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ABSTRACT. The X-ray crystal structure of recombinddésulfasibrio vulgaris rubrerythrin (Rbr) that was
subjected to metal constitution first with zinc and then iron, yieldingRif, is reported. A [Zn(SCys)

site with no iron and a diiron site with no appreciable zinc in RIS were confirmed by analysis of the
anomalous scattering data. Partial reduction of the diiron site occurred during the synchrotron X-ray
irradiation at 95 K, resulting in two different diiron site structures in the Rt crystal. These two
structures can be classified as containing mixed-valent Fe L{OH ™) (u-GluCO, ™) Fe2(11) and Fel(ll)-
GluCO )2 Fe2(ll)-OH™ cores. The data do not show any evidence for alternative positions of the protein
or solvent ligands. The iron and ligand positions of the solvent-bridged site are close to those of the
diferric site in all-iron Rbr. The diiron site with only the two carboxylato bridges differs by-ar shift

in the position of Fel, which changes from six- to four-coordination. The Fel- - -Fe2 distance (3.6 A) in
this latter site is significantly longer than that of the site with the additional solvent bridge (3.4 A) but
significantly shorter than that previously reported for the diferrous site (4.0 A) in all-iron Rbr. The apparent
redox-induced movement of Fel at 95 K in the ZRBr crystal implies an extremely low activation
barrier, which is consistent with the rapid80 s™1) room temperature turnover of the all-iron Rbr during

its catalysis of two-electron reduction of hydrogen peroxide. R does not show peroxidase activity,
presumably because the [Zn(SCysjte, unlike the [Fe(SCyg) site, cannot mediate electron transfer to

the diiron site. One or both of the diiron site structures in the cryoreducegrbm&rystal are likely to
represent that (those) of transient mixed-valent diiron site(s) that must occur upon return of the diferric
to the diferrous oxidation level during peroxidase turnover.

Rubrerythrin (Rbr), found in anaerobic and micro- iron, but its Ne was within hydrogen-bonding distance of
aerophilic bacteria and archaea, is a homodimeric non-hemethe carbonyl of C161 across the “head-to-tail” homodimer
iron protein containing a non-sulfur, carboxylate-bridged interface. C161 in turn furnished one of the thiolate ligands
diiron site and a rubredoxin-like [Fe(SCys3ite (1, 2) within to the [Fe(SCys] site. More recently, the X-ray crystal
an ~23 kDa protein subunit. The diiron site in the X-ray structure of the all-ferrous Rbr (Rl was reported4). As
crystal structure of the recombinant oxidized all-ferric Rbr shown schematically in Figure 1, the iron atom that was
(Rbroy) from the sulfate-reducing bacteri@esulfaibrio ligated to Glu97 in the Rl structure has moved1.8 A in
vulgaris (cf. Figure 1) @) contains one histidine and five  Rbr,q to within ligating distance of His56 & which has
carboxylate ligands. The side chain of a second histidine, replaced Glu97 as a ligand. The bidentate Glu20 carboxylate
His56, which had been predicted to be a ligand to the diiron also followed the redox-induced movement of this iron. Other
site on the basis of sequence homologies fea@ivating  than these diiron site differences, the Rland Rby.qcrystal
diiron proteins §), was too distant to furnish a ligand to  structures are essentially superimposable. Due to its tendency

: toward disproportionation, no crystal structure is known for

; This work was supported by NIH Grant GMA40388 (D.M.K.). the mixed-valent [Fe(Il,11)] diiron site of Rbr. The irons of

Refined coordinates have been deposited in the Protein Data Bank. | . . . . .
The accession number for the structure is 1QYB. this mixed-valent site are antiferromagnetically coupled,

* To whom correspondence should be addressed at the Departmenyyielding anS = %/, ground state with a characteristic EPR
ck)f ngmhistry. Phoge: 706-542-2016. Fax: 706-542-9454. E-mail: spectrum ¢). ENDOR studies revealed that only one His

ug ZDegar?m.e%%agfeC?{emistry and Center for Metalloenzyme Studies. ligates this _mixed-valent diir_on site and that th? His Iig_ates

I Department of Biochemistry and Molecular Biology and Georgia the ferrous iron7). The magnitude of the magnetic coupling,
X-ray Crystallography Center. J~ —8 cm! (in the —2JS;+S; formalism), strongly indicates

1 Abbreviations: Rbr, rubrerythrin; Rk all-ferric Rbr; Rbreg, all- ; ; :
ferrous Rbr; ZngRbr, Rbr containing zinc in place of iron in the a single atom, presumably hydroxo, bridge between the irons.

[Fe(SCys)] site; Tris, tris(hydroxylmethyl)Jaminomethane; EDTA,  The proposed structure of the mixed-valent diiron site that
ethylenediaminetetracetic acid; GUHCI, guanidine hydrochloride; MOPS, emerges from the cumulative spectroscopic studies is very

3-(N-morpholino)propanesulfonic acid; HEPERS;(2-hydroxyethyl)- imi _ i i i
piperazineN'-2-ethanesulfonic acid; DTPA, diethylenetriaminepenta- similar to that of the all-ferric structure shown in Figure 1

acetic acid; PEG, poly(ethylene glycol); BDFM, Bijvoet difference E€XCEPt that His131 is ligated to Fe(ll) _rather than Fe(lll) and
Fourier map. the oxo is replaced by a hydroxo bridg®.(Mixed-metal
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Ficure 1: (Left) Protein backbone tracing of tiie vulgaris Rbr head-to-tail homodimer viewed along its 2-fold rotation axis drawn using
RASMOL (3) and coordinates from PDB ID 1RYT2). Amino (N) and carboxyl (C) termini are labeled, iron atoms are represented as
spheres, and dashed lines indicate subunit interface regions between the [Fg(&&¥sliron sites. (Right) Schematic structure of the
diiron sites and subunit interfaces of Rb¢all-ferric) and Rbyq (all-ferrous) structures4j.

Zn,Fe sites rather than diiron sites have also been reportedransient Rbr species containing a diferric diiron site and a

in Rbr “as isolated” fronD. vulgaris (8—10). The issue of
metal site occupancy is addressed in the Discussion.

