
Whole-genome comparisons between Xac and Xcc
We compared the genomes at the nucleotide level using the program MUMmer with
default values. At the amino acid level the genomes were compared using programs

developed by our bioinformatics team. Genes g and h were considered orthologues if h is

the best BLASTP hit for g and vice versa, with e-values less than or equal to 10220. A gene
was considered strain-specific if it had no hits with an e-value 1025 or less.
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A molecular description of oxygen and peroxide activation in
biological systems is difficult, because electrons liberated during
X-ray data collection reduce the active centres of redox enzymes
catalysing these reactions1–5. Here we describe an effective strat-
egy to obtain crystal structures for high-valency redox inter-
mediates and present a three-dimensional movie of the X-ray-
driven catalytic reduction of a bound dioxygen species in horse-
radish peroxidase (HRP). We also describe separate experiments
in which high-resolution structures could be obtained for all five
oxidation states of HRP, showing such structures with preserved
redox states for the first time.

In 1810, Planche6 reported that a tincture of guaiacum developed
a stronger colour when a piece of fresh horseradish root was soaked
in it. During the next two centuries, horseradish peroxidase (HRP),
the haem-containing enzyme responsible for the colour change in
Planche’s experiment, was used extensively to develop ideas on
redox catalysis. Haem-containing redox enzymes participate in a
strikingly diverse range of chemistry, yet all biological oxidation
reactions catalysed by these enzymes involve very similar high-
oxidation-state intermediates (Fig. 1) whose reactivity is modulated
by the protein environment4,5,7,8. An understanding of these
enzymes in structural terms requires detailed structures for the
redox intermediates. This is not a trivial task because electrons
liberated in the sample by X-rays during crystallographic data
collection alter the redox state of the active site1–5. Redox enzymes
have evolved to channel electrons efficiently into an oxidized active
site. Attempts to minimize radiation-induced structural changes in
crystals1,2,4,9–11 include soaking them in excess electron scavengers12

and using short-wavelength X-rays4. Neither of these measures
proved to be sufficient to preserve the redox state of oxidized
intermediates in HRP during conventional X-ray data collection.
Figure 2a and b shows that the ferric and the compound III forms of
HRP became reduced by X-rays at doses smaller than those required

§ Present addresses: Lawrence Livermore National Laboratory, PO Box 808, L-41, Livermore, California

94551, USA (H.S.); Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2100 Valby, Denmark (A.H.).
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for the collection of a complete diffraction data set (wavelength
range tested, 0.78–0.98 Å). These findings have implications beyond
the immediate scope of this paper and raise questions about the
actual oxidation state of many redox proteins in the Protein Data
Bank. There is an intrinsic limit to the amount of data which can be
extracted from a sample of a given size13–15 in a given time16–18.
Figure 2c illustrates the difficulty in obtaining a structure for the
bound dioxygen species in compound III. At the start of data
collection, the population of compound III was nearly 100% in
the crystal (Fig. 2b). However, the electron density map in Fig. 2c
gives no sign of the bound dioxygen species; instead, densities for
separated water molecules appear in the active site. Electrons
liberated in the sample and funnelled to the active site seem to
have been used by the enzyme to cleave the bound dioxygen species.
We interpret the map of Fig. 2c as a mixture of structures dominated
by the products.

In order to minimize such side reactions, we employed a multi-
crystal data collection strategy based on a systematic spread of the
X-ray dose over many crystals (Fig. 3a). Single-crystal microspec-
trophotometry was then used to correlate measured structural
transitions with measured electronic transitions in experiments
similar to stoichiometric redox titrations. This approach permits
one to drive (and control) redox reactions in crystals, using a small
number of electrons redistributed in the sample crystals (for further
details see Supplementary Information). Using this technique, we
captured compound III (Fig. 3b top) and obtained a three-dimen-
sional movie on the X-ray-driven catalytic conversion of the bound
dioxygen species to two molecules of water in the active site (Fig.
3b). The electronic structure of compound III of HRP is similar to
that of oxymyoglobin and oxyhaemoglobin and can be described as
Fe2þ-O2 or the isoelectronic Fe3þ-O2�

