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Abstract
Radiolytic reduction in frozen solutions and crystals is a useful method for generation of trapped
intermediates in protein based radical reactions. In this communication we define the conditions
which provide the maximum yield of one electron reduced myoglobin at 77 K using 60Co γ-irradiation
in aqueous glycerol glass. The yield reached 50% after 20 kGy, was almost complete at ∼160 kGy
total dose, and does not depend on the protein concentration in the range 0.01 – 5 mM.
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Introduction
Cryogenic radiolytic reduction of metalloenzymes is often used as a convenient tool to generate
and trap the unstable intermediates of important biochemical reactions (Davydov, Magonov
1981; Davydov, Khangulov 1983; Schlichting et al. 2000; Davydov et al. 2001; Davydov et
al. 2002; Denisov et al. 2002a; Denisov et al. 2005; Sligar et al. 2005). In many cases these
intermediates are elusive and impossible to generate by other experimental approaches
(Shintaku et al. 2005). Radiolysis is traditionally used for the generation of unstable
intermediates and radicals (Ausloos 1968; Jonah 2001). However, application of pulsed
radiolysis to generate transient species in solution is usually limited to fast processes and
relatively low yields. In addition, for most biological systems at ambient conditions, it is
difficult to estimate quantitatively the effect of X-ray or γ-irradiation on specific redox centers.
Radiolysis of a complex system such as a protein solution produces a plethora of radicals,
which subsequently react to form diverse end products, the latter also depending on solvent
conditions and presence of other reactive components in solution (Spinks 1990; Wojnarovits
2003). Cryogenic radiolysis of frozen solutions helps to avoid some of these difficulties because
the diffusion of most of radiolysis products is severely limited in the glassy matrix (Willard
1975; Lin et al. 1976; Kevan 1980). As a result cryogenic radiolysis in solid matrices provides
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the possibility to accumulate trapped intermediates over extended periods of time, and to
improve overall yield of the intermediate (Symons 1995; Feldman 1999; Tanskanen et al.
2005).

Cryogenic radiolysis and radiolytic reduction (often termed “photoreduction” due to the
radiolysis, caused by X-ray photons) are also recognized as important side reactions which
alter the redox state of metalloproteins during data collection in X-ray crystallography and X-
ray spectroscopy (Schlichting et al. 2000; Berglund et al. 2002; Yano et al. 2005). In addition
to specific structural changes in the first coordination sphere of metal atoms, these reactions
are also considered as a main source of radiation damage to protein crystals. With the broad
use of high intensity beam lines on third and future generation synchrotrons, the interest to the
cryogenic radiation chemistry of proteins is increasing (Murray, Garman 2002; O'Neill et al.
2002; Murray et al. 2004; Nave, Garman 2005; Garman, Owen 2006).

Here we report the results of systematic study of the yield of cryoradiolytic reduction of “met”
myoglobin (ferric Fe3+ heme) as a function of irradiation dose for the broad range of the heme
protein concentrations. Spectroscopic studies of metmyoglobin with different ligands reduced
by cryogenic γ-radiolysis (Magonov et al. 1978; Gasyna 1979) and cryogenic photolysis (Lamb
et al. 1998; Engler et al. 2000) have been reported. However, none of this prior work has studied
the saturation of cryoreduction yield at high doses, and possible dependence of radiolytic
reduction yield on the protein concentration. Currently, the ability to obtain the highest possible
yield of unstable redox intermediates generated in cryoradiolytic reduction experiments is very
important for the success of the structural and spectroscopic studies of metalloenzyme
mechanisms. This is especially valuable for the X-ray crystallographic studies, where partial
occupancy or multiple conformational substates may preclude one from a definite structural
conclusion. Similar information on radiolytic yield would be exceedingly valuable for
spectroscopic characterization of the intermediates by methods such as Mössbauer (Yoo et al.
2000), X-ray absorption (Yano et al. 2005), resonance Raman (Ibrahim et al. 2003), and optical
absorption (Denisov et al. 2002b; Denisov et al. 2002c), which, unlike EPR, detect all possible
oxidation states of the metal center and usually produce highly overlapped spectra if multiple
species are present in the sample.

Materials and Methods
Horse skeletal metmyoglobin (Mb) was purchased from Sigma (batch M0630) and used
without additional purification. All other chemicals were of analytical or spectroscopic grade
and doubly ionized water was used for buffer preparation. Because one of the goals of this
work was to optimize of the yield of peroxo-ferric heme enzyme complexes obtained as a result
of one-electron reduction of oxygenated ferrous heme enzymes, all solutions were prepared
aerobically.