The function of Rbr has been controversial. vulgaris
Rbr was reported to have ferroxidase activityl); but the
closely related protein, nigerythrii?, 13), from the same
organism, does not show detectable ferroxidase activity (E.
D. Coulter and D. M. Kurtz, Jr., unpublished results).
Pyrophosphatase activity has been reportedforulgaris
Rbr (10, 14), but this activity could not be reproduced in
two other laboratories5( 12) on either Rbr or nigerythrin,
whether these proteins were recombinant or isolated directly
from D. wulgaris. Both D. pulgaris Rbr and nigerythrin

ferrous [Fe(SCys) site, an oxidation level that would be
mimicked in oxidized (i.e., diferric) Zn&Rbr. Verification

of the metal site occupancies and structure of &if8 could

thus help to clarify mechanistic questions about Rbr reactiv-
ity. Herewith is reported the X-ray crystal structure @f
vulgaris Zn§Rbr and anomalous scattering data in order to
verify the metal site occupancies. A novel mixture of diiron
site structures appears to be a result of cryoreduction in the
synchrotron X-ray beam.

MATERIALS AND METHODS
ZnSRbr Expression Purification, and Crystallization

showed little or no superoxide dismutase or catalase activitiesRecombinantD. vulgaris ZnS;Rbr was expressed, metal-

using standard assayk 15). Reduced. vulgaris Rbr and
nigerythrin are only sluggishly reactive with dioxygen;
however, they both show high turnover rates as terminal
components of NADH peroxidases in vitr@6 17). This

last function of Rbr has been proposed as part of the oxidative

constituted, and purified using a procedure that was modified
from that previously described). All of the following steps
were carried out at room temperature, unless otherwise noted.
Four 1 L cultures oEscherichia colBL21(DE3)(pDK3-5)

(6) were grown in M9 media with incubating/shaking at 37

stress protection system in some air-sensitive bacteria and®C and induced with 0.4 mM isopropy+p-thiogalactoside

archaea 13, 18). Genetic evidence for an oxidative stress
protection function of Rbr involving hydrogen peroxide is
also available 13, 19—21).

The aforementioned structural flexibility of the diiron site
is likely to be an important feature of its unique reactivity

when the Olgy reached~0.8. The induced cultures were
incubated at 37C for a further 5 h, after which time the
cells were harvested by centrifugation. The cells were washed
with 250 mL of 50 mM Tris-HCI| and 2 mM EDTA, pH
8.0, then resuspended and incubated at@@or 15 min in

and has been incorporated into a proposed mechanism forl20 mL of the same buffer to which was added 4 mL of 10

the Rbreqreaction with hydrogen peroxidé)( Recombinant

D. wulgaris Rbr constituted with first Z# .o and then F& 5

led to a protein named ZnRBbr that, based on UVvis
absorption and EPR spectroscopies and metal analysis
contained diiron and, presumably, [Zn(SCysjites (L6).
ZnSRbr showed no peroxidase or ferroxidase activities,
supporting a reaction pathway in which external reducing
equivalents enter through the [Fe(SCys3ite of Rbugy
followed by internal electron transfer to the diiron site across
the subunit interface, a distance ofl2 A (cf. Figure 1).
Conversely, oxidation of Rhg by H,O, was proposed to
occur by direct reaction with the diferrous site, generating a

mg/mL lysozyme and 40 mL of 1% (v/v) Triton X-100, and
then lysed by sonication. Unless otherwise noted, the buffer
used in subsequent steps was 0.1 M Tris-HCI, pH 7.5. The
~15 g wet weight of pellet obtained from centrifugation of
the sonicated cells was resuspended in 12 il GuHCI

in buffer and centrifuged at 30090for 30 min. The
supernatant was then transferred into a 250 mL Schlenk-
type flask and subjected to several cycles of alternate
degassing/Blgas flushing using a vacuum manifold. After
each addition of (1) 4@L of 2-mercaptoethanol and 5 mM
sodium dithionite, (2) 13QuL of 0.14 M zinc sulfate in
anaerobic buffer, and (3) 1.3 mL of 0.14 M ferrous



3206 Biochemistry, Vol. 43, No. 11, 2004 Jin et al.
ammonium SL_j!fate in a_naerpb_ic buffer, the SO'““Q” in the Table 1: Data Collection and Refinement Statistics
flask was equilibrated with stirring for 0-5L h. The mixture

ZnSRbr ZnSRbr

was then diluted with stirring by dropwise addition of
anaerobic buffer over the course of several hours to bring
the total volume to~80 mL. The diluted mixture was

parameter

(1.0A) 1.7A)

(A) Data Collection and Processing Statistics

. . A temperature (K) 95 95
centrifuged as above to remove precipitate and then subjectedynit cell dimensions (&)
to successive concentration and redilution cycles in an a 48.0 48.0
Amicon concentrator, as previously described for the iron b 80.2 80.2
incorporation procedures), except that 1 mM EDTA was macximum resolution (A) 1217'3 1310'3
added to the dilution buffer during the third round of dilution/  gta] reflections 286423 58521
concentration in order to aid in removal of any nonspecifi- unique reflections 20104 10507
cally bound metal ions. The EDTA was removed by CR?nmpbl%E/G?eﬁ%) 292?214 ) 582-(713 »
subsequent dilution/concentration cycles. The resulting pale mufﬁ;e(l)mo ono 2

yellow solution was treated with a small amount gf04 in
order to obtain the homogeneous oxidized (diferric) diiron

(B) Refinement Statistics

resolution range for refinement

17:59.75

site. The resulting protein, referred to as ZRBr,, was Ruork (%) 18.31
concentrated to 1.5 mM (homodimer) in 50 mM HEPES and Ry (%) 21.42
200 mM NaSQ,, pH 7.0, using a Centricon concentrator no. of water molecules 247
(5K mol wt cutoff) and stored at-80 °C. The yield was ?r?]'sgfffggait;e'gl?t; 1
~40 mg of ZngRbr. Crystallization was achieved using the bond lengths (A) 0.005
hanging drop/vapor diffusion method. One and one-half  bond angles (deg) 1.0
microliters of the ZngRbr,, solution, prepared as described dihedral angles (deg) 19.2
above, was mixed with &L of 27% (w/v) PEG1450in 0.1 mProper angles (deg) 0.75
) . : : ilson B-value (&) 16.6
M Tris-HCI, pH 8.0, from the reservoir solution. Single  meang.value (%) 21.0
crystals yellow in color with dimensions 6f0.5 x 0.2 x coordinate errdi(A) 0.18

