyl radical; methane monooxygenase (MMO), a promis- the substrate and allosteric effector binding sites, while RNR
cuous hydroxylase/oxidasé, (6); A9 stearoyl-acyl carrier ~ R2 is the site for the generation and stabilization of the
protein desaturase, a fatty acid oxidase in plarits (  catalytic tyrosyl radical located on Tyrl22. Subunit R2 is
bacterioferritin, a ferroxidaseB); rubrerythrin, a possible  highly a-helical, having a diiron site buried in aodhelix
ferroxidase in anaerobic bacter);(hemerythrin, an oxygen ~ bundle. The iron coordination is dominated by carboxylate
carrier in marine invertebrate4@; and purple acid phos-  ligands, and Tyr122 is located near the diiron s (
phatase, which catalyzes phosphoryl transfer reactibl)s ( In the radical generation reaction, the ferrous form of the
The first three of these enzyme families have been showndiiron-carboxylate cluster first reacts with dioxygen. In
to be structurally and possibly evolutionarily relatég @nd subsequent steps, several different iron-oxo intermediates,
all catalyze oxygen-dependent reactions. including high-valent iron species, are formed, leading to

fully reduced oxygen, a diferric iron-oxo site, and an oxidized
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* To whom correspondence should be addressed. Telepher#s) ( f One dfat‘)ce |?f£gid”prr? nzs::_t; pOII’(;tSPIEtOZgg ydTr_(?]phc_)bltChpOCkett
8 16 41 41. Fax: +46) 8 15 36 79. E-mail: par@biokemi.su.se.- ormed by llecs4, Fhezlz, an eZlo. IS Is the mos
#Current address: Department of Biochemistry, Stockholm Uni- likely site for the oxygen reaction to take place, since there
Vegs(':tﬁ’rrg;&gz d%s?olgﬁ?tgghj\ggeﬁgb ression. Pharmacia and Upjon S accessible positions for initial dioxygen coordination as
AB, S-112 87 Stockholm, Sweden. ' well as subsequent coordination of reactive oxygen species

L Abbreviations: RNR, ribonucleotide reductase; MMO, methane (15). In a mutant R2 where Phe208 was substituted with
monooxygenase; Dopa, dihydroxyphenylalanine; MMOH, methane tyrosine, Tyr208 was transformed into Dopa (dihydroxy-
Ir."onc(’jotxygerlalsehhydrotxy'asfe; FC’)'?{F\’/’VD,E”DLG é"c'd phostph,,""té‘g‘? ALMCT' phenylalanine) 16, 17). The structure of Dopa-containing
igand-to-metal charge transfer; , “oxbydroxo-water”; , - . e
ethylenediaminetetraacetatic acid; CCP4, Collaborative Computer F208Y revealed the Dopa to be coordinated in a semibridging

Project no. 4; MES, 2N-morpholino)ethanesulfonic acid. chelating mode at the diiron sitd%). The oxygen atom

S0006-2960(98)00640-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/10/1998



Self-Hydroxylating Mutants of RNR Protein R2 Biochemistry, Vol. 37, No. 30, 19980799

inserted into Tyr208 was, somewhat surprisingly, shown to containing 45.4 mM phosphate buffer, pH 7.3, 74V
originate from a water molecule and not from dioxygé6)( (NH4)2.SOy, 0.4% glucose, 61Q«M L-leucine, 406uM
Quinone cofactors similar to Dopal22 have been found in MgSO,, 50uM EDTA, 5 mM CaCl, 0.6uM ZnCl,, 60 mM
many proteins. It has been shown that these cofactors areCuSQ, 0.6 uM MnCl,, 0.75uM CoCl, 5.9 uM thiamine
the products of self-hydroxylation of tyrosines (e.g., in the dichloride, 5Qug/mL carbenicillin, and 5@&g/mL kanamycin.
copper amine oxidase®)) or tryptophans (e.g., in methyl-  To remove iron ions, the phosphate buffer and the am-
amine dehydrogenas&d)) within the protein through metal-  monium sulfate, glucose, and leucine solutions were filtered
assisted catalysis. The F208Y Dopa formation reaction may through a chelating Bio-Rex ion-exchange membrane (Bio-
in some respects serve as a model for the formation of suchRad) prior to media preparation. All glassware was washed
cofactors. with 0.1 M sulfuric acid to remove trace amounts of iron.
Methane monooxygenase catalyzes the first and rate-The cells were grown in this medium at a temperature of 30
limiting step of carbon fixation in obligate methanotrophic °C to an optical density 0fsponm = 1.1. At this OD,
bacteria by converting methane to metha®l (The soluble ~ expression of therdB gene was induced by increasing the
MMO is comprised of three different protein components, a temperature to 42C. After 2.5 h and afeoonm = 1.4, the
reductase, a coupling protein, and a hydroxylase (MMOH). cells were harvested. Since¥aloes not enter the diiron
The hydroxylase is an,32y2 protein, with molecular weight  Site, it was no longer necessary to keep solutions iron free
around 245 kDa. Each-subunit houses a catalytic diiron after disintegration of the cells. The protein was obtained
center which is the site of methane oxidation. The MMOs at more than 90% purity, as described previougly)(and
can oxidize a broad range of hydrocarbons in addition to contained approximately 0-2.3 equiv of Fe per R2 dimer,
methane. The oxygen atom inserted into the substrate incompared to 2.72.8 for iron-containing protein. A further
this hydroxylase reaction is from dioxygen. purification step on a MonoQ column immediately prior to
The pathways for oxygen activation are probably very Crystallization greatly improved the quality of the crystals.
similar in MMO and RNR R2. The MMO diiron site can Crystal Soaking and Data CollectiorBoth mutants were

