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Metalloenzyme crystal structures have a major impact on our understanding of biological metal centers. They are
often the starting point for mechanistic and computational studies and inspire synthetic modeling chemistry. The
strengths and limitations of X-ray crystallography in determining properties of biological metal centers and their
corresponding ligand spheres are explored through examples, including ribonucleotide reductase R2 and particulate
methane monooxygenase. Protein crystal structures locate metal ions within a protein fold and reveal the identities
and coordination geometries of amino acid ligands. Data collection strategies that exploit the anomalous scattering
effect of metal ions can establish metal ion identity. The quality of crystallographic data, particularly the resolution,
determines the level of detail that can be extracted from a protein crystal structure. Complementary spectroscopic
techniques can provide crucial information regarding the redox state of the metal center as well as the presence,
type, and protonation state of exogenous ligands. The final result of the crystallographic characterization of a
metalloenzyme is a model based on crystallographic data, supported by information from biophysical and modeling
studies, influenced by sample handling, and interpreted carefully by the crystallographer.

Introduction the resolution, corresponding to a small value in angstroms
The unveiling of a new metalloenzyme crystal structure (A), the more detail can be seen for the metal center. Unlike

to the inorganic chemistry community typically generates SMall molecules, very few protein crystal structures are
great excitement accompanied by a multitude of questionsdeterm'ned to_ atomic r_esolutlon. In addition, there is a
regarding the metal center(s). Issues of importance includeCompPonent of interpretation by the macromolecular crystal-
the locations, identities, stoichiometry, and redox states of /09rapher, often aided by information from other techniques.
the metal ions, the coordinated amino acids, the possible!" this Forum article, we explore the contribution of

presence of exogenous ligands, and geometric parameter<rystallography to defining the metal centers in the ribo-
These details then guide synthetic model preparation, com-hucleotide reductase R2 subunit (R2) and particulate methane

putational studies, and mechanistic speculation. It is thereforeMonooxygenase (PMMO), incorporating additional examples
crucial that inorganic chemists know whether to believe and from our work and the literature to highlight specific points.
how to interpret ball-and-stick or schematic diagrams of
newly characterized metal centers. Some questions, such a

metal ion location and identities of coordinating amino acid  The first step in the characterization of a metalloenzyme
ligands, are answered best by crystallography. Whether ands determining the metal ion content. This seemingly simple
how well crystal structures elucidate features such astask can present a formidable challenge. The metal content
exogenous ligands and geometric parameters depends on thgf any protein sample can be determined by analytical
resolution, type, and quality of data, however. The higher methods such as inductively coupled plasma-atomic emission
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northwestern.edu. (AAS), but the calculated stoichiometry also depends on how
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Biological Metal Centers

accurately the protein concentration is known. Often different the difference between the observed crystallographic data
methods of protein concentration determination, such as the(F,) and the modelK.) (F, — F. map).

Bradford assay the bicinchoninic acid (BCA) ass&yor use The diiron centers of eukaryotic R2s are labile, and
of the extinction coefficient at 280 nm, give different values.  stryctures with the diiron clusters fully occupied have been
Another problem is that biological metal centers can be gifficult to obtain. In the 2.3 A resolution structure of mouse
sensitive to the purification protocol employed. For example, R2 a single metal ion present in each active site was modeled
metal centers can become depleted due to improper handlinggg Fe(lll) with an occupancy of 04.The low metal
air sensitivity, or inherent weak binding. In addition, adventi- occupancy in this structure may be attributable to the low
tious metal ions might occupy both biologically relevant and pH buffer (pH 4.7) used for crystallizatidA.In support of
nonspecific sites. Although careful biochemical and spec- this notion, soaking crystals of mouse R2 in a pH 6.0 buffer
troscopic measurements can lead to accurate identities a”Q:ontaining either Co(If¥ or Fe(l1)6 resulted in the formation
stoichiometries, errors may influence subsequent Spectro-of ginyclear clusters. In our 3.1 A resolution structure of
scopic and mechanistic characterization for years. Crystalieo yeast R2 homodimer, also at a low pH, no metal ions
structure determination plays a critical role in establishing 4. present in the active sit¥sWe did observe a partially
both the identity and number of metal ions. occupied single metal site in our structure of the yeast R2
The ribonucleotide reductase R2 protein contains a car-monomer in complex with the yeast Rnr4 prot&ina

boxylate-bridged diiron center that generates a tyrosyl radical homologous protein that lacks an iron binding site, but is
essential for production of deoxyribonucleotides by the required for diiron cluster assembly in R2.

associated R1 protein. There are numerous crystal structures Using data collected at wavelengths near the iron and zinc