Samples of different concentrations were prepared in 150 mM phosphate buffer at pH 7.5 and
mixed with glycerol to the final ratio of glycerol/buffer 2:1 (w/w). This glycerol/water ratio
provides an optically transparent glass over the temperature range 77 K - 300 K used in these
experiments (Shibata et al. 1999). Samples of higher Mb concentration (5 – 8 mM) were
prepared by direct addition of the weighted amount of mixed glycerol-water solvent (80 – 150
mg) to the selected sample of lyophilized protein (10 – 15 mg). The resulting Mb concentration
was then calculated using known densities of the solvent and protein and verified by UV-VIS
spectroscopy. Thin layer cells for the measurements at high concentrations were assembled
using two square plates of UV-enhanced polymetacrylate (Astra Products, Baldwin, NY). For
the lower concentrations the metacrylate semimicrocells from Fisher were used as described
(Denisov et al. 2001; Denisov et al. 2002a). The samples of met Mb with concentrations from
0.01 mM to 0.15 mM were prepared from concentrated stock solutions in phosphate buffer by
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dilution with calculated amounts of glycerol and the same buffer to give the necessary final
protein concentrations in 65% glycerol, 50 mM phosphate buffer at pH 7.5. Irradiation was
conducted at 77 K using a 60Co source with the dose rate 220 Gy/min. During irradiation and
all subsequent operations the samples were kept fully immersed in liquid nitrogen or in the
optical cryostat at the indicated temperatures. Dose rate was measured using Radiachromic
film FWT-60-00 (Far West Technology Inc., Goleta, CA) calibrated at NIST.

The radiolytic reduction yield (Mb(Fe3+) → Mb(Fe2+)) was estimated using optical
spectroscopy. Spectra were measured at 80 K – 140 K using the home-made cryostat as
previously described (Denisov et al. 2001; Denisov et al. 2002). After irradiation all samples
were photobleached at 77 K using the white light from the 150 W lamp (Oriel Corp., Stratford,
CT, USA) to remove the intense absorption of trapped electrons. The total concentration of
myoglobin in each sample was measured by optical absorption at 293 K using known molar
absorption coefficients at 409 nm (186 mM-1cm-1) and at 502 nm (10.2 mM-1cm-1) (Antonini,
Brunori 1971). The concentration of reduced Mb in each sample was estimated from optical
spectra measured after irradiation using the standard spectrum of this intermediate as described
in the text. Spectral decomposition utilized experimental spectra of irradiated glycerol-buffer
solvent and apo-Mb for background subtraction.

It is known that the spectral characteristics of cryoreduced Mb are quite distinct from those of
ferrous Mb under ambient conditions (Gasyna 1979; Engler et al. 2000). This difference is due
to the fact that the cryoreduced heme protein is trapped in the low-temperature glass and cannot
undergo conformational relaxation following reduction. Thus, it was necessary to determine
experimentally the spectrum of the cryoreduced ferrous Mb for later use as a spectral standard.
For this the set of the spectra obtained with the samples of the same Mb concentrations
irradiated with different doses were used. Assuming the simple transition from ferric
myoglobin to ferrous myoglobin (two spectrally distinguishable species plus background) it
was possible to derive quantitatively the unknown spectrum of ferrous Mb using the known
spectrum of ferric Mb. The yield for each sample in these calculations was estimated from the
amplitudes of the first derivative spectra at the near-UV region since the Soret bands of ferric
and cryoreduced ferrous Mb are well resolved (see Fig. 1). The resulting spectrum of
cryoreduced ferrous Mb has the typical features characteristic for the spectra of other low-spin
ferrous proteins such as cytochrome c (Levantino et al. 2005) and Mb photoreduced at the low-
temperature glass (Lamb et al. 1998; Engler et al. 2000).