form a relatively stable Fe(I\HFe(IV) intermediate €), crystallized as described previousl4f and the crystals
which is the species carrying out the two-electron oxidization Pelonged to spacegrou,2,2;. . .
of the substrate, and in the R2 system an Fe{lg(IV) A crystal of apo Y122F/E238A, of dimensions 1x10.3

species has been suggested to be the active agent, althougli 0-3 mm, was soaked in 1 mL of mother liquor containing
in this case the reaction is the one-electron oxidation of 90 MM FeC}for 2 h in a24-well Falcon tissue culture plate
Tyrl22 0). The crystal structures of the hydroxylase of Sealed with a glass cover slip. A large amount of precipitate
MMO (MMOH) (5, 21, 22) show that the coordination of formed during the soaking step, presumably iron OX|_de_. The
the diiron core is very similar to the R2 protein, despite the Crystal was removed and soaked for less than 1 min in the
lack of any other significant sequence homology. Thus, the Mother liquor containing additional 20% glycerol, but lacking
different reactivities of these related diiron centers are due F€Ch, prior to flash-freezing in a stream of liquid nitrogen

to subtle differences in the structural environment of their & —170°C. Diffraction data were collected at station 7.2
respective diiron centers. of the Daresbury Synchrotron Radiation Source (Daresbury

We have determined the structure of the mutant Y122F/ Laboratory, Warrington, U".(')’ on a MarResearch_image
E238A R2 protein soaked with iron, which reveals hydroxy- plate, used for all dat"’.‘ descrlb(_ad.here.. The crystal d|ﬁrqcted
lation of the neighboring residue Phe208, in a reaction related! eyond 1.7 'i but time restrictions limited data collection
to the Dopa formation observed in R2 F208Y and to the © &round 2.1 A. .

MMO hydroxylation. To investigate the flexibility of residue Data for apo F208Y were F:ollected at station X31 of the
208 in protein R2 and the possible positions at which the EMBL outstation at DESY in Hamburg. These crystals
hydroxylating oxe-hydroxo-water groups may be bound diffracted to 2.0A. Dqta were collected to a resolution of
at the diiron site in both mutants E238A/Y122F and F208Y, 2-1A. For iron-containing F208Y, apo F208Y crystals were

we have also determined the structure of mutant F208Y in S0@ked in 50 mM Feglin Ar-bubbled mother liquor for 3
its diferrous and apo forms. h before data collection. The crystals were soaked in the