2 form19. The dioxygen bound
to HRP has a significant superoxide character20 and is highly
reactive. It offers an excellent model on which the four-electron
reduction of dioxygen to water can be studied in structural terms.
The atomic details of this reaction have been elusive, owing to
difficulties in obtaining reliable X-ray structures for oxidized redox
intermediates. Figure 3b shows frames assembled from small
chunks of data as shown in Fig. 3a. The results show the breakage
of the oxygen–oxygen bond, the release of the first water molecule,
formation of a ‘ferryl-like’ intermediate, and the formation of the
second water molecule in agreement with the expected stoichi-
ometry of the reaction. Electron transfer reactions and proton-
coupled electron transfer processes readily occur at cryogenic
temperatures in protein crystals along with small-scale movements
of ligands and side chains4,5,21–23. The water molecule derived from
the distal oxygen atom (and formed first) is within hydrogen-
bonding distance of the oxygen atom remaining on the iron. This
water also forms hydrogen bonds with the N12 atom of His 42, the
side-chain of Arg 38 and another water peak (not shown here for the

sake of clarity, but shown in the high-resolution structures of
compounds I and II captured in separate experiments; Fig. 4d, e).
At higher X-ray doses, the iron–oxygen bond breaks, leaving behind
a penta-coordinated iron, which is now 0.2 Å below the plane of the
pyrrole nitrogens with the iron in the ferrous state. Structural
changes were limited to the active site with no measurable changes
in the structures of disulphide bridges, suggesting that the active site
is significantly more sensitive to reduction than the protein itself.
The sequence represents changes in the average structure at the
active site during exposure to X-rays. Figure 3c shows a mechanism

Figure 1 The five oxidation states of horseradish peroxidase.

Figure 2 X-ray-induced reduction of horseradish peroxidase (wavelength range, 0.93–

0.98 Å). a, Changes in the spectra of the ferric and ferrous forms following X-ray

exposure. b, Spectral changes in compound III. c, The 1.60-Å electron-density map

calculated from 90 degrees of data from a single compound III crystal. Accession code,

PDB 1h5m. The density shows two solvent molecules above the iron instead of the

expected dioxygen species. SigmaA-weighted30 2mF obs–DF calc maps contoured at 1j

(j represents the root mean square electron density for the unit cell). Carbons are

coloured gold, nitrogens blue and oxygens red. This colouring scheme is used in all other

figures.
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Figure 3 X-ray-driven catalytic conversion of a dioxygen species in horseradish

peroxidase. a, The multicrystal data collection strategy, showing the distribution of the X-

ray dose as a function of the rotation angle on individual (and spectrally uniform) crystals

of HRP. The construction of composite data sets from small chunks of the individual data

sets is shown at the bottom. Composite data sets represent structures that received

different X-ray doses. This method permits experiments similar to redox titrations.

b, SigmaA-weighted30 2mF obs–DF calc maps contoured at 1j showing X-ray-induced

reduction of compound III. For the last structure, the crystal was pre-exposed to X-rays for

908 before another full X-ray data set was collected on it. Accession codes are shown. c, A

possible mechanism for the reduction of the bound dioxygen species to two molecules of

water. Structures linked by double arrows are isoelectronic with each other.
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which can account for the X-ray-induced transformation of the
bound dioxygen species of compound III to two molecules of water
in HRP.

We investigated whether this is all that happens in terms of
movements during catalysis in the crystal. We performed a second
set of experiments where each of the five expected intermediates was
built up to high concentrations in crystals of unfrozen HRP. Each of
these intermediates was then preserved for subsequent structure
determination by quenching the crystals in liquid nitrogen (see
Methods). Structures obtained from the first few degrees of data for
these intermediates are shown in Fig. 4 and the crystallographic data
are summarized in the Supplementary Information.

Figure 4a shows the structure of the pure ferric form. The ferric
iron is penta-coordinated and is predominantly high-spin7,8. Den-
sity for an acetate ion (from the crystallization solution, see
Methods) is visible above the haem plane. In the structure of the
acetate-free form of the enzyme24, two solvent molecules take up the
oxygen positions of the acetate. Acetate can be washed away from
the crystal and is not present in the structures of intermediates (Fig.
4b–e).