Ef both phrokar:yo;ip a”?‘ eukaryoti(; RQﬂAIth.ough no(\j/\( it isl absorption edges, we modeled the metal ion in the yeast R2
nown that the dimeric R2 protein contains two dinuclear o~ 4 entitous Zn(ll) instead of Fe(it is

|ro|n (;_entlers, ttoﬁl.mr? Logr '[ﬁn ]'c.onf’ thlst s|t0|tch|(:metré/ vtvas possible that the mouse R2 metal site in the original structure
only dlr'mfggz? ZISZeA y | te'o‘llirs 1;2’; ?hs ruct ulre, te ?r' actually contained Zn(Il) as well. This approach, the col-
mined in 0 2.2 Aresoiutionn  the metaicontent 0 ion and analysis of data at different wavelengths, is an

for pur'flﬁg \I/Ev (t:O“ ?nzbwis giteLmlTvid ?ryr? nonr r(]j?rl;]nerilrogz important strategy for identifying metal ions and also for
assay a €t combustion 1o be two 1rons pe eric solving the phase problem for protein structures. Tunable
molecule? This quantity remained the status quo for nearly o .
: synchrotron radiation sources allow data collection near the
20 years, and prior to the crystal structure, there was only . e . .
o . absorption edge of a specific metal ion. Absorption of
one report of a stoichiometry closer to fotfSpectroscopic - . .
o radiation by the metal ion leads to anomalous scattering, a
characterization'' of R2 led to the generally accepted . . , . .
. . breakdown in Friedel's la’? This effect, detected in
proposal that a single metal center composed of two high . . .
. : . : . -~ anomalous difference Fourier and Patterson maps, is ex-
spin Fe(lll) ions in an antiferromagnetically coupled bi- . . . . .
ploited in the multiwavelength anomalous dispersion

nuclear, oxo-bridged complex was located at the dimer . . .
interface? By cogtrast, tth. coli R2 crystal structure (MAD)*"># aqd smgle.wavelength anomalous dispersion
(SAD)? phasing technigues.

revealed two equivalent diiron centers, one in each monomer, )
separated by 25 A.The occupancy of these sites was A crystal structure solved by copper MAD phasing and a
estimated to be-85% by varying the occupancies of all four relevant case study that sets the _stage for. a discussion of
iron ions, conducting additional refinement cycles, and Our work on pMMO is that of nitrous oxide reductase

in the bacterial denitrification cycR.Quantitation by ICP-
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the first crystal structure determination in 2000these
copper ions were postulated to be arranged in two dinuclear
centers, a Cuelectron transfer site and a catalytic center
called Cu.?® The structure of the Gusite was correctly
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anticipated because it shares spectroscopic features and

conserved copper ligands with the cytochrammxidase Cu
site. The details of the Gutype center had in fact eluded
the bioinorganic community for almost 40 years, butaCu
was well characterizédprior to the NOR structure deter-
mination. By contrast, the Gusite revealed by the 2.4 A
resolution structure oPseudomonas nautidd,OR?> was a
complete surprise, containing four copper ions instead of the
expected two, giving a stoichiometry of six rather than four
copper ions per monomer. The-22 copper ions measured
perP. nauticaN,OR dimef8 is consistent with this stoichi-
ometry, and lower values obtained foL,®R from other
organisms could be due to an overestimation of the protein
concentratioff or copper loss during purification. How did
the crystallographers know that there were four copper ions
in the Cuy site? At 2.4 A resolution, with Ge-Cu distances
of ~2.5-3 A2 the four copper ions may have been just
distinguishable in the electron density map. The tetranuclear
site was initially modeled by successively introducing
individual copper ions into positive peaks in the — F¢
map followed by iterative cycles of refinemefitFurther
confirmation of the tetranuclear cluster came from the 1.
A resolution structure oParacoccus denitrificans,OR
(Figure 1)29:%0

We recently determined the first crystal structure of
another copper-containing metalloenzyme, pMMO from
Methylococcus capsulatu®ath)3! pMMO is an integral
membrane enzyme that oxidizes methane to methanol in
methanotrophic bacterid33Crystallization was challenging
because integral membrane proteins have limited hydrophilic
or polar surfaces to make good crystal contacts. Instead,
surface residues are primarily hydrophobic in order to interact
with the surrounding lipid bilayer. Nevertheless, crystals can
be obtained in the presence of detergéhiale determined
the structure to 2.8 A resolution, excellent for a membrane
protein, but significantly lower than that of the R2 and
N2OR structures. Structures of other membrane-bound met-
alloenzymes such as cytochrorn@xidasé®3¢ and photo-

6
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Figure 1. The tetranuclear Gisite in the 1.6 A resolution structure Bf
denitrificans N;OR (PDB accession code 1FWX). The copper ions are
shown as cyan spheres, a solvent molecule is shown as a red sphere, and
a bridging sulfur atom is shown as a yellow sphere.
system I¥” have also been determined to medium resolution.
Unlike R2 and NOR, there has been little convergence in
the literature about the metal ion content of pMMO over
the past 10 years. For eachl00 kDa pMMO monomer
composed of three subunits (pmoB @y ~47 kDa; pmoA
or 5, ~24 kDa; pmoC ory, ~22 kDa), ranges of 215
copper ions and-92.5 iron ions have been report&dThe
variation in metal ion content may be due to differing
protocols for isolating the membrane fractions and/or mea-
suring the protein concentratighs®

Several research groups have proposed models for the
pMMO metal center(s). On the basis of the hyperfine splitting
pattern of an isotropic electron paramagnetic resonance
(EPR) signal ag = 2.06, Chan and co-workers propose that
pMMO contains 57 mixed valence trinuclear copper
clusters, of which some function in catalysis and some
function in electron transféf:4° By contrast, Dispirito and
co-workers have suggested the presence of both copper and
iron sites, perhaps in a mixed metal cluster. In their model,
additional copper is associated with pMMO as part of a small
copper binding compound called methanobattit? Finally,
our EPR and X-ray absorption spectroscopic data are

(35) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi,
H.; Shinzawa-ltoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
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2003 100, 3820-3825.

