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Manganese complexes play critical roles in the metabolism of 
oxygen that is important in many biological systems. Among these 
systems, one of the most important is the photo-induced oxidation of 
water to dioxygen by the photosynthetic membrane protein complex, 
Photosystem II (PS II). This reaction is catalyzed by a Mn4CaO5 cluster 
located in the PS II membrane complex. One other system is a catalase 
that contains a binuclear Mn cluster, that disproportionates peroxide to 
water and dioxygen.

We have shown previously by X-ray spectroscopy that the Mn4Ca 
cluster is highly susceptible to the X-ray radiation damage, particularly 
under the condition that the diffraction data have been commonly 
collected [1]. We have detailed XAS studies as a function of dose, 
temperature, energy, and time. We have also completed a similar X-ray 
damage study using XAS of the oxidized and reduced Mn catalase.

Recently, the crystal structure of PS II isolated from thermophile 
was reported at a resolution of 1.9 A [2] by collecting the data at 
much lower X-ray dose than that has been used for the earlier PSII 
crystallography studies. The electron density map clearly shows the 
geometry of the four metals and one Ca. Their study for the first time 
gives us a starting point to think about the detailed chemical structure 
of the Mn4CaO5 cluster in the dark state (S1) and also the consequence 
of specific radiation damage to the redox-active Mn site. The crystal 
structures of the Mn catalase have also been reported with high 
resolutions (~ 1 A) [3,4].

We have compared the effect of X-ray radiation damage on the two 
major Mn metalloprotains, PS II and Mn catalase. We discuss possible 
differences between these two cases. The study also gives us an insight 
into the unique effect of radiation damage to individual metalloproteins 
and the importance of the combination of the spectroscopic techniques 
and crystallography in order to obtain intact forms of the catalytic 
complexes [1,5]. 
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The small, intense X-ray beams available at 3rd generation light 
sources have been exploited by structural biologists to determine the 
structure of increasing larger or more complex macromolecules. The 
crystals of many of these macromolecules may have a largest dimension 
of only 5-10 microns, and may diffract poorly due to lack of internal 
order. Obtaining data of high signal-to-noise requires exposing the 
crystal to a beam of high flux density, resulting in increased absorbed 
dose and radiation damage. Although cryo-cooling of protein crystals 
significantly reduces X-ray induced radiation damage, it does not 
eliminate the damage.

The predominant mechanism of interaction of an X-ray with a 
low-Z atom in the crystal is the emission of a photoelectron, which 
carries away most of the energy of the incident X-ray. When the emitted 
photoelectron scatters off another atom, it loses energy to the atom 
resulting in local damage. As the photoelectron energy decreases, the 
probability of interacting with yet another atom increases causing 
more frequent interactions until finally the photoelectron is recaptured. 
Thus, if the X-ray beam size is small compared to the distance the 
photoelectron travels from its point of emission, then deposition of 
photoelectron energy outside the beam footprint may reduce radiation 
damage inside the beam footprint. Monte-Carlo simulations predict that 
a photoelectron of typical energy could travel 4 – 5 µm from the point 
of emission before being absorbed. We studied radiation damage to 
lysozyme crystals by monitoring the diffracted intensity of 18.5-keV X-
rays as a function of dose and beam size (0.86 – 15.6 µm) at beamline 
23-ID-B at the Advanced Photon Source. We observed a 3-fold reduction 
of damage per dose within the footprint of the smallest compared to the 
largest beam. In addition, the spatial extent of radiation damage was 
mapped using both 15.1- and 18.5-keV X-rays and a ~1-µm beam. 
The damage profiles displayed spatial anisotropy with greater damage 
occurring along the direction of the X-ray polarization, as expected. 
The spatial extent of the damage was limited to about 4 µm.
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Radiation damage of biological samples is a major impediment to 
the success of experiments using ionizing radiation. In a recent study 
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we determined that hydrogen gas, mainly originating from aliphatic 
C-H bonds, is a major cause of global radiation damage in protein 
crystals [1]. At cryogenic temperatures the gas remains inside the 
crystals causing lattice deformations by the generation of an inner 
pressure. This results in the well known decrease of diffraction power 
with increasing dose.  