Figure 4b shows the structure of the pure ferrous form. This
structure was obtained by soaking ferric crystals in dithionite before
freezing the crystal in liquid nitrogen. The enzyme remained in the
reduced, ferrous state during data collection, and a full data set

Figure 4 Spectra and refined high-resolution structures for the five oxidation states of

horseradish peroxidase. Accession codes are shown. The structures were captured at

high concentrations in individual experiments (Methods) and were obtained from the first

few degrees of data (Table 2 of the Supplementary Information). a, Ferric enzyme.

b, Ferrous enzyme. c, Compound III (Fe–O bond distance, 1.8 Å). d, Compound I (Fe–O

bond distance, 1.7 Å). e, Compound II (Fe–O bond distance, 1.8 Å). SigmaA-weighted30

2mF obs–DF calc maps contoured at 1j.
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could be collected on one crystal (Fig. 2a, bottom).
Figure 4d shows the structure of an 80% pure compound I in

which one electron is withdrawn from the ferric iron and a second
from the porphyrin ring to give an oxoferryl species and a porphyrin
p-cationic radical. Compound I was produced by reacting ferric
HRP crystals with peracetic acid. Peracetic acid can oxidize HRP to
compound I, but cannot react with it further; thus a practically
complete conversion of the crystal to compound I can be achieved.
In order to suppress unwanted side reactions, we used crystals
grown from trans-3-methoxycinnamic acid, a compound which is
not susceptible to oxidation by the enzyme. At the beginning of data
collection, the visible absorption spectrum of the crystals suggested
nearly pure compound I. Compound I is, however, extremely labile
and about a third of it was converted to compound II already after
the collection of 88 of data at 0.78 Å wavelength. The structure
calculated from composite data obtained from 11 crystals (Fig. 4d)
is predominantly compound I (80%), but it also contains about
20% compound II on average, as judged by the spectral data. The
iron–oxygen bond distance in this structure is 1.7 Å, which agrees
well with extended X-ray absorption fine structure (EXAFS)
measurements (1.64 Å)25. Electron-density maps calculated with
the program EDEN26 (Methods) confirm our interpretation of the
data. The refined structure indicates an occupancy of at least 85%
for the bound oxygen atom on the iron. This value is based on the
assumption that the B-factor of the covalently attached oxygen
atom was not significantly different from B-factors in its immediate
vicinity. The ferryl oxygen forms hydrogen bonds with the N1 atom
of Arg 38 (3.0 Å) and with a water molecule (2.7 Å). This water is
hydrogen-bonded to His 42 (2.8 Å) and Arg 38 (2.9 Å, Fig. 4d) and
occupies the position of the first-formed water in Fig. 3.

Figure 4e shows the structure of compound II. Spectral data show
that this species was at least 80% pure. The ferryl oxygen of
compound II has an occupancy close to 100%. There is no direct
hydrogen bond between His 42 and the ferryl oxygen in compounds
I or II. The ferryl oxygen of compound II makes hydrogen bonds to
the N1 atom of Arg 38 (2.9 Å) and to a water molecule (2.6 Å)
hydrogen-bonded to His 42 (2.8 Å) and Arg 38 (2.9 Å, Fig. 4e). The
active site of HRP stabilizes a net positive charge on the haem in
compound I, but in compound II this p-cationic radical is no longer
present. The electron densities in Fig. 4d and e show a hydrogen
bond between the ferryl oxygen and the density at the position of the
first-formed water molecule in Fig. 3. This interaction is very similar
in compounds I and II. In compound II, however, a proton is
believed to have moved to the ferryl oxygen, probably from His 42
via the intervening water-molecule, priming the formation of the
second product water in the reaction. The iron–oxygen bond is
0.14 Å longer in compound II than in compound I, giving an iron–
oxygen distance of 1.8 Å (1.93 Å by EXAFS25). The longer Fe–O
bond supports the argument for the migration of a proton to the
ferryl oxygen, following the removal of the p-cationic radical in
compound II.