(39) Nguyen, H.-H. T.; Shiemke, A. K.; Jacobs, S. J.; Hales, B. J.; Lidstrom,
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118 12766-12776.
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Biological Metal Centers

Our structure does not allow for unambiguous assignment
of the nuclearity of the copper sites since extended X-ray
absorption fine structure (EXAFS) data indicate a<Z0u
distance of 2.57 A8 shorter than the 2.8 A maximum
resolution of the data. We have interpreted the data as one
mononuclear (Figure 3a) and one dinuclear (Figure 3b) site.
Assignment of the dinuclear site was based on two observa-
tions. First, the peak in the 3.0 A resolution anomalous
electron density map generated from data collected at the
copper absorption edge has an oblong shape. Second, the
2.8 A resolution anomalous map calculated using data
collected at the zinc edge exhibits two peaks, 2.6 A apart, at
this site (Figure 3b). This distance is consistent with our
EXAFS result. The same anomalous map calculated to 3.0
A resolution only shows a single peak, underscoring the
importance of resolution. Since the zinc edge is higher in

. , energy than the copper edge, we observe an anomalous signal
Figure 2. One protomer from thé/. capsulatus(Bath) pMMO trimer due to copper at this wavelength also. The second site was
(PDB accession code 1YEW). The protomer comprises one copy each of
three subunits, pmoA (blue), pmoB (orange), and pmoC (green). A modeled as a mononuclear center since we have no evidence
mononucle_ar and a dinuclear copper site (c_yan _spheres) are Ioca_ted in thgq suggest there is more than one copper ion present (Figure
sc_)Iu_bIe regions of the pmoB subunit, and a zinc site (gray sp_here) is Iocated3a). For both sites, inclusion of additional copper ions led
within the membrane between the pmoA and pmoC subunits. !

to significant negative, — F. density, indicating that a

trinuclear copper cluster is not present. We attempted to
consistent with a mononuclear, type 2 Cu(ll) center ligated correlate nuclearity with anomalous peak heights as well.
by histidine residues and a copper-containing cluster char-In the 2.8 A resolution crystal structure of bovine heart
acterized by a 2.57 A CuCu interaction. Since we typically  cytochromec oxidase, which contains a dinuclear Csite
measure~1 Fe ion per monomer by ICP-AES, a functional and a mononuclear Gsite, the order of peak heights in an
iron center could also be preséf? anomalous map was consistent with the nuclearity of each

Like No.OR, we were able use the knowledge that pMMO site3® This type of analysis was inconclusive for pMMO,

contains copper to solve the structure. We obtained phasesowever. We also note that the cytochromexidase case
by copper SAD and improved them by noncrystallographic was far more straightforward because the nuclearity of Cu
symmetry averaging® Using anomalous data collected at had been established by EPR spectroscopy prior to the crystal
an energy of 9004 eV, we located six copper sites arrangedstructure determinatiofl.
in pairs around a 3-fold axis, indicating for the first time The presence of a mononuclear zinc site (Figure 3c) in
that pMMO is a trimer. Additional metal ions observed in  pMMO is intriguing. Our ICP-AES measurements indicate
the electron density map were identified as zinc by analysis there is no Zn(ll) associated with purified pMMO so the
of anomalous data collected at 9686 eV, near the zinc Zn(ll) ions likely derive from the crystallization buffét.It
absorption edge. We know that these metal ions are notis not clear, however, whether the site is adventitious or is
copper because they are not evident in anomalous mapsrdinarily occupied by another metal ion. There are numerous
calculated from data collected near the copper edge, whichexamples of Zn(ll) replacing a physiologically relevant metal
is lower in energy than the zinc edge. There is one zinc site ion, although it is more typical for Zn(ll) to copurify with
within pMMO as well as several zinc ions at crystal contacts. the protein than to bind during crystallization. In addition to
Finally, we collected multiple data sets at the iron edge, but our yeast R2 structuté (vide supra), Zn(ll) was found in
the absence of significant peaks in resulting anomalous mapshe type 1 Cu(l) electron transfer site of a nitrite reductase
led us to conclude that there is no iron in the crystals. Thus, mutant?’ A variety of metal ions have also been identified
each protomer in our crystal structure contains two distinct in structures of carbon monoxide dehydrogenase/acetyl CoA
copper sites and a zinc site (Figure 2). These findings aresynthase (CODH/ACS). In structures obtained by different

consistent with values of-23 copper ions per 100 kD& investigators, the dinuclear A cluster in acetyl CoA synthase
but in conflict with other reported stoichiometries of-125 contains two nickel ion& nickel and zind? or nickel and
copper iong>46 copper:® These different combinations of metal ions were

assigned on the basis of careful analysis of anomalous data.