The spectra of cryoreduced Mb and ferric Mb (Fig. 1) were used to construct a set of basis
optical spectra. This set also included three smooth monotonous exponential curves and the
linear slope used for the background subtraction. The resulting spectral matrix S (M by N
elements) contained two spectra of Mb (Fig. 1) and 5 different background curves (total N=7
different spectra) digitized at 1 nm step in the range 320-720 nm (M=401 data points in each
spectrum). For each sample the yield of cryoreduced ferrous Mb was determined as the best
fit of the spectrum of this sample by the linear combination of the basis spectra defined above.
This fit is equivalent to the optimal (in the sense of minimal least-square deviation) solution
of the overdetermined system of linear equations:

where Sji is the absorption coefficient of the ith spectral component of the basis spectral matrix
at the jth wavelength, Ci is the concentration corresponding to the ith spectral component, and
Aj is the experimental absorption of the sample at the same the jth wavelength.
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The solution of the system of linear equations and all concentrations of components with
simultaneous background subtraction was found using a ‘left division’ subroutine implemented
in MATLAB. For the samples with concentrations below 0.025 mM the spectra between 360
and 700 nm were used, for the samples with higher concentrations the absorption at Soret band
was beyond instrumental linear response, and only the spectra from 460 to 700 nm were used
for calculations.

Results
Radiolysis of aqueous-glycerol frozen glass produces trapped electrons with characteristic
broad absorption band in the visible region (Willard 1973; Willard 1975; Rice, Kevan 1977).
Hence, the samples appear deep purple immediately after irradiation, but this absorption can
be easily photobleached using visible light, confirming that it is caused by trapped electrons
(Fujii, Willard 1970; Rice, Kevan 1977). Because of the intense absorption of trapped electrons
it was necessary to photobleach irradiated samples at 77 K before spectra of radiolytically
reduced Mb could be obtained. For the thin layer samples, photobleaching was not necessary,
and the absorption spectra could be measured before and after photobleaching.

Representative spectra of an irradiated sample of Mb before and after photobleaching are
shown at Fig. 2. Before photobleaching the sharp well-resolved spectrum of cryoreduced Mb
appears on top of an intense background. After photobleaching the background disappears, and
the characteristic absorption bands of cryoreduced Mb significantly increase. The Soret band
is observed at 428 nm, and main components of split Q-bands are at 568 and 538 nm, all in a
good agreement with earlier results (Gasyna 1979;Lamb et al. 1998;Engler et al. 2000).

The remaining smooth and featureless background is due to absorption spectra of multiple
radicals formed in the glycerol solvent and protein matrix. To our knowledge, there is lack of
information available on the absorption spectra of radicals which could be formed as a result
of radiolysis at cryogenic temperatures although the absorption spectra of possible low-
molecular weight analogs were studied in solution (Jonah 2001; Rappoport 2003). The detailed
spectral assignment of this absorption is beyond the scope of our work. As a control, we have
measured the spectra of two samples of apomyoglobin irradiated in the same conditions to the
dose of 70 kGy. The spectra of these samples after photobleaching are shown at the Fig. 1
(Insert). It is clear that both protein and solvent show absorption spectra due to radicals which
are not photobleached, as well as to the products of secondary reactions between these radicals
and electrons after photobleaching. After brief annealing of these samples at 140 K or higher,
the absorption in visible region gradually decreases, as the radicals undergo further chemical
reactions to form the end products of radiolysis.

An essential feature of the method of cryogenic radiolytic reduction of proteins and other
biological macromolecules is the stabilization of their structure by the glassy frozen solvent
matrix (Symons, 1995). The primary product of radiolytic reduction, cryoreduced Mb, is
immobilized at 77 K and maintains virtually all the structural features of the precursor met Mb
(Lamb et al., 1998). After annealing at higher temperatures, the protein undergoes
conformational relaxation. The spectra at Fig. 3 show at least two main sequential processes
upon increase in temperature from 130 to 200 K. The conformational relaxation of the non-
equilibrium low-spin cryoreduced ferrous Mb begins at ∼130 K, as revealed by the shift of
Soret maximum from 428 to 438 nm. Above the glass transition temperature, where the
translational diffusion of the small molecules is enabled, the complex of ferrous Mb with CO
is gradually formed, with its characteristic Q-bands at 578 and 543 nm and Soret band at 423
nm.
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The yield of cryoreduction of met Mb was determined from the experimental spectra as shown
at Fig. 4. Typically, after radiolysis and photobleaching, the spectrum of the partially reduced
protein was observed in addition to a substantial background, due mainly to the absorption of
trapped solvent radicals, and partly to the light scattering from the sample. Because of the
diverse nature of the background, the latter was approximated as described in Materials and
Methods. The representative result of such decomposition of experimental spectra is shown in
Fig. 4 together with the initial experimental curve and the residuals of the data fitting. All
spectra were processed in a similar manner, and the fractions of cryoreduced Mb were
determined for different protein concentrations and irradiation doses. As described in Methods,
the yield of cryoreduced Mb was calculated using spectra in the range 360 - 690 nm for the
samples with concentrations lower than 0.025 mM, and the range 450 – 690 nm for higher
concentrations, because of possible deviations from Lambert-Beer law.