FeCl solution in a Petri dish. No effort was made to keep
EXPERIMENTAL PROCEDURES the solutions under nonoxidizing conditions during the soak.
The X-ray source used was a Siemens rotating anode device.
Construction and @erexpression of Y122F/E238A and All data were integrated using the program Denzo and
F208Y. Plasmid pMK5/E238A, coding for the mutant scaled using ScalepacRS). Intensities were converted to
protein Y122F/E238A, was constructed by subcloning a 1.0 amplitudes and placed on an absolute scale using the method
kb BanHI/Asp718 fragment of pTB2/E238A into the large  of French and Wilson26). The WilsonB factor 27) for
fragment of plasmid pMKS5 cut by the same enzym23)(  all three data sets was around 28 AA summary of data
The sequence of the construct was confirmed by dideoxy- quality is presented in Table 1.
nucleotide chain termination sequencing across the mutations. Model Building and RefinementThe structure of diferrous
Expression and purification of the mutant protein fr&n R2 at 100 K, including solvent molecules5), was used as
coli MC1009 transformed with pMKS5/E238A and pGP1-2  a starting model for refinement of mutant Y122F/E238A,
followed a procedure described befo2S) The proteinwas  using the program TNT28, 29). No restraints on metal
obtained in the iron-free form. metal or ligane-metal distances were applied during refine-
The mutant F208Y was grown and overexpresse&.in  ment, except that close contact distances between iron and
coli MC1009 cells containing the plasmids pTB2/F208Y and ligand O and N atoms were defined at 1.2 A, a value
pGP1-2 (7). The cells were grown in iron-depleted medium significantly less than any actual refined distance. The initial
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Table 1: Data Collection Statistics for F208Y and Y122F/E288A

iron-soaked iron-soaked
F208Y apo F208Y Y122F/E238A

wavelength (A) 1.5418 1.07 1.488
cell parameters 73.8,83.9, 73.8,84.2, 74.1, 83.8,

ab,c(A) 113.5 114.0 114.0
resolution range ()  262.32 26-2.11 272.05
completeness (%) 86.5 92.0 98.3
multiplicity of 2.1 2.4 3.7

observation
meanl/o(l) 10.2 12.0 16.4
Rinerge (%) 6.8 6.8 8.1

2 Rmerge = Y nkiXil[Foil — OFo|3n/YilFo,l, Where|F,,| are thei
individual observations of each reflectibil, and <|F,|> is the value
after weighted averaging.

R factor was 30.3%, withRyee = 31.8% @0) in the range
25-2.8 A. Ryec Was calculated on 4% of the data (1761
reflections). The resolution limit was increased stepwise to
a final value of 2.05 A. Occupancies for atoms beyond C
in the side chain of residue Glu238 were set to zero in the
initial stages, and no residual density appeared|i| 2

|Fe| or |Fo| — |Fe] maps. Model rebuilding, including
placement of new water molecules, was carried out using
QUANTA (Molecular Simulations Inc.). Maps were cal-
culated using TNT and programs from the CCRB4)(and
BIOMOL (Protein Crystallography Group, University of
Groningen, The Netherlands) suites. Water molecules with
B factors exceeding 70 Awere removed, and new water
molecules were added at peaks higher tham4difference
maps, in several cycles.

Mercury atoms are essential for crystallization of R2 but
are occupied to a varying extent in different structures.
Almost all of the 12 Cys residues in R2 bind Hg atoms,
mostly with low occupancy 32). Many have alternate
conformations binding two low occupancy Hg atoms.

Table 2: Refinement Statistics for the F208Y and Y122F/E238A
Modelst

iron-soaked iron-soaked
F208Y apo F208Y Y122F/E238A
resolution range (A) 132.3 13-2.1 15-2.05
no. of reflections 28007/2108 42171/2073  43712/1761
Rmodel (%0) 21.6 19.6 19.2
Riree (%0) 30.9 27.0 26.7
no. of atoms
total 5877 5873 5941
protein 5594 5594 5575
solvent 264 264 346
Fe 4 0 4
Hg 15 15 16
rms deviations from
ideal geometry
bonds (A) 0.014 0.015 0.013
angles (deg) 2.2 2.4 2.0
torsion angles (deg) 18.1 16.8 16.8
Ramachandran plot (%)
core 93.6 92.2 93.1
allowed 6.2 7.6 6.7
generous 0.2 0.2 0.2
meanB factors (&)
main-chain 32.7 29.3 27.8
side-chain 40.5 37.7 36.0
solvent 48.2 40.3 41.8

2 The geometry library used was that of Engh and HuB8).(The
second number in the reflection column refers to the number used for
Riree Calculations Riodei = Y hidl |Folhit — |Felnki 1Y niil Folhit, Where|Folni
is the observed structure factor for reflectibkl and |F¢|na is the
structure factor calculated from the current model. The definitions of
core, generous, and allowed areas of the Ramachandran plot are by
Morris et al. 61).

to the TNT geometry file based on the parameters of Engh
and Huber 83). An ideal G—O bond length of 1.368 A
was used, and the:£€C.—0O and G—C.—O bond angles

A
rough occupancy was decided based on the basis of the heigh{/€re set to 1202

of the peak in a difference map (lying within 2.5 A of the
cysteine $ atom), which was altered interactively to give a
B factor similar to the surrounding protein residues. At some