(43) Kim, H. J.; Graham, D. W.; DiSpirito, A. A.; Alterman, M. A.; Galeva,

N.; Larive, C. K.; Asunskis, D.; Sherwood, P. M. Science2004 (47) Murphy, M. E. P.; Turley, S.; Kukimoto, M.; Nishiyama, M.;
305 1612-1615. Horinouchi, S.; Sasaki, H.; Tanokura, M.; Adman, EBlochemistry
(44) Basu, P.; Katterle, B.; Andersson, K. K.; Dalton,Biochem. J2003 1995 34, 1210712117.
369 417-427. (48) Darnault, C.; Volbeda, A.; Kim, E. J.; Legrand, P.; Vateg X;
(45) Nguyen, H. H.; Elliott, S. J.; Yip, J. H.; Chan, S.J. Biol. Chem. Lindahl, P. A.; Fontecilla-Camps, J. Glat. Struct. Biol.2003 10,
1998 273 7957-7966. 271-279.
(46) Yu, S. S.-F.; Chen, K. H.-C.; Tseng, M. Y.-H.; Wang, Y.-S.; Tseng, (49) Svetlitchnyi, V.; Dobbek, H.; Meyer-Klaucke, W.; Meins, T.; Thiele,
C.-F.; Chen, Y.-J.; Huang, D. S.; Chan, SJIBacteriol.2003 185 B.; Romer, P.; Huber, R.; Meyer, CProc. Natl. Acad. Sci. U.S.A.
5915-5924. 2004 101, 446-451.
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Figure 3. Metal sites in the 2.8 A resolution pMMO structure. The anomalous difference Fourier electron density maps for data collected near the copper
absorption edge (greeB A resolution) and near the zinc absorption edge (magenta, 2.8 A resolution) are superimposed. Both maps are conto(apd at 4

The mononuclear copper site. (b) The dinuclear copper site. All ligands for the copper sites are derived from pmoB (orange carbon atoms). (®#eThe zinc s
The zinc ion is coordinated by residues from both pmoC (green carbon atoms) and pmoA (blue carbon atoms).

The dinickel form is believed to be physiologically relevant.
It is possible that the Zn(ll) site in pMMO binds copper or
iron in vivo, but further experiments, including crystallization
in the absence of zinc, are warranted.

single crystal X-ray absorption scan indicates the presence
of Cu(l). According to EPR and X-ray absorption spectro-
scopic data, purified pMMO contains30—60% Cu(ll)3?
Therefore, the crystals likely contain a mixture of Cu(l) and

In sum, metalloenzyme crystal structures can provide Cu(ll). pMMO does not exhibit any redox dependent optical

critical information regarding the identity and stoichiometry
of bound metal ions. Identification of metal ions requires

spectroscopic features, but single crystal EPR or EXAFS
might provide some insight into the oxidation state.

collection of anomalous data at appropriate energies. Without  Another important issue regarding redox state is the
such data, commonly found metal ions such as iron, copper,phenomenon of photoreduction in the X-ray beam. Some
and zinc cannot be distinguished. Stoichiometries determinedcrystals undergo a change in oxidation state during data

from crystal structures often differ significantly from those
measured for the purified protein by analytical techniques.

collection. For example, both the ferric and compound I
forms of horseradish peroxidase become reduced at an X-ray

In the event that metal ions are closer together than thedose far less than that required to complete a data set. This
resolution of the structure, establishing nuclearity can presentfinding, particularly relevant to structural characterization of

a problem. Finally, nonphysiological metal ions can occupy

short-lived catalytic intermediates, also has scary implications

metal binding sites, and other techniques are required tofor metalloprotein structures in genefalMany crystallo-

determine the composition of the active form.

Redox States of Metal lons

graphically characterized metal centers may actually repre-
sent mixtures of redox states. Photoreduction can also prove
advantageous. The 1.7 A resolution of redu&ctoli R2

To use crystal structures of metalloenzyme active sites aswas obtained fortuitously by thawing and refreezing oxidized
starting points for mechanistic schemes or computational crystals after exposure to synchrotron radiation (Figure 4b).

analysis, knowledge of the metal oxidation state is required.

It is not possible to determine oxidation state with absolute
certainty from a crystal structure. Typically, redox state is

This structure is the same as that obtained by chemically
reducing R2 crystals with dithionite and pheno-
safranin®® For Salmonella typhimuriunk2%¢ and a related

assumed on the basis of characterization of the sample usedliiron enzyme, stearoyl acyl carrier proteii desaturas#,

for crystallization, inferred from the observed coordination

photoreduction occurred without thawing and refreezing the

environment, or in the best cases, determined by singlecrystal. Both theE. coliandS. typhimuriunR2 crystals only

crystal microspectrophotomet?§y The R2 crystals used for
the initial structure determination were shown by optical
spectroscopy to contain a diiron(Ill) cenféi single crystal
optical spectrum was also reported faR 2 This spectrum
exhibited characteristics of the reduced “blue” form of the
enzyme in which Cpnis dicopper(l) and Cuis proposed to
comprise one Cu(ll) and three Cu(l) ions. Which of the four
copper ions is Cu(ll) cannot be determined directly from the
crystal structure, but density functional theory (DFT) calcula-
tions have indicated partial delocalization with the copper
ion coordinated by His 270 and His 325 (Figure 1)
dominantly oxidized® The oxidation states of the copper
ions in the pMMO structure are unknown, although a crude

(50) Doukov, T. I.; Iverson, T. M.; Seravalli, J.; Ragsdale, S. W.; Drennan,
C. L. Science2002 298 567-572.

(51) Drennan, C. L.; Doukov, T. |.; Ragsdale, S. 3Biol. Inorg. Chem.
2004 9, 511-515.