The fraction yield of cryoreduced Mb as a function of irradiation dose is shown in Fig. 5 for
various protein concentrations. For all samples, we obtained high yields of cryoradiolytic
reduction even at relatively low doses. Approximately 30% of the protein was reduced after
10 kGy of absorbed dose, and more than 70% - at 70 kGy. The reduction yield is not strongly
dependent on Mb concentration in the range from 0.01 to 5 mM. At high doses the rate of
cryoreduction decreases dramatically (Willard 1973;Willard 1975;Davydov et al. 1994). The
fraction of reduced protein reached more than 95% at 160 kGy total dose, much higher than
the 25% - 60% as previously reported (Davydov et al. 1994;Davydov et al. 1999;Krebs et al.
2000;Davydov et al. 2001).

The lack of notable dependence of reduction yield on the protein concentration can be explained
by the fact that the protein concentration in our samples is low compared to the concentration
of trapped electrons generated by radiolysis. The yield of trapped electrons in aqueous glycerol
glasses at 77 K, Ge, is approximately 1.5/100 eV (Makarov et al. 1969). Thus, under these
conditions, approximately 1.5 mM/L of trapped electrons are generated at 10 kGy dose, and
more than 10 mM/L at 70 kGy absorbed dose. The same concentrations of parent radicals are
also trapped in the aqueous glycerol frozen matrix, which corresponds to an average distance
of ∼50 Å between randomly distributed trapped electrons and radicals.

The highest protein concentrations used in this work are comparable to those encountered in
protein crystals, where the solvent volume fractions may vary from 20% to 80%. At 5 mM
concentration the volume fraction of myoglobin is 8%, and the direct radiolysis of the protein
cannot be neglected. However, the yield of cryoreduced met Mb is the same as observed at
low concentrations. Thus, a similar reduction by radiolytic electrons may induce redox state
changes of the metal centers and protein cofactors during the data collection in cryogenic X-
ray structural studies of protein crystals and this must be taken into consideration, especially
in mechanistic interpretation of protein structures.

Discussion
The yield and reactions of trapped electrons during cryoradiolysis of aqueous – organic glasses
in the presence of scavengers have been extensively studied (Fujii, Willard 1970; Sasaki, Ohno
1971; Zimbrick, Bowman 1972), but with little attention paid on the dynamics and target
dependence of the average reduction yield. Importantly, for biological macromolecule
designed to initiate chemical reaction by the addition of electron to intermediates stabilized at
low temperature the target of radiolytic electrons also plays the role of scavenger. Hence, when
cryoradiolysis is used as a method for the generation and accumulation of otherwise unstable
intermediates in biological macromolecules such as metalloprotein, it is important to document
the conditions under which the yield of cryoreduction of the scavenger can be maximized.
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Under the conditions employed the yield of cryoreduced myoglobin is very high. As far as the
maximal total yield depends on conditions, our results suggest that optimal conditions are
realized in the presence of high concentration of glycerol and are independent of total protein
concentration. The solvent composition, especially the presence of polyhydric alcohols
(glycerol or ethylene glycol), is critically important for the yield of cryoreduction of
metalloenzymes (Davydov et al. 1994; Davydov et al. 1999). At the same time these
compounds are among the most popular cryoprotectants used in X-ray crystallography to
prevent damage to protein crystal structure during flash-freezing at low temperatures. The
results of this work demonstrate that the presence of glycerol at high concentrations may
dramatically increase the yield of cryoradiolytic reduction of a metalloprotein such as met Mb.
Thus, such processes must be controlled independently in protein X-ray crystallography,
especially when mechanisms of redox-active metalloenzymes are addressed.