The hydroxyl oxygen of -OH)Phe208 refines with
normalB factors when given an occupancy of 1.0, which is
not due toB factor restraints used in refinement since, if

stages, the occupancies of the 15 Hg atoms were refinegPhe122 is refined as Tyr, the hydroxyl oxygen develops high

automatically, while theiB factors were held constant.
After 62 cycles of TNT refinement, thHe factor was 21.0%
between 25 and 2.5 A, witRyee = 28.2%. All four iron
sites were clearly fully occupied. Clear peaks appeared in
|[Fol — |Fc| maps at both centers for a bridging monatomic
ligand and for a terminal ligand on Fel of subunit A (at
8.10, 7.60, and 4.4, respectively). Both were modeled as
oxygen atoms and refined withfactors around 18 A Since
the crystallization medium contains 0.2 M NaCl, we tried
to determine whether the bridging ligand might be a chloride.
With CI~ at both centers, thB factors (with occupancy 1.0)
or occupancies (witB = 18 A?) were refined. In the former
case theB factor rose to 57 A and in the latter, the
occupancy dropped to 0.55 after six further cycles. We are

thus confident that the atoms in question are indeed oxygen.

After 103 cyclesRmnoderWas 19.4% andRye. Was 26.9%.
The 2F,| — |F.| density for residue Phe208 showed bulges
in the plane of the aromatic ring suggesting hydroxylation
at the C position, with a peak at 5/in the corresponding
difference map. The distance from the peak center to C
was consistent with a covalent«© bond. The residue was
refined as-hydroxy phenylalanine with appropriate changes

B factors despite the same restraints. This suggests that
hydroxylation of the Phe208 residues of the subunits A in
the crystal is close to complete.

Both variants of F208Y were refined using the same
starting model and an essentially identical protocol to that
described for Y122F/E238A. Final statistics for all models
are presented in Table 2.

Reactvation of Y122F/E238A in SolutionMutant apo
Y122F/E238A or apo E238A in MES buffer (pH 6.8) were
reconstituted with 4 mol of ferrous ammonium sulfate per
mol of R2 and, where appropriate, 16 mol of ascorbate per
mol of R2. These reactivations were also carried out in the
presence bl M formate ¢ 1 M acetate. Spectra were
recorded on a Perkin-Elmer Lambda-2 scanning spectropho-
tometer, and the absorbance of the apo protein, recorded
immediately before reconstitution, was subtracted.

RESULTS

Structure of the Y122F/E238A MutantThe overall
structure of Y122F/E238A is very similar to other forms of
R2, and the rms deviation in,Catoms between Y122F/
E238A and wild-type R2 is 0.32 A. However, the structure
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Ficure 1: (@) Iron coordination in subunit B of R2 mutant Y122F/E283A. The irgn and iron-ligand distances are given in Angatne.

The iron ions are displayed as CPK spheres, and the other atoms are in ball-and-stick representation. (b) Electron density, with final atomic
model superimposed, for the diiron center in subunit A of Y122F/E238A, using phases derived from the final model, but with certain atoms
omitted from the phasing. A|B,| — |Fc] map is shown in thin gray lines, contoured at®.all displayed atoms are absent from the
phasing model. AnF,| — |F¢ map is shown in thicker black lines, contoured atd3.B this case only the extra oxygen atom on the
e-hydroxylated Phe208 has been omitted. Both maps are contoured to cover all the displayed atoms. (c) Iron coordination in subunit A of
Y122F/E238A. The color scheme is the same as for Figure 1a. The nomenclatures m-@@Hnare equivalent.

of the diiron sites is different from that seen in any other R2 latter is, to judge by its distances to the iron atoms, either a
form, and the structure in the two crystallographically u-hydroxo or au-water bridge but not a:-oxo bridge.
independent subunits is significantly different. This reactive Assuming that the net charge of this site is zero, which has
asymmetry has also been seen in the chemical reduction ofbeen the case for all other R2 sites for which structures have
a mutant R2 15) and in the reconstitution of apo R2 with been determinedl, 17, 34—37), the most plausible redox
cobalt (Nordlund, unpublished results). This is most likely state is a hydroxo-bridged diiron site with the two iron ions
due to differences in accessibility to low molecular weight in the ferrous form. This is also consistent with the-fFe
compounds because of crystal packing effects on subunit Bdistance of 3.7 A. We have also considered the possibility
(32. that the bridging lowM, species is a chloride anion, since
Structure of the Diiron Site in Subunit Brhe coordination NaCl is present at a concentration of 0.2 M in the crystal-
of the diiron site in subunit B is shown in Figure 1a. Both lization solution. However, refinement of the structure with
iron ions are pentacoordinate, bound to one terminal bidentatea chloride ion in this position gave hidghfactors. Although
carboxylate and one terminal histidine each and bridged by this could also be explained by low occupancy, this would
one carboxylate and one low molecular weight ligand. The be reflected in a mixed population of iron sites with different
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oxidation states, and the well-defined electron density is not 0.02
consistent with such a mixture. 3 a