Figure 4c shows the structure of a 95% pure compound III. The
refined occupancy of the dioxygen species was about 95%. The
dioxygen species ligates the haem iron in a bent conformation with
the OA atom 1.8 Å away from the iron (1.72 Å by EXAFS25). The Fe–
OA–OB angle is 1268. The OB atom forms hydrogen bonds with the
N12 atom of His 42 (2.9 Å), the N1 atom of Arg 38 (2.9 Å) and with
a water molecule (2.9 Å). His 42 moves 0.5 Å towards the distal
oxygen atom of the bound dioxygen species. Arg 38 moves 0.2 Å
towards this oxygen and forms a hydrogen bond. The haem iron
together with His 170 moves 0.2 Å towards the plane of the pyrrole
nitrogens as a result of dioxygen binding.

All structural results show changes specific to the active site.
There are four disulphide bridges in HRP and they remained
unperturbed during data collection on compounds I, II, III and
on the ferric enzyme. The Cys 97–Cys 301 disulphide bridge is
partially broken in the ferrous enzyme, probably as a result of

reduction with dithionite. Cys 11–Cys 91 can be modelled in two
conformations in all structures, which suggests genuine disorder in
this area in HRP.

Charge-exchange reactions between highly oxidized metal centres
and neutral molecules are important in difficult synthetic and
degradative processes in chemistry and biology and have recently
been identified as the source of cometary X-ray emission27. After
dioxygen began to be produced by photosynthetic organisms on
Earth, the maximum oxidation/ionization states attainable by metal
centres in biocatalysis rose swiftly. The catalytic intermediates of
HRP described in this paper show these structures with preserved
redox state for what we believe is the first time. We suggest that
similar structures exist in cytochromes P450 and the terminal
oxidases of aerobic respiratory chains. The results presented here
provide direct structural insights into the redox chemistry behind
these processes at porphyrin-based iron centres. A

Methods
Crystallization of ferric HRP
Crystals28 of recombinant HRP29 were grown from 20% polyethylene glycol (PEG) 8000,
0.2 M calcium acetate, 0.1 M sodium cacodylate, pH 6.5 by vapour diffusion at 4 8C, using
streak seeding. Two crystallizations were set up: (1) For studies on the ferric, ferrous,
compound II and compound III forms, the droplets contained 2 ml protein (7.3 mg ml21 in
0.1 M cacodylate, pH 6.5), 2 ml reservoir solution and 1 ml isopropanol saturated with
ferulic acid. Before the experiments, crystals were washed twice overnight in 5 mM
hydrogen peroxide in reservoir solution to remove bound ferulic acid. (2) For studies on
compound I, crystals were grown in droplets containing 3 ml protein (7.3 mg ml21), 3 ml
reservoir solution and 0.5 ml isopropanol saturated with trans-3-methoxycinnamic acid.
Trans-3-methoxycinnamic acid was removed by washing these crystals in reservoir
solution twice overnight. Absorption spectra showed that both types of washed crystals
were in the ferric state. Consequent reactions in non-frozen crystals were all performed at
4 8C.

Preparation of ferrous crystals
The ferrous state was formed by soaking ferric crystals for 30 min in a reservoir solution
supplemented with 100 mM sodium dithionite and 10% PEG 400.

Preparation of compound III in crystals
Compound III developed within 2–5 min after placing ferric HRP crystals in 54 mM
hydrogen peroxide, 10 mM ferulic acid, and 10% PEG 400.

Preparation of compound I in crystals
Compound I was produced by soaking washed crystals in a droplet of 1–2 mM peracetic
acid dissolved in reservoir solution. Compound I has a greenish colour that developed in
2–10 min. Crystals were flash frozen in liquid nitrogen, following exposure to 10% PEG
400 in reservoir solution for cryoprotection.

Preparation of compound II in crystals
Compound II was produced in washed crystals following a soak in a droplet of 2–5 mM
peracetic acid dissolved in reservoir solution, which also contained 10% PEG 400. After
the green colour of compound I had disappeared (2–20 min), the crystals were flash
frozen.

Flash freezing and single crystal microspectrophotometry
All crystals were flash frozen in liquid nitrogen and stored for data collection. Their spectra
were measured at 100 K before and after X-ray exposure with a microspectrophotometer
(4DXray Systems AB; http://www.4dx.se) linked to an Oxford CryoStream cooler
(OxfordCryosystems; http://www.oxfordcryosystems.co.uk). Wherever possible, care was
taken to record spectra in similar crystal orientations. Spectral deconvolution was
performed with SigmaPlot 3.0 (Jandel Scientific). Spectra of frozen crystals remained
unchanged during storage.