Several examples of studies where cryogenic X-ray crystallography of heme proteins was
accompanied by the parallel measurements of optical absorption spectra of protein crystals
have been published recently. For example, the reduction of oxy-ferrous complex of
cytochrome P450 by cryogenic X-ray irradiation in crystal was used (Schlichting et al. 2000)
to generate and trap at low temperature an otherwise unstable reactive enzyme - substrate
complex. Subsequently, Hajdu and coworkers used this method to obtain X-ray structures of
all five states of horseradish peroxidase (HRP) catalytic cycle (Berglund et al. 2002). The redox
state of the enzyme was documented by optical spectroscopy of protein crystals before and
after cryogenic data collection in the X-ray beam using a specially designed microspectrometer
(Sjoegren et al. 2002). Notably, some of the reported heme enzyme intermediates, for example
the “Compound I” oxo-ferryl complex porphyrin π-cation radical and “Compound III” (an
analog of oxy-ferrous complex generated by reaction of ferric HRP with a large excess of
hydrogen peroxide), proved to be very unstable with respect to radiolytic reduction. The others
were able to withstand much higher radiolytic dose without any changes in visible spectra.
Recently the crystal structure of oxyferrous complex of heme oxygenase from
Corynebacterium diphtheriae was published by Ikeda-Saito and coworkers (Unno et al.
2004). In this system the oxy-complex was stable under X-ray irradiation during the data
collection and not reduced to peroxo/hydroperoxo complex as confirmed by comparison of
optical absorption spectra of irradiated crystals with the published spectra of hydroperoxo-
ferric enzyme (Denisov et al. 2002c). These studies indicate that an appropriate control of
protein redox centers is necessary in X-ray crystallographic analysis because their stability and
the yield of reactions initiated by cryoradiolysis depends on many factors, including the
chemical composition of the crystallization buffer and data collection conditions, which may
be specific for each particular enzyme. It is worth noting, however, that the dose rate as well
as the total dose ordinary used in protein X-ray crystallography are two orders of magnitude
greater than that obtained from 60Co in the current study (Garman, Owen 2006), and hence our
results may be considered as an upper margin for the dose-dependent radiolytic reduction.

In conclusion, the yield of cryoradiolytic reduction of met Mb in the frozen aqueous glycerol
glassy matrix at 77 K was investigated as a function of 60Co γ-irradiation dose. Very high yield
of cryoreduced products was observed virtually independent of protein concentration from
0.01 to 5 mM. The heme protein was reduced up to 50% at 20 kGy dose, and almost 100% at
160 kGy. These results may be useful for defining the experimental conditions to maximize
the yield of cryoreduction of metalloproteins in frozen solutions for the isolation and
spectroscopic characterization of mechanistically important but unstable redox intermediates.
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Figure 1.
A Absorption spectra of γ-irradiated met Mb measured at 77 K after photobleaching with white
light. (1) Met Mb before irradiation; (2) 10 kGy dose; (3) 20 kGy; (4) 40 kGy; (5) 70 kGy. The
samples were prepared from the same stock solution and irradiated at 77 K up to the shown
dose. B Absorption spectra of met Mb (ferric) and cryoreduced Mb (ferrous) measured at 77
K and shown in millimolar absorption units. These spectra were used as the spectral basis for
the cryoreduction yield measurements. Insert: Spectra of irradiated apo Mb at a dose 70 kGy
after photobleaching. Protein concentration were: (1) 0.6 mM, (2) 0.15 mM.
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Figure 2.
Absorption spectra of γ-irradiated metMb. (1) Cryoreduced met Mb after 90 kGy dose before
photobleaching with white light; (2) Same sample after photobleaching; (3) Same sample
before irradiation shown for comparison. Concentration of Mb was 4.7 mM, path length 0.05
mm.
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Figure 3.
Annealing of cryoreduced met Mb (0.04 mM). Spectra were measured after photobleaching at
different temperatures: (1) 90 K; (2) 153 K; (3) 188 K.
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Figure 4.
Calculation of the yield of radiolytic reduction from the experimental absorption spectra of γ-
irradiated met Mb. (1) Spectrum of met Mb before irradiation; (2) Spectrum after γ-irradiation
at 70 kGy and photobleaching with the white light; (3) Background subtracted as described in
Materials and Methods; (4) Full line is the spectrum (2) with subtracted background (3); dotted
line is the fit of this spectrum with two basis spectra shown in Fig. 1B. (5) Residuals.
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Figure 5.
Yield of cryoreduction of met Mb as a function of γ-irradiation dose for different protein
concentrations. (x) 0.02 mM; (+) 0.04 mM; (o) 0.15 mM; (*) 4.7 mM.
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