(52) Wilmot, C. M.; Sjagren, T.; Carlsson, G. H.; Berglund, G. I.; Hadju,
J. Methods EnzymoR002 353 301-318.
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photoreduced in the presence of glycerol, which is a good
electron hole stabilizé®%¢ This result could have broader
implications, considering that glycerol is widely used as a
cryoprotectant.

Once a structure is obtained in some defined or assumed
redox state, it is possible to alter this state in the crystal. For
example, crystals of apo or oxidized protein can be reduced
by several methods. First, crystals of apo protein can be
soaked in a solution containing metal ions of the desired

(53) Chen, P.; DeBeer, G., S.; Cabrito, I.; Antholine, W. E.; Moura, J. J.
G.; Moura, |.; Hedman, B.; Hodgson, K. O.; Solomon, EJ.I.Am.
Chem. Soc2002 124, 744-745.

(54) Berglund, G. I.; Carlsson, G. H.; Smith, A. T.;"%2oH.; Henriksen,
A.; Hajdu, J.Nature 2002, 417, 463-468.

(55) Logan, D. T.; Su, X.-D.; Aberg, A.; Regnstmp K.; Hajdu, J.; Eklund,
H.; Nordlund, P.Structure1996 4, 1053-1064.

(56) Eriksson, M.; Jordan, A.; Eklund, Biochemistry1998 37, 13359~
13369.

(57) Lindqvist, Y.; Huang, W.; Schneider, G.; ShanklinEdBO J.1996
15, 4081-4092.



Biological Metal Centers

Even if a reduced structure is obtained and verified, there
is no guarantee that it represents the reduced structure in
solution. Crystallization conditions, particularly pH, and
crystal packing effects may influence the resulting structure.
In addition, the reduction procedure itself can affect the
outcome. We have prepared crystals of diiron@l)coli R2
both by chemical reduction of oxidized crystals and by
soaking apo crystals in solutions of Fe@)Suprisingly, two
different coordination geometries result from the two pro-
cedures (Figure 4b,c). The structures of the “ferrous soaked”
forms are more consistent with circular dichroism (CD) and
magnetic circular dichroism (MCD) spectroscopic data (vide
infra).

Overall, redox state is difficult to ascertain solely from
crystal structures, and many structures might represent
mixtures of redox states. Single crystal optical, EPR, and
X-ray absorption spectroscopic analysis can be highly
beneficial, but are not trivial, and require an experienced
spectroscopic collaborator and sometimes more or larger
crystals than are readily available. Complications due to
photoreduction and varying procedures for generating re-
duced states in crystals can occur as well. Finally, there is
no guarantee that any structure of any oxidation state is
mechanistically relevant. Mechanistic relevance can be
ascertained by conducting activity assays on crystals or
obtaining cocrystal structures with substrates or inhibitors.
These caveats should be kept in mind when using such
structures as starting models for mechanistic speculation and

Figure 4. The diiron center irE. coli R2. The iron ions are shown as computatlonal studies.

orange spheres, and exogenous oxygen ligands are shown as red spheres. . . . . .
(a) The oxidized diiron(lll) form determined to 1.4 A resolution (PDB  Protein Ligand Identity and Coordination Geometry

accession code 1MXR). (b) The photoreduced diiron(ll) form (PDB . . " . -
accession code 1XIK). (c) The ferrous soaked diiron(ll) form (PDB Unlike redox state, the identities of amino acid ligands

accession code 1PIY). A simulated annealing omit map for Glu 238 is are discerned readily from metalloenzyme crystal structures.

superlmposed (contoured at 4,5blue). Both reduced structures were Whereas spectroscopic analysis can indicate Iigand type, e.q.

determined to 1.7 A resolution. . . . L ’
oxygen or nitrogen, or provide estimates of coordination

oxidation state prior to freezing. Second, reductants such asumPer. crystallography yields a detailed picture of the metal
dithionite or ascorbate, sometimes in combination with CENter within the protein environment. Site-directed mu-

organic mediator compounds such as methyl viologen or tagenesis, sequence alignments, and homology modeling can

phenosafranin, can be added to crystals. Third, the proteinSUg9est the involvement of specific residues, but direct
solution can be reduced, reductants removed by dialysis or€Vidence can only be obtained from the structure. For high
column chromatography, crystals grown in an anaerobic box, feselution structures, not only can amino acid ligands be
and frozen in a reduced or degassed cryoprotecant solutionidentified, but also coordination distances and geometry can

The fourth option is photoreduction, as described above. ForPe dete_rmined. A”AOf thee. _COH R2 structure§ have been
all these methods, verification of redox state presents adetérmined to 2.5 A resolution or betfeThe diiron center

problem. In the simplest cases, visual inspection of the crystallS Noused within a four helix bundle with the two iron ions
suffices. We were able to reduce nitrosocyanin, a red copperco0rdinated by two histidine residues, His 118 and His 204,

protein fromNitrosomonas europaeavith dithionite, yield- ~ ©Ne€ aspartic acid, Asp 84, and three glutamic acid residues,
ing a colorless solution. Crystals of this reduced, colorless G!U 115, Glu 204, and Glu 238 (Figure 4These residues
form were then obtained under anaerobic conditfSnis. are highly conserved in R2 proteins from other spetiae

many cases, reduction is deemed successful if changes iffXCePtion is the yeast Rnrd protein which contains two

coordination consistent with the desired oxidation state are Y/SINes in place of.the h'St'd'_neS and an arginine mstegd