0.2 mm were obtained in 2 days at room temperature. The Ramachandran plot o
crystals were rinsed with mineral oil as cryoprotectant and ~ fesidues in most favored regions (%) = 94.0

flash-cooled for data collection. res}f;(e)ién&o)ld't'ona"y allowed 6.0
X-ray Diffraction Data Collection and Refinememata residues in generously allowed 0
were collected on the IMCA-CAT insertion device beam line, regions (%) _
residues in disallowed regions (%) 0

using the ADSC Quantum 210 CCD detector mounted on a
CrystalLogic goniostat (withw and 2 rotations) and 2Values in parentheses correspond to the resolution $tRikige
equipped with the Oxord Cryosystems cryostream sample - 31 | DAL ehess ecaiter siel Cacanes o
cooler at the Advanced Phc_)ton Source (Argonne National check was made using CNSEstimated coordinate error from the
Laboratory). All data collection was performed on crystals | yzatti plot.9 Ramachandran plot was calculated using PROCHECK
cooled to 95 K. Two sets of data were collected on one (33).

ZnSRbr crystal. The first data set was collected at a
wavelength of 1.0 A using 720 one-deg oscillations (resolu- initial model was the all-iron Rigg [PDB ID code 1LKM

tion 1.75 A). This was followed by collection of a second (4)] with all of the solvent molecules removed. About 8%
data set at 1.7 A using 180 one-deg oscillations (resolution of the reflection data were excluded for calculation of the
2.05 A). The total times of exposure of the crystal to the Ryefactor to monitor the refinement. The first round included
synchrotron beam were36 min at 1.0 A and~9 min at rigid body refinement (data with resolution below 3.0 A),
1.7 A. The programs DENSO and SCALEPACRZ} were energy minimization, and simulated annealing, which resulted
used for data processing. Crystals of ZRBr, were found in a decrease dR (Ryee) from 0.388 (0.401) to 0.296 (0.327).

to be isomorphous with those of published Rland Rbyq The improved model was then used to calculate the
crystal structures 4), belonging to space groug22. Cell composite omit map @& — F¢), and both the model and
dimensions are listed in Table 1A. Each asymmetric unit the map were input into program O. A long bulky electron
contained one monomer. Since the two data sets weredensity overlapping the position of Fel in the initial model
collected on the same crystal at different wavelengths, thewas found to have connections with the electron densities
data collected at 1.0 A, which had the higher resolution, were of both Q1 of Glu97 and N1 of His56. The Fel position
used for refinement, using the difference Fourier analysis was closer to Glu97 than to His56, because the electron
method. Omit mapsH, — F¢), composite omit maps &2 density was not distributed evenly. Except for this feature,
— F¢) (23), and Bijvoet difference Fourier mapaAF; ¢ + the overall electron density map at the diiron site fit the
90°) (24, 25) were calculated as described for data sets model very well. During the second round of refinement and
collected at both 1.0 and 1.7 A. The Hendricksdrattman energy minimization, groupe8&-factor and individualB-
coefficients generated from each individual anomalous factor refinement steps were sequentially carried out, and
reflection file omitting Fel, Fe2, and Zn3 and the same the first 138 waters with peak heights above8ere then
coordination file from the refined model with data collected picked by difference Fourier analysis, followed by another
at 1.0 A were used for each map calculation with a resolution energy minimization refinement before map calculation. This
range below 3.0 A. The model refinement and map calcula- second round of refinement decreasedRyes) to 0.211

tion were performed in CNS 1.02¢), and the model  (0.240). Both the model and composite omit map were
rebuilding against the map was carried out inZJ)( The displayed in O. Although one end of the bulky electron
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density occupied by Fel was connected with His56, similar
to Fel in the diferrous site of Rby (4), there was also

electron density connecting Fel and Fe2 to each other at g

the position assigned to the oxo bridge in RbA water
molecule was, therefore, centered into this electron density.
Another 115 water molecules were selected during the third
round of refinement, which decreas@d(Ry.) to 0.188
(0.221). A large electron density near GIn151 on the protein
surface with tetrahedral geometry was fitted to a sulfate ion
in O, since the protein buffer contained 200 mM,8@&,
and no other added inorganic salts. Six disordered water
molecules were found in the map and removed from the
coordinate file in the final round of refinement. A total of
247 water molecules were included. Besides energy mini-
mization, grouped-factor, individualB-factor, and simu-
lated annealing refinement, individual occupancy refinement
for all water molecules and metal ions was carried out at
the end, assuming the whole protein occupancy &y Ryee)
decreased to 0.183 (0.214). Data collection and refinement
statistics are collected in Table 1.

SpectroscopyAnalyses, and Actity Assays UV—vis

absorption spectra were recorded on a Shimadzu UV-210PC
spectrophotometer. EPR spectra were recorded on a Brukef

ESP-300E spectrometer equipped with an ER-4116 dual-
mode cavity and an Oxford Instruments ESR-9 flow cryostat.
Metal/protein ratios were obtained by inductively coupled
plasma-atomic emission metal analyses at the University of
Georgia Chemical Analysis Facility and concomitant protein
concentration determinations on the same samples using th
Bio-Rad protein assay with recombindhtyulgaris all-iron

Rbr, isolated and purified as previously describé)l és
standard (molar absorptivitsgsm = 10600 Mt cm™ per

Rbr homodimer). NADH peroxidase activities were deter-
mined similarly to the previously described proceduts) (

in 1 cm path length cuvettes with 1 mL anaerobic solutions
that typically contained initially 0.%xM Rbr dimer, 0.5¢M
BenC, 30uM NADH, 350 uM H;0,, and 1 mM DTPA in

50 mM MOPS, pH 7.0.