X-ray data collection and processing
Data were collected at 100 K at BM14 and ID14 EH3 of the ESRF (Grenoble, France) and at
I-711 at MaxLab (Lund, Sweden) with X-rays of the shortest possible wavelengths. Crystals
of HRP were aligned to allow collection of a complete data set with 90 degrees rotation.
The strategies outlined in Fig. 3a were applied. Data were processed and scaled using the
HKL package (http://www.hkl-xray.com) and programs in the CCP4 suite (http://
www.ccp4.ac.uk).

Crystallographic refinement
Starting coordinates (7atj; ref. 28) included the protein moiety and the haem group.
Identical test sets (with reflections of the same indices) were used to calculate and compare
R free values for the different structures. Models were refined with an amplitude-based
maximum-likelihood target in the program CNS (http://cns.csb.yale.edu) applying overall
B-factor corrections and bulk solvent corrections. In the final stages of the refinements, the
iron, the porphyrin and any ligand bound to the distal side of the haem iron were refined as
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separate non-bonded groups using only X-ray terms in the target function. SigmaA-
weighted electron-density maps30 and the program EDEN26 were used to check and to
eliminate model bias. In the EDEN runs, the haem and its ligands were removed from the
protein model and EDEN was used with a gentle solvent target to recover these missing
molecules completely. In all cases shown here, the haem and its bound ligands were
recovered and the electron density was at least as clear as in the starting maps, indicating
that refinement proceeded without model bias. In order to perform further tests, the
EDEN solution was perturbed by independently changing amplitudes and phases in the
file of the calculated structure factor amplitudes (F calc), using a 30% random gaussian
perturbation; the resulting perturbed F calc file served as the starting model for another
EDEN run. The perturbation/recovery steps were repeated 10 times and the resulting 10
maps were then averaged. These maps showed excellent agreements with the starting
maps. Occupancy of the ligands were refined in SHELXL (http://shelx.uni-ac.gwdg.de/
SHELX).

Models were inspected with O (http://xray.bmc.uu.se/alwyn) and figures were
rendered by POV-Ray (http://www.povray.org), using the Molray interface at http://
xray.bmc.uu.se/markh.

Coordinates and structure factors have been deposited in the Protein Data Bank
(accession codes 1h5m, 1h5d, 1h5e, 1h5f, 1h5g, 1h5h, 1h5i, 1h5j, 1h5k, 1h5l, for the
structures in Table 1 of the Supplementary Information and 1h58, 1h5a, 1h57, 1h5c, 1hch
and 1h55 for the structures in Table 2 of the Supplementary Information).
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Directed evolution of new catalytic
activity using the a/b-barrel
scaffold
M. M. Altamirano, J. M. Blackburn, C. Aguayo & A. R. Fersht
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This laboratory reported the in vitro evolution of an enzyme with
phosphoribosyl anthranilate isomerase activity (ivePRAI) from the
a/b-barrel scaffold of indole-3-glycerol-phosphate synthase using a
combination of rationally designed libraries, DNA shuffling, and
selection with Escherichia coli, JA300, a strain that lacks an active
PRAI gene. As part of the ongoing project to characterize the
structure and properties of ivePRAI, we discovered that the protein
expressed from a variety of vectors that contained a synthetic gene
corresponding to the sequence of ivePRAI as published is insoluble
and does not complement JA300 (R. L. Weinberg, C. M. Blair and
A.R.F., unpublished results), as reported. We conclude that the
results are unsound.

It appears that the discrepancy in the results is due to a
combination of two episodes of cross-contamination. We are now
repeating the directed evolution of ivePRAI using modified pro-
cedures to test the design strategy that should eliminate the source
of errors of contamination.

The first author of this Article (M.M.A.), who was responsible for
most of the analysis and design strategy involving loop transfer and
most of the experimental work, wishes to be dissociated from this
retraction because she believes that the experimental data are
fundamentally sound. A
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