X-ray diffraction experiments, performed in order to directly 
identify the location of hydrogen abstraction, have been difficult. This 
is due to the small hydrogen X-ray scattering lengths. In an X-ray 
irradiation experiment on the polypeptide Cyclosporine A, we were 
able to indirectly observe hydrogen abstraction by X-ray induced bond 
lengths changes [2].

To further investigate this effect we have performed a combined 
synchrotron X-ray irradiation - neutron diffraction experiment. The 
results confirmed our findings from the previous X-ray diffractions 
experiments and further revealed that X-ray induced hydrogen 
abstraction is highly selective process. 
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Temperature-dependent X-ray crystallography has been used 
to characterize the time, space and energy dependence of radiation 
damage to protein crystals.

The sensitivity of global damage to protein crystals exhibits a 
dynamical transition near 200 K [1]. Below the transition, an activation 
energy for damage of ~1 kJ/mol, similar to that for solvent-free small 
molecule organic crystals, is observed, and may be associated with 
vibrationally assisted reactions. Above the transition, the activation 
energy of ~18 kJ/mol is similar to that for diffusive motions in the 
protein and solvent. 

These diffusive motions continue after the X-rays have been shut 
off, and from 300 K to 180 K we observe “dark progression” of radiation 
damage. The rate of dark progression has an Arrhenius temperature 
dependence with an activation energy of 15 kJ/mol,and its timescale 
decreases from ~1000 s at 180 K to ~10 s at 300 K, suggesting the 
feasibility of outrunning radiation damage using faster data collecton. 
At intermediate temperatures (200-240 K), faster data collection does 
appreciably reduce radiation damage. But at room temperature, the 
timescales for the dominant diffusive damage processes are less than 2 
s, and damage shows no dose rate dependence for dose rates between 
8 and 300 kGy/s. 

The spatial distribution of damage within the unit cell varies with 
temperature. At low temperatures, disulfide bridges and crystal contacts 
are readily damaged.  But at 240 K and above, where diffusive motions 
are important and overall radiation sensitivity is much greater, solvent-
exposed turns are the most sensitive while buried residues and residues 
involved in crystal contacts are more stable.  These observations add 
detail to the common notion that damage at room temperature is due 
to diffusive motions.

Finally, 19 small molecule compounds, most known to be effective 
free-radical scavengers in solution, have been examined for possible 

protective effects in protein crystals. At room temperature, none 
significantly reduces radiation damage, and several increase it; at 
T=100 K, no protective or sensitizing effects are observed. Scavengers 
are ineffective in protecting protein crystals because a large fraction 
of the incident radiation is absorbed by protein atoms and because 
the ratio of scavenger molecules to protein molecules is too small to 
provide appreciable competitive protection. 

This work was conducted at the MacCHESS facility at CHESS and 
in collaboration with IMCA-CAT at the APS. 
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The influence of X-ray radiation damage to protein crystals is 
well known to occur even at cryogenic temperatures, and redox active 
sites like metal sites seem especially vulnerable for radiation-induced 
reduction. It is essential to correctly know the oxidation state of these 
metal sites in protein crystal structures, to be able to interpret the 
structure-function relation. 

We have used in-situ (online) UV-vis and Raman spectroscopy to 
study how different oxidation states of the haem proteins myoglobin and 
catalase-peroxidase are influenced by X-rays during crystallographic 
data collection. The spectroscopic changes have been monitored as a 
function of X-ray exposure (dose absorbed), and show that the different 
redox-states in myoglobin vary in how fast they are “reduced” by the 
X-rays (e.g. ferric Fe3+ myoglobin is reduced faster than ferryl FeIV=O 
myoglobin) [1], and there is also differences between ferric myoglobin 
and catalase-peroxidase. The higher oxidation states of myoglobin are 
not reduced to normal ferrous Fe2+ or ferric Fe3+ states, but end up 
in some intermediate state. One of the primary goals of the project 
has been to characterise and study the different intermediates in the 
reaction between myoglobin and peroxides [2], [3]. The reaction 
intermediates generated in this reaction appear biologically relevant 
since myoglobin is proposed to function as a scavenger of reactive 
oxygen species during oxidative stress. 

We have also been able to use the radiation damage to generate an 
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