RESULTS

ZnSRbr,y CharacterizationThe hydrogen peroxide treat-
ment of the ZngRbr should have converted all iron centers
to the ferric state as is the case for the all-iron RlS; (7).

As shown in Figure 2, the U¥vis absorption spectrum of
ZnSRbr, features shoulders at330 and 480 nm and a peak
at 370 nm that closely resemble the absorption spectrum of
the diferric “chopped Rbr” (CRbr), an engineered form of
D. wulgaris Rbr which lacks the rubredoxin-like domai) (
These absorption features are characteristic of a bent oxo
bridged diferric unit 28—30). A prominent resonance-
enhanced Raman band at 520 ¢érwas also observed from
ZnSRbro using 413 nm laser excitation (M. D. Clay, E. D.
Coulter, M. K. Johnson, and D. M. Kurtz, Jr., unpublished
results), which is similar to the 514 crhH,'®0-sensitive
Raman band observed for the all-irbn yulgaris Rbr with
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FIGURE 2: UV—vis absorption spectra dd. yulgaris ZnSRbr,g
(solid trace) and CRbr (dashed trace) in 0.1 M Tris-HCI, pH 7.3.
The absorbances of the zs#r,, spectrum were multiplied by
1.5 to scale them to be equal to the extinction coefficient at 370
nm for CRbr @) (actualezzonm= 7800 M1 cm™1 for ZNSRbrgy).

The inset shows the absorption spectrum of recombinang Risr
comparison §).

f ZnSRbroy of 1300 M cm! per protein dimer measured

In this work is much less intense than tbgs,m = 10600

M-t cm™! (per protein dimer) for all-ferric Rbr6). The
absence of these intense absorption features is, therefore,
consistent with a [Zn(l1)(SCyg) site in ZnSRbr,. The
measuredszonm Of 7800 Mt cm™t per protein dimer for

nSRbr is lower than the expected 12000 Mcm™ (6)
or full occupancy of the diiron sites. The measured iron
content of as-isolated ZnBbr,x was 3.4 Fe/protein dimer,
which is also somewhat lower than the expected 4 Fe/dimer.
Only a very weak mixed-valent diiron site EPR signgl (
values of 1.99, 1.77, 1.63) was obtained for ZRBxx [not
shown B2)], when compared with those of recombinant all-
iron Rbry or CRbr @) recorded under similar conditions,
presumably because the Zi®r,y had been treated with
H,0,. A weakg = 4.3 EPR signal, which could be due to
either adventitious “junk” iron or a small portion of half-
occupied diiron sites, also appeared. The measured zinc
content of ZngRbr, 2.7 Zn/protein dimer, is somewhat higher
than the 2 expected if zinc replaced iron only in the
[Fe(SCys)] sites. The extra~0.7 zinc is presumably
adventitiously surface bound, since no zinc other than the
two substituted into the [Fe(SCy§)site appeared in the
X-ray crystal structure (see below). Confirming the previous
observation 16), the ZnSRbr,, prepared as described here
was found to have no detectable NADH peroxidase activity
under conditions where the all-iron Rbr showed significant
activity.

Crystal Structure of Zn®br. The yellow color of the
ZnSRbr crystal became noticeably paler after exposure to
the synchrotron X irradiation, which is consistent with partial
reduction of the diiron sites during data collection. When
the synchrotron X-ray-irradiated Zgbr crystal was thawed
in mineral oil, the pale yellow color became darker and close

406 nm laser excitation and assigned to the symmetric stretchf0 the original color prior to exposure to the synchrotron

of the oxo-bridged diferric unit31). Any iron in the ferric
[Fe(SCys)] site would have been manifested by its charac-
teristic absorption features at370, 494, and~570 nm,
which dominate the visible absorption spectrum of all-ferric
Rbr (cf. Figure 2, inset)g). The 490 nm molar absorptivity

irradiation within minutes of thawing, indicating reoxidation
of the diiron site.

The X-ray diffraction data collected at 1.0 A had a
resolution of 1.75 A, and the final model from refinement
of the 1.0 A data had good qualities, as shown in Table 1B,
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Ficure 3: (A) Final model and composite omit mapFHR— F¢) contoured at 1.® at the diiron site of thé. vulgaris ZnSRbr crystal
structure. Glul28 is in the foreground, and Glu53 is in the background. Stars indicate positions of iron atoms and the solvent ligand
modeled as an oxo. (B) Stereoview of the diiron sites resulting from superposition of the protein subuniB.inulyaris ZnSRbr (red),

all-iron Rbry (blue), and all-iron Rhgqy (yellow) crystal structures. The smaller spheres represent solvent ligands, and the larger spheres
represent irons. (Cro(ZnSRbr) — Fo(all-iron Rbr,) omit maps contoured at3.0o (in red) and—3.00 (in green). (D)Fo(ZNSRbr) —

Fo(all-iron Rbreg) omit maps contoured at6.0v (in red) and—6.0o (in green). For both (C) and (D) The Fel(AC1), Fe1(AC2), Fe2, and
solvent (oxo) in ZngRbr (1.0 A) were omitted from the calculation of the omit maps, which are superimposed on the final model at the
diiron site of ZnSRbr (1.0 A) (with stars indicating positions of metals and oxo).

