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Figure 1. In the first step, peroxidase (H2O2) oxidizes 
Fe(III) to Fe(IV) and a nearby organic group (R) to a 
radical (R+) to give the intermediate “Compound I”.  
Two successive one electron transfer reactions 
converts Compound I first to Compound II (where the 
organic radical is reduced), then Fe(IV) is oxidized 
back to the Fe(III) resting state, completing the 
catalytic cycle.  

 

Structure Determination of an Oxidized Enzyme Intermediate 

 

The high-valent iron-oxygen species (Fe(IV)-O) is a critically important intermediate in a 
number of metalloenzymes.  The relatively high redox potential of Fe(IV)-O enables this 
intermediate to serve as a potent oxidant utilized by several iron containing enzymes such 
as cytochrome P450, nitric oxide synthase, cytochrome oxidase and numerous peroxidases 
(1).  Most iron-containing peroxidases operate by the multi-step mechanism shown in 
Figure 1 (2).  
 

X-ray absorption spectroscopic studies 
(3) of Compound I reveal that the 
Fe(IV)-O bond is relatively short, less 
than 1.7 Å, indicating an iron-oxygen 
double bond-like, oxene bond with a 
second electron pair donated by the 
oxygen into an empty iron orbital (4) 
as opposed to a single bond.  How-
ever, the majority of x-ray crystal 
structures of Compound I have yielded 
longer distances of 1.8-1.9 Å (5,6) 
indicating single bond character.  The 
chemistry of these two species is quite 
different and knowing the correct 
structure is essential for understand-
ing the details of these enzyme 
mechanisms.  
 

A serious problem encountered with high-intensity synchrotron x-ray sources is the rapid 
reduction of metal centers, particularly high-potential metal centers such as Fe(IV) (7).  As 
a result, it is likely that the crystallographic structures determined from this data will 
represent a combination of oxidation states at best.  Thus, methods were developed at 
SSRL for collecting diffraction data from high-valent oxidized metalloenzymes with minimal 
radiation damage.   
 

First, the decay rate of the oxidized species as a function of x-ray dose was determined at 
65 K using a prototype single-crystal microspectrophotometer installed on BL9-2.  Figure 2A 
shows the single crystal spectrum of Compound I as a function of x-ray dose.  Before data 
collection the spectrum was identical to the solution spectrum of Compound I. After exten-
sive x-ray exposure (inset to Fig. 2A) the spectrum clearly was no longer that of Compound 
I.  Figure 2B shows the estimated percentage of Compound I remaining in the crystal as a 
function of x-ray exposure as monitored by changes in the visible spectrum. Based on this 
plot, only 80% of Compound I remains in the crystal after receiving an x-ray dose of 0.035 
MGy.  Therefore, a data collection strategy for obtaining predominantly Compound I was 
employed using multiple crystals, none of which received more than 0.035 MGy.  With this 
maximum dose, the resulting structure was estimated to be comprised of ~90% Compound 
I (integrated over the 0.035 MGy dose).  



 
 
Figure 3.  The metal center active site for A) the low dose 
structure and B) the high dose structure overlaid with the 2fo-fc 
electron density maps contoured at 4.0 α.  The central Fe atom 
(labeled) is shown in pink, the bound oxygen is red, nitrogen 
atoms are blue and carbon atoms yellow.  In the high dose 
structure, the oxygen atom has moved away from the Fe center, 
showing a break in the electron density. 

 
Figure 2.  Spectrum of CCP Compound I as a function of x-ray dose.  Prior to x-ray exposure the 
spectrum is identical to the solution spectrum of Compound I. The estimated percentage of Compound 
I remaining in the crystal as a function of x-ray dose in panel B was based on the decrease in absor-
bance at 634 nm. 
 
Crystallographic data collection was carried out on BL9-2.  Nearly 100 crystals were auto-
matically mounted, indexed and screened using the Stanford Auto-Mounter (SAM) system to 
select samples of similar size and diffraction quality to use for data collection.  For each 
crystal selected, diffraction data was measured to 1.4 Å resolution for a 5 o sample rotation 
range, representing the first 0.035 MGy of x-ray exposure. The starting rotation angle for 
subsequent crystals was chosen to optimize the completeness of the data using a minimum 
number of samples. (A completeness of ~98% was achieved with only 19 crystals.) The 
same 5o of rotation angle were recollected 12 more times for each crystal yielding multiple 
complete data sets with increasing x-ray dose.  
 

The low and high dose 
structures are shown in 
Figure 3.  The iron to oxy-
gen bond length increases 
from 1.73 to 1.90 Å, 
respectively.  The bond 
length varies linearly with 
dose (Figure 4) and the 
bond length for the zero 
dose Compound I structure 
is estimated to be 1.72 Å.  
This value is very close to 
the spectroscopic meas-
urements confirming the 
shorter oxene Fe-O bond. 
 

 



 

Figure 4.  Plot of the Fe-
O distance as a function 
of x-ray dose. Each of the 
structures was refined 
both with and without 
restraining the distances 
between the Fe and N 
atoms in the active site.  
The Fe-O bond length 
extrapolates to 1.72 Å for 
the zero dose structure. 
 

 
Based on this study, a general method has been developed to collect x-ray diffraction data 
from high-valent oxidized metalloproteins.  The equipment required to carry out these 
experiments, including a continuous flow helium cryostat and UV-Vis microspectrophoto-
meter, will be permanently installed on BL9-2.  These instruments will be integrated into the 
control system (Blu-Ice/DCS) and a new tab will be created for carrying out these experi-
ments in an automated fashion, fully compatible with remote data collection. 
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