Most features of the second coordination sphere of the ‘
iron ions found in the wild-type protein are present in
diferrous Y122F/E238A. Two water molecules present in
the diferric protein on the side of Glu204 distal from the
iron center are not present in diferrous wild-type R2, where
the iron—iron distance has expanded from 3.3 to 3.915)(
They are also absent here. Phe208, the residue in the
hydrophobic pocket located closest to the diiron site, has
appeared to be relatively flexible in different structures of
R2, having comparatively high factors for a buried residue
and correspondingly poorly defined electron density. How-
ever, in diferrous Y122F/E238A, the density for Phe208 is
clear, and the side chain refines to a position similar to that
in diferrous wild-type R2. The closest distance between the
iron ions and Phe208 is between &d Fe2 (3.8 A). The
closest approach to Fel is 5.1 A.

Structure of thee-Hydroxyphenylalanine Coordinated
Diiron Site in Subunit A.To our surprise, Phe208 in subunit A\
A has clearly been hydroxylated at the meta,eqrring \
position (Figure 1b,c). The inserted oxygen atom coordinates
Fe2 at a rather long distance of 2.8 A and is therefore almost SN
certainly protonated. The iron-coordinating histidine and . B T
carboxylate side chains have conformations largely similar ’ ' ' '
to those seen in the diferrous B site, but the terminal 400 450 VSVOO o 550 600 650
carboxylate ligands Asp84 and Glu204 are now monodentate. o ) avelength {nm) )

FIGURE 2: Visible absorption spectrum of reactivated Y122F/E238A

The site has one additional lo, ligand coordinated to . atvats .
Co . . . . and E238A mutant proteins after reconstitution in solution at pH

Fel which is not present in subunit B (Figure 1b,c), making g g (a) Y122F/E238A (1iM) reconstituted in MES buffer for
both iron ions also pentacoordinate in this site. The-ton 90 min (solid line) and with ascorbate for 60 min (dotted line). (b)
iron distance is 3.5 A, and the lengths of the Fe-bridging E238A (10uM) reconstituted in MES buffer with ascorbate (solid
moiety bonds are 2.1 and 2.3 A. line); with addition ¢ 1 M acetate (dashdotted line); and with

Spectroscopic studies of iron reconstituted Y122F/E238A g?tg'rt'fg ?nilnl\gff?(rargggétciu%tgid line). These spectra were recorded
in solution revealed a broad, weak absorption band in the '
range 456-550 nm, which became slightly more pronounced Tyr residue coordinating an Fe(lll) atom at a distance of
with maxima at 475 and 515 nm if excess ascorbate was2.1 A (11). The relative weakness of the absorption seen in
present in the reconstitution mixture (Figure 2a). Likewise, Y122F/E238A is in apparent contradiction with the fact that
reconstitution of the single mutant E238A in the presence the crystal structure suggests hydroxylation of the majority
of ascorbate revealed a weak absorption band at 515 nm (cfof the Phe208 residues of subunit A in the crystal. However,
Figure 2b) 23) and in the presence of both ascorbate and the absorption may be weak due to the relatively long
acetate or formate a weak, rather narrow band at 475 nmcoordination distance (2.8 A) compared to that in PAP. It
(Figure 2b). In wild-type R2, excess ascorbate has beenmay also be that movement of Phe208 is slightly more
shown not to affect the radical generation but to keep the restricted in the crystal than in solution, which permits a
iron in the ferrous form. For comparison, inclusion of higher degree of hydroxylation. Nevertheless the visible
chloride ions has no effect on the reactivation reaction (dataabsorption spectrum clearly confirms hydroxylation of
not shown). In the case of reconstitution of Y122F/E238A Phe208.
in the crystal form, it now appears that excess iron may The slightly shorter irorriron and iron-bridging moiety
influence the oxygen activation reaction in a similar and bond lengths in subunit A suggest that the oxidation number
perhaps more efficient manner since the crystals have a nearef the iron center is at least one unit higher than in subunit
stoichiometric yield of ¢-OH)F208. B. According to the zero net charge preference of R2 metal