with low rmsd’s from ideal bond lengths, angles, and torsion structures. The electron density at Fel connecting Glu97 and
angles, as well as reasonaBlevalue and coordinate errors.  His56 (cf. Figure 3A), on the other hand, has two centers,
Ramachandran plots using PROCHECK3)(showed that  which we label Fe1(AC1) and Fel(AC2). The locations of
the majority of the residues in the model are in the most these two centers were confirmed by the annedfgd-(F)
favored regions, other residues are in additionally allowed electron density map, omitting Fel, Fe2, Zn3, solvent bridge
regions, and no residues are in generously allowed or(oxo), and the surrounding residues within 3.5 A from the
disallowed regions. The ZnRbr (1.0 A) crystal structure  omitted atoms, as shown in Figure 4A. The 1.9 A separation
is very similar to that of all-iron Rk [PDB ID 1LKM (4)] between the AC1 and AC2 positions of Fel is too close for
with an rmsd of 0.63 A over all atoms. As in all other simultaneous occupancy of these two positions by a divalent
reportedD. wulgaris Rbr crystal structures, the ZzSbr or trivalent metal ion; i.e., a trinuclear metal site is not a
crystallized as a tetramer, with protein subunits related to physically reasonable interpretation of the electron density
each other as “head-to-head” and “head-to-tail dimgfs (  map. On the basis of the peak height in the— F. omit
Nevertheless, as for RRr only the ZnQRbr dimer is map, the electron density attributed to solvent (oxo) is
detected in solution. The major differences from the,Rbr connected to both Fe1(AC1) and Fe2 but is not connected
crystal structure are the zinc substitution at the [Fe(S€Lys) to Fel(AC2). The superposed diiron site structures in Figure
site and the position of Fel at the diiron site in ZRBr. 3B as well as theF,(ZnSRbr) — Fy(all-iron Rbr,) and

The iron and zinc ions can be differentiated by their Fo(ZnSRbr) — Fo(all-iron Rbre) omit maps (cf. Figure
distinctive anomalous scattering properties at the two X-ray 3C,D) also show that the alternative positions, AC1 and AC2,
wavelengths used in this study. The structures of the metalof Fel are close to those in all-iron Rpand all-iron Rbg,
sites are first described, identifying the metals as those respectively. The latter two maps essentially rule out the
determined from the subsequently described analysis of thepossibility that the alternative positions of Fel in ZR8r
anomalous scattering data. The composite onfit 2 F.) are occupied by tightly bound solvent rather than metal
map shown in Figure 3A displays the expected electron atoms. Alternative positions are not apparent for any of the
density at Fe2 connected to Glu53, Glu94, Glu128, His131, diiron site ligands (or for Fe2) in the ZpBbr crystal
and solvent (oxo) as in the all-iron Rprand Rbyq crystal structure.
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Table 2 compares interatomic distances for the diiron sites
of ZnS,Rbr, all-iron Rbgy, and all-iron Rbgg and the diiron
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Table 2: Interatomic Distances for Metal Sites in the Crystal
Structure ofD. vulgaris ZnS,Rbr, All-Iron Rbry, and All-Iron
Rbrredﬁ1

atoms Zn$Rbr Rbg,pc Rbref°
Fel(AC1)»-O(oxo/solvent) 2.0 1.8
Fel(AC1)-Glu20 OE1 2.0 21
Fel(AC1)-Glu20 OE2 2.6 2.3
Fel(AC1)}-Glu53 OE1 2.2 2.2
Fel(AC1)>-Glul28 OE2 2.0 2.0
Fel(AC1)»-Glu97 OE1 2.3 2.1
Fel(AC1)-His56 ND1 (4.0) (4.2)
Fel(AC2)-oxo/solvent (3.3) 2.2
Fel(AC2)-Glu20 OE1 (2.9) 2.2
Fel(AC2)-Glu20 OE2 2.1 2.3
Fel(AC2)-Glu53 OE1 2.4 2.1
Fel(AC2)-Glul28 OE2 2.2 21
Fel(AC2)-Glu97 OE1 (4.0 (4.6)
Fel(AC2)-His56 ND1 2.2 2.3
Fe2-O(oxo/solvent) 2.2 2.1 2.2
Fe2-Glu94 OE1 2.3 2.2 2.2
Fe2-Glu94 OE2 2.3 2.2 2.3
Fe2-Glu53 OE2 2.2 2.0 21
Fe2-Glu128 OE1 2.2 21 21
Fe2-His131 ND1 2.2 2.2 2.2
Zn3/Fe3-Cys158 SG 2.3 2.4 2.3
Zn3/Fe3-Cys161 SG 2.3 2.3 2.3
Zn3/Fe3-Cys174 SG 2.3 2.3 2.3
Zn3/Fe3-Cys177 SG 2.3 2.3 2.3
avg Zn3-Cys SG 2.3 2.3 2.3
Fel(ACl)---Fe2 (3.4) (3.3)
Fel(AC1)---Zn3/Fe3 (12.6) (12.4)
Fel(AC2)---Fe2 (3.6) (4.0)
Fel(AC2)---Zn3/Fe3 (10.8 (11.0)
Fe2---Zn3/Fe3 (12.0) (12.0) (12.2)
Fel(AC1l)---Fel(AC2) 1.9)

site structures in these three proteins are superimposed in _° Distances in parentheses are nonbondtiata from Jin et al.4).

Figure 3B. The Fel(AC1)- - -Fe2 distance (3.4 A) in the

¢ The distances from Fel in RRrand Rby.q are listed across from
those of the corresponding distances from Fel(AC1) and Fel(AC2),

ZnSRbr structure is the same as the Fel- - -Fe2 distancerespectively.

(3.3 A) in all-iron Rbg, within experimental error. The side
chains of Glu94 and His131, which exclusively ligate Fe2,
show no significant changes in the Z®Rbdr structure,
compared to those of all-iron Rhrand Rbpq Similarly,
the positions of the two bridging carboxylates from Glu53
and Glul28 in the ZndRbr structure are close to those in
all-iron Rbr,y. The positions of the carboxylate planes of the
Fel ligands, Glu20 and Glu97, in Zx&r are also closer
to those in all-iron Rhy than all-iron Rbkqe The Glu20
appears to be bidentate to Fel(AC1), as in Rbbut
monodentate (via €2) to Fel(AC2), unlike Fel in RRg

A nonligating solvent molecule (not shown) is within
hydrogen-bonding distance of Glu2G:Dand may help to

NoH™ are not apparent in the crystal structure. (This same
presumption is implicit in the schematic all-ferric Rbr
structure shown in Figure 1.) While the solvent bridge
between Fel(AC1l) and Fe2 was modeled as oxo, its
protonation state is difficult to discern from the structural
data. As reported for previow3. vulgaris Rbr structuresZ,