observed. It should be noted, however, that assigning of one of the glutamic acid residues. Not surprisingly, this
1 1 - - . ’19

oxidation state solely based on mettigand distances is  Protein does not bind iroff:

usually not possible unless very high resolution data are !N all the R2 structures, each iron ion is coordinated by
the ¢ nitrogen atom of a histidine residue and residue Glu

available.
(59) Voegtli, W. C.; Sommerhalter, M.; Saleh, L.; Baldwin, J.; Bollinger,
(58) Lieberman, R. L.; Arciero, D. M.; Hooper, A. B.; Rosenzweig, A. C. J. M., Jr.; Rosenzweig, A. G. Am. Chem. So2003 125 15822
Biochemistry2001, 40, 5674-5681. 15830.
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115 bridges the two iron ions in a-1,3 fashion. The  energy??® consistent with the observation of both in
coordination modes of the other three carboxylate ligands structures of reduced R2. This example underscores the
vary and are not so clear in some cases. How accurately thepossibility that a metal center observed in a structure may
binding mode of these residues is described depends orbe affected by the crystal preparation method and may not
several factors, including the resolution. On the basis of the represent that in solution. This is particularly important for
original 2.2 A resolution structure of oxidizéicoli R2, Asp the R2 case since the original diiron(ll) structure (Figure 4b)
84 was described as bidentate to Fel<{Pedistances of  has been widely used as a starting model for studying the
2.4 and 2.5 A}3% This residue was later assigned as O, activation mechanism.
monodentate in the 1.4 A resolution structure e Sometimes multiple views of the same metal center are
distances of 2.0 and 2.9 A) (Figure #a)Notably, compu- available in a single crystal structui. coli R2 crystallizes
tational studies support a monodentate binding mode for Aspwith a dimer in the asymmetric unit, and the two halves of
8452 A related factor influencing how the carboxylate the dimer are treated individually in the crystallographic
binding modes are assigned is the coordinate error. Therefinement. In the photoreduced diiron(ll) structure (Figure
coordinate error can be estimated by different methods, 4b), the distances between the two oxygen atoms of Glu 204
including the Luzzati plof3 theoa plot5 or the Cruickshank  and the iron ions vary, with distances of 2.17 and 2.88 A in
diffraction-component precision index (DPPEven for the monomer A and 2.44 and 2.50 A in monomef5BThus,
1.4 A resolution R2 structure, the coordinate error is Glu 204 is clearly terminal monodentate in monomer A but
approximately 0.1 A. Therefore, the crystallographer often could be assigned as bidentate with somewhat long coordina-
makes a subjective decision on whether to depict a ligandtion distances in monomer B. Taking the coordinate error
as coordinating. into account, 2.44 and 2.50 A could also be consistent with
Coordination geometry inferred from a crystal structure monodentate, terminal ligation. Since the electron density
does not always agree with spectroscopic data. The initial was better defined in monomer A, the monodentate model
reduced R2 structure with both Fe(ll) ions four-coordiffate  was chosen. Discrepancies between the two halves of the
(Figure 4b) is inconsistent with CD and MCD spectra dimer are actually quite common in the arrayfcoli R2
indicating the presence of one four-coordinate and one five- structures. Another way of acquiring independent views of
coordinate Fe(lIf® Which description is correct? One a metal center is to obtain a new crystal form using different
possibility is that the solution form of the protein used for crystallization conditions. Although not always possible, such
spectroscopy has a different diiron(ll) center than that a comparison can establish whether crystal lattice contacts

observed in the crystals used for the original structbi@ur or components of the crystallization buffer affect the
recent structures of the “ferrous soaked” form of R2 support observed coordination geometry.
this explanatiort? Whereas Glu 238 bridges the two iron In contrast to the wealth of information regarding the

ions in au-1,3 fashion after chemical or photoreduction at ligand sphere of the R2 diiron center, knowledge of the
pH 5-6 (Figure 4b), soaking apo R2 crystals in Fe(ll) at pMMO metal centers is in its infancy. The major findings
both pH 5 and pH 7 results in-(17%,7?) coordination. This from our 2.8 A resolution crystal structure include the
geometry is quite clear from dn, — F. map calculated after  location of the metal centers and the identities of the protein
omitting Glu 238 from the refinement (Figure 4c), and was ligands. As described above, three distinct metal centers have
observed consistently in multiple crystals. The(n',n?) been modeled: a mononuclear copper site, a dinuclear copper
coordination of Glu 238, also observed in several R2 site, and a mononuclear zinc site, which likely houses a
variantst’~% renders Fe2 five-coordinate and suggests that different metal ion in vivo. The two copper sites are located
this structure may correspond to the species present in the~21 A apart in the soluble region of the pmoB subunit
CD/MCD samples. Similarly, structures of the ferrous soaked (Figure 2). The mononuclear center 4225 A above the
R2-D84E and R2-D84E/W48F mutants are more compatible membrane whereas the dinuclear site is closer to the interface
with CD/MCD data2®’°Computational studies indicate that between the soluble and membrane-bound regions. The zinc
the two coordination modes of Glu 238 are close in site is located~10 A below the membrane surface primarily
(60) Nordlund, P. Ph.D. Thesis, Swedish University of Agricultural W!thm pmo@_(Flgure 2). According to radiolabeling SFUdIe_S
Sciences, 1990. with the suicide substrate acetylene, the pMMO active site

(61) Hegbom, M.; Galander, M.; Andersson, M.; Kolberg, M.; Hofbauer, \was predicted to reside on pmoA, with some involvement
W.; Lassmann, G.; Nordlund, P.; Lendzian,F¥oc. Natl. Acad. Sci.