The spectra in Figure 2a,b have the general features ofclusters 86), this would suggest that the center is (a)
spectra from purple acid phosphatases (PAB8) &nd of Fe(ll)-Fe(ll1)-:20H", (b) Fe(lll)}Fe(lll)-0*>+-OH", or (c)
phenol bound to the diiron site of MMQ9), although the Fe(ll)-Fe(ll)-OH-H,O. The Fe-bridging moiety distances
intensity of the absorption bands is lower. In the latter are too long for an oxo bridge, which makes b unlikely.
system, a broad absorption centered at 500 nm could beElectron paramagnetic resonance studies of the single mutant
attributed to a phenolate to Fe(lll) ligandhetal charge E238A in solution support the stability of a mixed-valent
transfer (LMCT). A stronger tyrosinate to Fe(lll) LMCT state over a period of up® h (R. Davydov, B. O. Persson,
absorption is observed in PAPs. In osteoclast PAP, the broadet al., unpublished). In PAPs, the LMCT-derived absorption,
absorption is centered at 544 or 515 nm, depending onsimilar to that seen here, has been shown to derive from
whether the iron center is in the oxidized (Fe(the(lll)) Tyr coordination to the nonredox active Fe, which remains
or reduced, active (Fe(HFe(lll)) state, respectively4(). in the Fe(lll) state in both reduced and oxidized mammalian
The crystal structure of a red kidney bean PAP showed aPAP. In addition, spectroscopic results suggest the presence

0.01

Absorbance

0.01 .

Absorbance
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E115 E115
H118 H241 H118 l H241
i:g; “
Llez L 122
E23

E204

F/Y208 F/Y208

Ficure 3: (a) 2F,| — |F| electron density for the future diiron site of apo F208Y, with the final atomic model superimposed. All displayed
atoms are omitted from the phasing. The map is contoured at (b) Divergent stereoview of the empty “iron site” structure of apo
F208Y (thick lines) superimposed on that of wild-type apoR2 (thin lines).

of a terminal hydroxo ligand in PAPsAL, 42). Taken of apo F208Y and is very similar to that of apo wild-type
together, this evidence favors the Fe(lBe(lll) state for R2 (Figure 3a,b). The carboxylate residues are clustered
subunit A of Y122F/E238A, and we have depicted it as such together, and two of them are presumably protonated which,
in Figure 1c, although the Fe(HFe(ll) state cannot be  together with the double protonation of the future histidine
totally excluded. ligands, gives a neutral diiron site. Tyr208 makes similar
Structures of Apo and Diferrous F208YTLhe structures  interactions to those made by F208 in wild-type apo R2, but
of the apo and diferrous forms of the mutant F208Y are both in addition, the OH group makes a hydrogen bond to Asp84.
very similar to the corresponding wild-type R2 structures,  Iron-containing F208Y was generated semiaerobically with
with rms deviations in ¢ positions between apo wild-type a large excess of ferrous iron. In subunit B, the occupancy
(36) and apo F208Y of 0.37 A and between diferrous wild- of one of the iron ions (Fel) is only 50%, making the detailed
type (L5) and iron-soaked F208Y of 0.42 A. The main structure of this site hard to elucidate. These results suggest
differences are restricted to the immediate surroundings of that iron diffusion into subunit B in the crystalline phase is
the diiron site. Despite a trace of iron at the Fe2 position rather slow. The iron coordination in subunit A is similar
(less than 20%), the geometry of the future iron ligands is to that seen in wild-type diferrous protein (Figure 4a,b), with
well defined by the electron density in the nascent iron site Glu115 and Glu238 as the sole bridging ligands and an-iron
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a

115 115

Ficure 4: (a) Schematic structure of diferrous F208Y. Coordination distances are shown in angstroms. (b) Stereoview of the diiron center
of diferrous F208Y (thick black lines) superimposed on that of wild-type diferrous R2 (thin black lines) and that of diferric Dopa208
(medium gray lines).