4), several water molecules were observed to occupy the
“canyon” leading from the diiron site to the surface of the
protein in the ZngRbr structure. None of these observable
waters, however, are within hydrogen-bonding distance of
the solvent bridge between Fel and Fe2 in the ;,Rb®
structure; the closest nonligating atom to the diiron solvent

compensate for the change from bidentate to monodentatebridge visible in the structure is the carbonyl oxygen of the

ligation to Fel. A solvent molecule is present in a similar
position in both Rhy and Rbyeg structures. The position of
the imidazole ring of His56 in ZnRbr is slightly closer to
that in Rbreg than Rbg,, although the difference is not
significant. The distance between the His56awd Cys161
carbonyl oxygen in ZngRbr is identical to that in Rl (2.8

A); i.e., this intersubunit hydrogen bond (cf. Figure 1) is
well maintained in ZngRbr. If Fe1(AC2) is disregarded, the
diiron site structure of Zn&Rbr is very similar to that of
Rbr,x with the same six side chain and solvent ligands to
both Fe1(AC1) and Fe2. As for RlrHis56 N1 is too far
away (4.0 A) to be a ligand to Fe1(AC1) in ZgBbr. We
presume that Bl of this nonligating His56 is not protonated
because the ZnRbr was crystallized well above pH 7 and

monodentate Glu97 carboxylate at a distance of 3.1 A. The
alternative location of Fel at AC2 is well beyond bonding
distance of Glu97 but well within bonding distance of His56
Nol, as is Fel in all-iron Rhy (cf. Table 2). The
Fel(AC2)- - -Fe2 distance (3.6 A), however, is significantly
shorter than the Fel- - -Fe2 distance in all-iron Ri{#.0

A). The solvent ligand to Fe2 is terminal in this alternative
diiron site structure and is 3.0 A from what had been the
ligating carboxyl oxygen of Glu97, which could, therefore,
form a hydrogen bond to the solvent ligand. The most
striking difference in this alternative diiron site structure
compared to those of either Rpor Rbreqis that only four
atoms, all from protein side chains, are within bonding
distance of Fel(AC2) (cf. Table 2), resulting in an ap-

because hydrogen-bonding interactions to a putative His56 proximately tetrahedral coordination sphere. The [Zn(S£ys)
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Table 3: Peak Heightss] of the Metals in the=, — F. Annealed
Omit Maps (AOM) and Bijvoet Difference Fourier Maps (BDFM)
from the 1.0 and 1.7 A Data for ZuRbr

1.0A 1.7A
Fel(AC1} Fel(AC2} Fe2 Zn3 Fel Fe2 Zn3
AOM 115 7.6 17.1 37.6
BDFM
3.0Ares 14.2 13.3 42.6 239 204 8.6
2.05 Ares 19.0¢ 23.8 73.7 244 24.1 86

aAC1 and AC2 represent the two centers at FeReak heights
calculated using a resolution range below 3.0¢Reak heights
calculated using a resolution range below 2.05 cluding both AC1
and AC2 centers.

Ficure 5: Final model and Bijvoet difference Fourier maps
contoured at 3 at the [Zn(SCysj sites of ZngRbr from the (A) Ficure 6: Final model and Bijvoet difference Fourier map
1.0 A and (B) 1.7 A data with Fel, Fe2, and Zn3 omitted. Maps contoured at 8 (magenta) and k6(green) for the diiron sites of
were calculated using a resolution range below 3.0 A. Stars indicate ZnS,Rbr from the (A) 1.0 A and (B) 1.7 A data with Fel, Fe2, and
positions of zinc atoms. Zn3 omitted. Maps were calculated using a resolution range below
2.05 A. Stars indicate positions of iron atoms and solvent (0xo),

center in ZngRbr (cf. Figure 4B and Table 2) is essentially and arrows indicate centroids of electron density at the Fel site.
isostructural with the [Fe(SCyg)center in Rbgy. The rmsd o ) ) o
of the ZnSRbr crystal structure vs the all-iron Rbstructure A data for the Zn3 site is consistent with the similar
for the four cysteine residues (Cys158, Cys161, Cys174,anomalous scattering coefficients;, of sulfur (0.67) and
Cys177) is only 0.05 A. zinc (0.81) at 1.7 A both of WhICh. are relatively weak
Anomalous Scatteringfable 3 tabulates the anomalous Ccompared tof ” for iron (3.75) at this wavelength2f).
scattering data for the ZaBbr crystal obtained at the two ~ Conversely, the absence of significant scattering intensity
wavelengths, 1.0 and 1.7 A. For the 1.0 A data the peak from sulfur a'nd relgtlvely intense scattering for Zn3 in the
height of Zn3 (37.6) in the , — F) annealed omit mapis 1.0 ABDFM s consistent with the smdll’ for s_ulfur (0.2_4)
much higher than those of Fel [1&.8AC1), 7.67 (AC2)] and largef "' for zinc (2.55) at 1.0 A. From .thIS analys!s of
and Fe2 (17.4), as expected if zinc occupies the Zn3 site the BDFMs for the Zn3 site together with the BVis
and iron occupies the Fel and Fe2 sites. Bijvoet difference absorption spectra discussed above, we conclude that the iron
Fourier maps (BDFMs)24) can distinguish zinc from iron  in the Fe(SCys)site of Rbr has been fully substituted by
according to their respective anomalous scattering coef-Zn?" in ZnSRbr. BDFMs from both the 1.0 and 1.7 A data
ficients at each of the two wavelengths (1.0 or 1.7 A). The for the diiron site that were calculated using a resolution
iron anomalous scattering coefficiefit! at 1.7 A is~4.6 range of 2.05 A or lower (the maximum resolution possible
times that of zinc, whereas at 1.0 for iron is only~61%  for the 1.7 A data) are shown in Figure 6. The two Fel
that of zinc @5). A comparison of the relative peak heights centers, AC1 and AC2, in the final model could not be
for Fel, Fe2, and Zn3 in the two BDFMs of Z/r (Table resolved in the BDFMSs, and therefore, only one peak height
3) shows that Zn3 has the most intense anomalous scatteringor Fel (at the positions indicated by the arrows in Figure
at 1.0 A but the weakest anomalous scattering at 1.7 A. 6) is reported in Table 3. Nevertheless, both the contours
Figure 5 shows the BDFMs for the Zn3 site from data and the intensities are very similar at Fe1(AC1), Fe1(AC2),
obtained at each of the two wavelengths. Four ziswlfur and Fe2 within each of the two BDFMs and show the trends
bonds appear in the BDFM from the 1.7 A data (Figure 5B), relative to those of the Zn3 sites expected for iron occupancy
whereas these connections are not detectable in the correof the Fel and Fe2 centers. These BDFMs and the peak
sponding map from the 1.0 A data, where essentially only heights listed in Table 3 thus rule out the possibility that the
the zinc is detectable (Figure 5A). The BDFM from the 1.7 Fel(AC1), Fel(AC2), or Fe2 centers have any significant
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Ficure 7: Schematic drawing of the diiron site structures in the
D. wulgaris ZnS,Rbr crystal and proposed assignments of iron
oxidation states resulting from cryoreduction. The irons at the
alternative Fel positions, AC1 and AC2, and their bonds to the
surrounding ligands are highlighted in blue and red, respectively.