U.S.A.2003 100, 3209-3214. of pmoB#*7* Although the active site has not been identified,
(62) Igér%gtz_l\/éz 7Musaev, D. G.; Morokuma, K. Phys. Chem. B00Y, pmoA does not house either copper site and only provides
(63) Luzatti, P. V.Acta Crystallogr.1952 5, 802-810. one ligand to the. zinc Slte'. . . . »
(64) Read, R. JActa Crystallogr.1986 A42, 140-149. At 2.8 A resolution, coordinating residues can be identified
(65) Cruickshank, D. W. JActa Crystallogr.1999 D55, 583-601. i i i
(66) Pulver, S. C.; Tong, W. H.; Bollinger, J. M., Jr.; Stubbe, J.; Solomon, from the electr.on denSIFy’ but the hl'gh coordinate error
E. . J. Am. Chem. S0d.995 117, 12664-12678. precludes quoting meaningful bond distances. The copper

(67) Andersson, M. E.; Fgbom, M.; Rinaldo-Matthis, A.; Andersson, K. jon in the mononuclear site is coordinated by His 48 and

ggsszjf)berg, B.-M.; Nordlund, PJ. Am. Chem. S04999 121, 2346~ His 72. A glutamine, Gln 404, is also within3 A of the
(68) Voegtli, W. C.; Khidekel, N.; Baldwin, J.; Ley, B. A.; Bollinger, J.

M., Jr.; Rosenzweig, A. Cl. Am. Chem. So200Q 122, 3255-3261. (70) Wei, P.-P.; Skulan, A. J.; Mitic, N.; Yang, Y.-S.; Saleh, L.; Bollinger,
(69) Hogbom, M.; Andersson, M. E.; Nordlund, B. Biol. Inorg. Chem. J. M., Jr.; Solomon, E. 3. Am. Chem. So@004 126, 37773788.

2001, 6, 315-323. (71) Cook, S. A.; Shiemke, A. Kl. Inorg. Biochem1996 63, 273-284.

776 Inorganic Chemistry, Vol. 44, No. 4, 2005



Biological Metal Centers

copper ion (Figure 3a). Interestingly, His 72 is not conserved a key role in establishing the presence of a bridging
among pMMOs from other organisms, appearing most often hydroxide in MMOH?6 At 2.2 A resolution, the resolution

as an asparagine. Both thHd. capsulatus(Bath) gene
sequences originally report&cnd those from the complete
genomé?® contain a histidine at this position, however. Three

conserved histidines provide ligands to the dinuclear site,

His 33, His 137, and His 139. The amino nitrogen of His

of the original R2° and MMOH structures, hydrogen atoms
cannot be distinguished. Only structures to better than 1 A
resolution, often referred to as ultrahigh resolution, provide
information regarding hydrogen atoms. The number of such
structures, while increasin§,remains limited for metallo-

33, which corresponds to the N-terminus of pmoB, is also proteins. Therefore, spectroscopic data facilitated assignment
within coordinating distance of one of the copper ions (Figure of these bridging ligands in the electron density maps.

3b). The zinc ion is coordinated by four highly conserved

Correctly placing these bridging solvent ligands was also

residues, Asp 156, His 160, and His 173 from pmoC and challenging since the metal to ligand distance is less than

Glu 195 from pmoA (Figure 3c). It should be noted that the
three protomers in the pMMO trimer were refined using

noncrystallographic symmetry restraints, a strategy appropri-

ate for a 2.8 A resolution structufé Therefore, the trimer

2.2 A. For example, the position of theoxo bridge in R2
was dependent on the iron occupancies used in the refine-
ment?3

In addition to coordinating metal ions, solvent molecules

does not provide three independent views of the metal often play important roles in stabilizing active sites by

centers.

In general, there is no substitute for a crystal structure for

placing metal centers within the overall fold of a protein
and for identifying amino acid ligands. The determination
of metrical parameters depends critically on resolution,
however. Comparisons of multiple structures coupled with

hydrogen bonding to ligating residues or participating in a
reaction mechanism. Whether water molecules are included
in a structure and how many are modeled depends on the
resolution. Roughly one water molecule per protein residue
is typically modeled at-2 A resolution whereas no water
molecules are likely to be discerned-a8 A resolution’®

information from spectroscopy and calculations can help Criteria used in assigning water molecules include significant
resolve ambiguities regarding coordination number and electron density, reasonable temperature factors, and the

geometry.