iron distance of 3.7 A. Tyr208 now coordinates Fel at a is more flexible and in a less dense environment containing
distance of 2.6 A. Itis clear from the electron density maps water molecules. In wild-type R2 structures, Glu238 has
that the tyrosine is not further hydroxylated to Dopa. The also been observed to be an unusually flexible metal ligand;
oxygen of the Tyr208 side chain is in a similar position to the same is true for the corresponding residue in MMO,
04 in Dopa208 R2, although the rings have slightly different Glu243. In the diferrous form of reduced R2, Glu238
orientations (Figure 4b). In Dopa208 R2, Glu238 is a follows the pseudo 2-fold symmetry of the diiron sites, but
bidentate ligand to Fe2 yet is in a similar position to diferrous in the diferric form of R2 and in all forms of MMO, the
F208Y, where it is a fully bridging ligand. The conforma- symmetry of the site is broken by this particular Glu residue.
tions of Glu238 in the reduced and oxidized F208Y mutants The reason the symmetry is broken in one particular direction
are very different from those in the wild-type structures, and is probably a combination of the availability of space for
it appears that coordination of Tyr208 or Dopa208 to the the side chain of Glu238 to move together with forces from
iron site generates steric hindrance for Glu238, preventing the helix framework that prevent the side chain from reaching
it from going through its regular carboxylate shift upon a symmetric position in the diferric form of R2, where the
oxidation (L5). Fe atoms are closer together. The asymmetry may be

important, as the diiron site should favor oxidation reactions
DISCUSSION at Fel, which is in close vicinity to Tyrl22. In Y122F/

Structural studies of different forms of the R2 diiron site  E238A, the absence of the side chain of Glu238 opens space

have revealed that Fel is relatively fixed in relation to the for structural changes at the diiron site which are probably
rest of the protein, while Fe2 moves more easily, e.g., upon not possible in the wild-type protein. Distortion of the
reduction. This is because Fel is coordinated to the terminalasymmetry, which in wild-type R2 presumably steers the
Asp84, which has a low flexibility and is in a dense part of reaction toward oxidation of Tyrl22, might lead to the
the protein matrix, while Fe2 is coordinated to Glu204, which hydroxylation of Phe208 in Y122F/E238A.
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The three structures of different forms of the F208Y E115
mutant, namely apo F208Y, diferrous F208Y, and Dopa208,
show similar positions for Tyr208, and in the iron containing )\ < j\
forms, the phenolic oxygens coordinate the relatively rigid H241

Fel. This suggests that Tyr208 will be locked onto Fel in H118
this way all through the reaction cycle, which will leave only D84 \( 0 E204

l/// /

one-dimensional freedom for Tyr208, through #aelihedral

angle. As an effect of the restricted movement of Tyr208,

Glu238 cannot accommodate its normal carboxylate shift to

full monodentate ligation to Fe2 but will instead be restricted O(m
to more hindered coordination modes similar to those

observed in diferric and diferrous F208Y (Figure 4a,b).
However, this does not prevent formation of some Tyr122
as has been demonstrated by two grou 17, 43). F/Y208

What could be the mechanism leading to hydroxylation FIGURES: A schematic diagram illustrating a set of possible-exo
of the e-carbon in each of these mutants? Considering the Nydroxo-water (OHW) positions (bold letters #D) on the R2
distance from residue Phe208 to the iron atoms in Y122F/ diiron site which might be involved in hydrocarbon activation and/

NN h - or oxidative insertion into the Tyr or Phe208 ring. The dotted lines
E238A and its limited rotational fl’eedom, a direct carbon indicate the most ||ke|y sites for oxygen insertion.
iron bond as an intermediate, as proposed for methane
hydroxylation by MMO @4), is unlikely in this case. the ring in the two mutants? Considering our structures,
However, the oxe-hydroxyl—water groups (OHW) coordi-  position A is not likely to be involved since it is not exposed
nated to the iron site in the high valent forms will be to the hydrophobic pocket. Position B is also unlikely to
important players in the hydroxylation reaction. They could be the source since, in F208Y, it appears to be sterically
be seen as having two types of potential function, first as hindered by the oxygen of Tyr208 and, in Y122F/E238A, it
activators of the substrate through electron, proton, oris remote from the final site of hydroxylation. As judged
hydrogen abstraction and second as possible nucleophilesfrom the present structures, position C is the most likely for
to be inserted into the substrate. Nevertheless, in the casd=208Y, and position D is the most likely for Y122F/E238A.
of F208Y, where Tyr208 is coordinated to the diiron site, a In fact, comparison with the coordinating water positions in
direct electron transfer generating a tyrosyl radical is also a metR2 shows that the inserted oxygens of Dopa208 and (
possible mechanism for substrate activation. In any case,OH)Phe208 lie very close to positions C and D in the
the oxygen species inserted into the tyrosine ring will most respective mutants. These positions are also the most
probably be coordinated to the iron center, since the reactionaccessible to penetrating solvent molecules in R216)
appears to be highly specific. which could explain why the inserted oxygen in F208Y is