His56

occupancy by ziné.In the F, — Fc) annealed omit map
(cf. Figure 4A) the sum of the peak heights of Fe1(AC1)
and Fel(AC2) (194) is approximately equal to that of Fe2
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carried out aerobically and with no added reducing agents,
and the fact that such reduction and shifting of Fel were
not observed in similarly crystallized and frozen all-iron br
crystals that were exposed to conventional rather than
synchrotron X-ray sourcedl). The fading of the color of
the frozen ZngRbr crystal when subjected to synchrotron
irradiation and the reintensification of the color upon thawing
indicate that the alternative diiron site structures instead arose
from cryoreduction of the diiron sites.

The Fel(AC1),Fe2 site structure is very similar to that in
all-iron Rbry (cf. Figure 1). The Fel(AC?2),Fe2 site structure,
on the other hand, closely resembles that identified as a Zn,Fe
site in Rbr as isolated from. vulgaris (PDB ID 1DVB) (8,

9). Anomalous scattering data on the as-isolated Rbr crystal
obtained at a single wavelength were consistent with zinc
rather than iron occupying the position corresponding to
Fel(AC2) and with no metal occupying the position corre-
sponding to Fel(AC1). The anomalous scattering data
obtained at two different wavelengths on our 4RBr crystal,
however, rule out the possibility that Fe1(AC2) contains a
significant proportion of zintand, in fact, show that both
Fel(AC1),Fe2 and Fel(AC2),Fe2 are predominantly diiron
sites. The Fel(AC2),Fe2 structure can, thus, apparently be
attained by a diiron site as well as a Zn,Fe site, and this
structure may be favored when a divalent metal occupies

(17.10) (cf. Table 3), consistent with similar iron occupancies ihe Fe1 center and a trivalent metal occupies the Fe2 center.

at Fel and Fe2. The relative peak heights at the two Felthe same workers who reported the Zn,Fe site in the crystal
positions may indicate somewhat more iron at AC1 than at grycture had earlier reported spectroscopic results on as-

AC2.
DISCUSSION

Two distinct diiron site structures emerge from the
cumulative analysis of the data db. vulgaris ZnS,Rbr.

Figure 7 contains a schematic diagram of these two struc-

tures, which we label Fel(AC1),Fe2 and Fel(AC2),Fe2.
These two structures differ essentially only in the position
of Fel. The [Zn(11)(SCys] site in ZnSRbr is essentially
isostructural with those of the [Fe(ll/111)(SCy$xsites in the
all-iron Rbryreq Structures. The homologous iron in rubre-

isolated D. wulgaris Rbr which clearly showed an oxo-
bridged diferric site and no evidence for a Zn,Fe slie3().

An independent group also clearly demonstrated by EPR
spectroscopy the presence of a mixed-valent diiron site in
Rbr as isolated fronD. vulgaris (12). In our experience zinc

in variable and nonstoichiometric quantities is nearly always
detected by metal analyses B wuulgaris Rbr, whether
recombinant and constituted only with iron or isolated
directly fromD. vulgaris. Therefore, the possibility that the
native Rbr produced iD. vulgaris contains a diiron site
and that zinc displaced iron from the Fel center during either

doxin can also be replaced by zinc, leading to a protein thatisolation or crystallization seems more likely to us than the

is isostructural with the native iron rubredoxin but with
slightly longer metatsulfur bonds 84). The N-H---S

opposite scenario implied in the reports of the as-isolated
Rbr crystal structures3¢-10). We have, in fact, shown by

hydrogen-bonding pattern to the cysteine ligands is unalteredanomalous scattering studies analogous to those described

from that of the corresponding all-iron proteins for both
ZnSRbr and zinc-substituted rubredoxin. Thus, substitution
of iron by zinc does not significantly alter the structures of
[Fe(SCys)]-containing sites in proteins. Furthermore, the

here that zinc can partially displace iron frdath Fel and
Fe2 positions of the diiron site simply by incubating
recombinant all-irorD. vulgaris Rbr with excess zinc sulfate

(39.

absorption spectra (cf. Figure 2) and resonance Raman The position and ligation pattern of Fe1(AC1) with Glu97

spectra show that the diferric site structure in 7RIS, with

its very stable oxo bridge, closely resembles that in,Rbr
(cf. Figure 1). Therefore, the possibility that the alternative
diiron site structures in Zn®br represent oxo-bridged and

but not His56 furnishing a ligand is nearly identical to that
of the highly negatively charged, all-oxygen coordination
sphere of the ferric Fel of Rhr(cf. Figure 1). Fel(AC1)

also has the solvent (oxo or hydroxo) bridging ligand found

nonsolvent-bridged diferric sites and that the latter structure for the ferric Fel of Rhg. The assignment of a ferric

was induced by the substitution of a [Zn(II)(SCydpr an
[Fe(ll)(SCys)] site seems highly unlikely. The possibility
that iron at Fel was partially reduced and shifted from AC1
to AC2 prior to freezing of the Zn®Rbr crystal also seems
unlikely given the hydrogen peroxide treatment of the
ZnSRbr preparation prior to crystallization, which was

2 Our data do not rule out the possibility that a very minor proportion
of the metal at Fe1(AC2) is zinc.

oxidation state to iron at Fe1(AC1) in Zg$br, thus, seems
straightforward. The iron at Fe1(AC2), on the other hand,
has likely been reduced by the synchrotron X irradiation.
While none of the other Rbr crystal structures in the Protein
Data Bank used data obtained from a synchrotron source,
reduction of iron by such sources has been observed in other
non-heme diiron proteins36—40), and these other diiron
sites have significantly lower reduction potentials than those
of Rbr (6, 12). Similarly, while the four-coordination at
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Fel(AC2) with carboxylate oxygen and histidine nitrogen
ligands has not been reported previously for iron in Rbr, it

Jin et al.