Exogenous Ligands

An important feature of many biological metal centers is

presence of obvious hydrogen bonding partners. Notably,
theoretical optimization of the reduced MMOH structure led
to the discovery of a previously unidentified water molecule
in the electron density ma.For our 2.8 A resolution

the presence of exogenous ligands. These nonprotein ligand®MMO structure, no water molecules were modeled. It is
cannot be inferred from the amino acid sequence of the duite likely, however, that one or both of the copper centers
protein and must either be discovered in the electron densitycontain exogenous ligands. In particular, the dinuclear site
map or known to be part of the active site through other May have bridging ligands that we have not yet identified.

methods. Clear identification of the type and coordination

The N)OR structure is instructive in considering what

geometry of an exogenous ligand requires a combination ofadditional ligands may be present in pMMO. In the 2.4 A
crystallographic, spectroscopic, and biochemical data. TheresolutionP. nauticaN,OR structure, a water or hydroxide

diiron(lll) form of R2 contains three exogenous ligands: a
u-oxo (&) bridge and one water molecule coordinated
terminally to each iron ion (Figure 4a). The nature of the
bridging exogenous ligands in both R2 and a similar diiron

ligand was modeled capping the four copper i&h$his
model was difficult to reconcile with spectroscopic data
suggesting sulfur ligation, howev&rSubsequent elemental
analysis coupled with resonance Raman spectroscopy led to

enzyme, the soluble methane monooxygenase hydroxylasghe proposal that this ligand is actually inorganic sulfide,

(MMOH), were established by spectroscépprior to the

not oxygerf? Shortly thereafter, the presence of sulfide was

crystal structures. Although the coordination spheres in the confirmed by the 1.6 A resolution crystal structure Rf

two proteins only differ in the replacement of R2 Asp 84
with a glutamic acid in MMOH, oxidized MMOH contains
au-hydroxo, rather than a-oxo, group. In particular, proton

denitrificansN,OR and a re-examination of tH& nautica
structuré® (Figure 1). The peak height for the bridging sulfide
in the 1.6 A resolution electron density map was comparable

electron nuclear double resonance (ENDOR) studies playedto that observed for other sulfur atoms, such as those derived
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E. J. Bacteriol.1995 177, 3071-3079.

(73) Ward, N.; Larsen, O.; Sakwa, J.; Bruseth, L.; Khouri, H.; Durkin, A.
S.; Dimitrov, G.; Jiang, L.; Scanlan, D.; Kang, K. H.; Lewis, M.;
Nelson, K. E.; Metheacute, B.; Wu, M.; Heidelberg, J. F.; Paulsen, I.
T.; Fouts, D.; Ravel, J.; Tettelin, H.; Ren, Q.; Read, T.; DeBoy, . T.;
Seshadri, R.; Salzberg, S. L.; Jensen, H. B.; Birkeland, N. K.; Nelson,
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into catalysis. For example, recent structures of dioxygen
and nitric oxide bound to the mononuclear copper centers
in peptidyl a-amidating monooxygena¥eand nitrite reduc-
tased! respectively, reveal unexpected coordination modes
that suggest new mechanistic hypotheses. Similar studies of
pMMO would identify the active site and facilitate mecha-

nistic studies.

Figure 5. The FeMo-cofactor in the 1.16 A resolution structure of the
Azotobactervinelandii nitrogenase MoFe protein (PDB accession code: Conclusions
1M1IN). Iron ions are shown as orange spheres, the molybdenum ion is

shown as a magenta sphere, sulfur atoms are shown as yellow spheres, and . .
the central nitrogen atom is shown as a blue Sphere_ The examples deSCI’Ibed here I||UStI’ate some Of the

challenges involved in modeling metal centers in protein
crystal structures. Crystallography is an excellent technique
repositioning of one of the copper ions, which in turn  for determining metal ion stoichiometry, locating metal ions
accounted for some extra electron density previously at- within a protein fold, and identifying amino acid ligands.
tributed to a solvent ligand. Another way to confirm the \etal jon identity can also be established elegantly using
presence of sulfur would have been to collect sulfur anomalous data collected at different wavelengths. Determin-
anomalous data, a technique currently being developed forjng the metal oxidation state is less straightforward and can
phasing® be facilitated by single crystal spectroscopy. Geometric
Another example that underscores the importance of high parameters and the detection of exogenous ligands depend
resolution data in identifying exogenous ligands is the critically on the resolution of the crystal structure. Even in
nitrogenase MoFe-protein. Ten years after the first crystal he highest resolution structures, details like protonation of
_structureff“ a previously unidentified atom was discovered go|vent ligands or the identity of light atom ligands can
in the center of the FeMo-cofactor in a 1.16 A resolution remain ambiguous. When using crystal structures as starting
structuré® (Figure 5). At resolutions lower than 1.55 A, this  pgints for mechanistic and computational studies, inorganic
atom cannot be detected due to Fourier series terminationspemists should consider these issues. Not every bond or
effects, which produce negative electron density ripples exogenous ligand depicted in a figure can be taken as the
around the iron and sulfur atoms. This ligand has been yjimate truth: the crystallographer constructs the best model
assigned as nitrogen based on functional considerations angyased on the available data and information from spectros-
electron spir-echo envelope modulation (ESEEM) data copy and synthetic modeling chemistry. How the crystal-
indicating an interaction of the cluster with nitrog€rbut  |5grapher arrived at the model and draws the line between
oxygen and carbon remain possibilities. The presence of thisy i and speculation is usually carefully described in the
central ligand has spurred new ENDOR and ESEEM \imary literature and should be taken into account by
studie$’ as well as density functional calculatiof$®  jyorganic chemists. Crystal structures have made major
Exogenous ligands are not justimportant in characterizing ¢qntriputions to understanding the function and mechanism
resting states of metalloenzymes, but can also provide insightq¢ complex metalloenzyme systems, including those high-
lighted here. With recent technological advances in synchro-
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