The hydroxylation reaction in Y122F/E238A most likely not derived from dioxygen. The accumulation of reactive
utilizes a mechanism involving hydrogen abstraction. The intermediates in F208Y is much slower than in wild-type
hydroxylation of Phe208 is presumably much harder to R2 (17), which allows terminal Fe ligands derived from O
achieve than that of Tyr208 in F208Y. For example, in to exchange with solvendf). However, the possibility of
CH3CN, the oxidation potential of Phe is more thai.8 V hydroxylation by an OHW species derived from molecular
as opposed tot1.3 V for Tyr (45). The hydroxylation oxygen has not been excluded for Y122F/E238A.
observed in Y122F/E238A possibly represents an uncoupling What can be the relationship between the proposed OHW
which allows a hydroxo or oxo species not present in the species in the reactions catalyzed by these mutant proteins
wild-type protein to be exposed in the mutant diiron site. and the intermediatX observed for wild-type and some
This species could mediate the hydrogen abstraction and, inmutant R2s? X is the species catalytically competent to
a subsequent step, the hydroxylation of Phe208, possiblyoxidize Tyr122 47) and is best formally described as an
through a rebound mechanism as suggested for MB)O ( Fe(lll)—Fe(IV) center with substantial delocalization of the
The hydroxylation of Phe208 in Y122F/E238A further spin onto the oxygen ligands2@. The two-electron
underlines the relatedness of the dioxygen activation reactionsoxidations of Y208 and F208 in the respective mutants
in MMO and RNR R2 and the importance of specifically resemble strongly the reaction carried out by MMOH and
directing the oxidative power of the cluster toward oxidation are most likely to be caused by an asymmetrical FeflV)
of Tyrl22 in R2 rather than harmful oxidation of other Fe(lV) center, presumably an as yet unobserved precursor
neighboring residues. of X. It was recently shown thatirradiation of the Fe(I\V)-

On the basis of structural studies of diiron proteins, several Fe(lV) intermediate Q in MMOH at 77K could produce a
different possible OHW binding sites can be predicted for species with Mesbauer properties very similar to those of
the diiron sites of E238A/Y122F and F208Y (Figure 5). They X (48). This further underlines the extreme similarity
can be roughly divided into the locations of (A) the oxo between the MMOH and R2 diiron centers and the necessity
bridge in metR2, facing away from the hydrophobic pocket for specific direction of the oxidative power in R2.

(this site is equivalent to one of the hydroxo bridges in  Our structural data suggest that the OHW species hy-
MMO), (B) the second hydroxo bridge in MMO, (C) the droxylating Tyr208 in mutant F208Y is closer to the
water ligand on Fel in metR2, and (D) the water ligand on “normal” situation in wild-type R2 where a reactive high-
Fe2 in metR2. Positions BD are exposed in the hydro- valent species is exposed on Fel near Tyrl22 and, con-
phobic pocket. Which of these are involved in activating versely, that E238A/Y122F resembles a “defective” activa-
the substrate and are the source of the oxygen inserted intdion where it is allowed to be exposed on the wrong Fe atom,

Y/F122
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namely Fe2, due to its less saturated coordination caused byREFERENCES

the absence of Glu238. This implies an important role for
Glu238 in directing the oxidative chemistry and protecting

R2 from damaging autoxidation.

Bollinger et al. have exploited the observation that'Fe
binds preferentially to the Fe2 position at low Fe/R2 ratios
and >Fe Mossbauer experiments to demonstrate that, in
contrast to what might be expected, the high-valent species

of X is most likely located on Fe2 rather than on Fé9)(

Our results on F208Y confirm preferential Fe(ll) binding:

in the apo form we see 20% Fe at Fe2 and none at Fel; in
the diferrous form there is only 50% Fe at Fel in one of the
subunits, while both Fe2 sites have full occupancy. The
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In any case, it is clear that these R2 mutants need further
studies in order to determine their exact reaction mechanisms 22-
as well as the relationship of the above mechanisms to those
of the MMO related systems. In particular, the molecular
origin of the inserted oxygen atom in E238A should be
established. However, we feel that the engineered R2 23.
hydroxylases, due to their conformationally restricted sub-
strates, are potentially a very important system for revealing o4
structural details of the geometry of diiron-catalyzed hy-
droxylation reactions, information that might be hard to

obtain from the true diiron hydroxylases.
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