Such weak superexchange coupling in a mixed-valent
diiron(ll,111) site would result in a very anisotropig tensor

has been observed in mixed-valent or diferrous sites of otherand make its EPR spectrum difficult to observe42); i.e.,

non-heme diiron proteins3(Q, 41); i.e., four-coordination

the S = Y, EPR signal observed from Rbr is much more

appears to be characteristic of ferrous but not ferric centerslikely to be due to the hydroxo-bridged mixed-valent site.

in these proteins. In fact, we are unaware of any synthetic
tetrahedral, four-coordinate Fe(lll) complex having an N,30
coordination sphere resembling that of Fe1(AC2). The iron
at Fe1(AC2) in ZngRbr is, thus, almost certainly ferrous.
The coordination structure at Fe2 in ZRBr does not readily
distinguish ferric from ferrous oxidation states. The ferric
and ferrous Fe2 sites of all-iron Rpand Rbyq, respectively
(4), have coordination spheres that are very similar to each
other, being distinguished only by their bridging and terminal
solvent ligands, respectively. The average of the-Higand
atom distances is slightly longer in Zg#br than in Rbi

(cf. Table 2), consistent with some proportion of ferrous iron
at Fe2 in the Zn@Rbr structure. We, therefore, propose that
exposure of the Zn®Rbr crystal to synchrotron X-ray
irradiation at 95 K resulted in rapid reduction of either Fel
or Fe2, but not both, at each diiron site and that reduction
of Fel resulted in its movement from position AC1 to AC2
and breakage of the solvent bridge. Cryoreduction of
ZnSRbr would, thus, result in two mixed-valent diiron sites
differing by a bridging vs terminal solvent ligand, six- vs
four-coordinate Fel, and reversals of their iron oxidation
states, viz., Fel(AC1),Fe2 having an Fel(UHOH™)(u-
RCQO,)Fe2(ll) core and Fel(AC2),Fe2 having an FelgH)(
RCQO ) Fe2(l)-OH core (cf. Figure 7). If one includes
the Glu97 carboxylate, both mixed-valent sites would have
the same overall net charge-1). Ligand rearrangements
necessary to attain the structure of the diferrous site in all-
iron Rbreg (cf. Figure 1), including addition of a solvent
ligand to Fel, translation of the bidentate Glu20 side chain,
rotation of the Glu97 and Glu53 carboxylates, and, presum-
ably, protonation of the hydroxo ligand to Fe2, are all likely
to be inhibited at 95 K. This inhibition may have prevented
cryoreduction of the diiron sites in the Zg®or crystal to
below the mixed-valent oxidation level. The reintensification
of the color of the irradiated ZnRbr crystal upon thawing
could have been due to oxidation by dioxygen and to
disproportionation of mixed-valent diiron sites formed during
cryoreduction ).

On the basis of ENDOR spectroscopy of e Y/, EPR
signal and the magnitude of the antiferromagnetic coupling
between the irons, a structure of the mixed-valent diiron site
in all-iron Rbr was proposed that is essentially identical to
the Fel(AC1l),Fe2 structure in Zior, including the
Fel(lll)(u-OH™)(u-RCO, ) Fe2(ll) core ). Notably, theS
= 1, EPR signal of the all-iron Rbr intensified upon
cryoreduction by y-irradiation at 77 K, implying that
formation of the mixed-valent from the diferric site and
proton transfer to the oxo bridge of Rp(cf. Figure 1) can
both occur at this low temperatur&)( We know of no
examples of a mixed-valent Fe(ll),Fe(lll) complex having
only two carboxylato bridges, i.e., having the bridging ligand
structure of Fe1(AC2),Fe2 in ZgBbr. Given the four- and
six-coordination of Fe1(AC2) and Fe2, respectively, a mixed-
valent Fe1l(AC2),Fe2 diiron site would almost certainly be

valence-localized, and the magnetic superexchange coupling

mediated by the two carboxylato bridges is expected to be
much weaker than that mediated by a hydroxo bricR#. (

Although structural plasticity is a characteristic feature of
diferric/diferrous redox interconversions of non-heme diiron
sites in other proteins3Q, 40, 41), Rbr is unique in that this
plasticity involves a neayl2 A movement of one of the irons
accompanied by ligand exchange between histidine and
carboxylate side chaingt), Perhaps the most remarkable
result of the studies reported here is that the redox-induced
~2 A movement and change from six- to four-coordination
of the Fel iron in the ZngRbr crystal must have occurred
at 95 K. The low-activation barrier for this redox-induced
movement of Fel implied by these results provides further
support for our proposed mechanism of Rbr’'s hydrogen
peroxide reductase activitfl), which requires rapid cycling
(~30 s (17) between diferrous and diferric diiron sites
having the structures shown in Figure 1 for Rband Rbgy,
respectively. ZngRbr does not show peroxidase activity,
presumably because the [Zn(SCysjite cannot mediate
electron transfer to the diiron site. Thus, rereduction of the
diferric site during peroxidase turnover of the all-iron Rbr
most likely occurs by sequential one-electron transfer from
the proximal [Fe(SCys) site (cf. Figure 1), which implies
transient formation of a mixed-valent diiron site. One or both
of the diiron site structures in the cryo- reduced RIS
crystal is (are) likely to represent that (those) of transient
mixed-valent diiron site(s) that must occur upon return of
the diferric to the diferrous oxidation level during peroxidase
turnover.
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