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Abstract

Background—Ionizing radiation causes the generation of damaging reactive oxygen species that
lead to cellular damage and death. Organisms such as Deinococcus radiodurans have evolved
mechanisms for extreme resistance to ionizing radiation, and resistance has been shown to be a
consequence of protection of critical proteins from oxidative inactivation.

Objectives—D. radiodurans accumulates high levels of manganese and of small peptides that
together are protective. Our aim was to rationally design antioxidant peptides.

Methods—Amino acid analysis was utilized to determine the rates of loss of the 20 amino acids
exposed to varying doses of irradiation. The activity of glutamine synthetase and methionine
sulfoxide reductase was assayed to follow their inactivation by irradiation.

Results—The ability of an amino acid to protect enzymes from inactivation by ionizing radiation
paralleled its sensitivity to ionizing radiation. Based on this observation and the ability of histidine
to confer water solubility, we synthesized the hexapeptide His-Met-His-Met-His-Met and found
that it provided markedly increased protection against irradiation.

Discussion—Small peptides containing histidine and methionine were readily soluble and

provided enzymes with remarkable protection from inactivation by ionizing radiation.
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lonizing radiation kills cells and organisms through induction of oxidative stress, produced
via direct generation of reactive species or by generation in the cell as a response to the
radiation. A delivered dose of ~200 Gy is sufficient to kill an Escherichia coli! and 5-10 Gy
a human, but some organisms are resistant to very high doses. These radiation-resistant
organisms are often resistant to other stresses, such as dessication. This is the case for the
freshwater invertebrate bdelloid rotifers? and the bacterium, Deinococcus radiodurans.? D.
radiodurans can survive radiation doses greater than 10 000 Gy, and the basis of its
radioresistance has been the subject of numerous investigations and many reviews.*-8 For
over 50 years it has been considered established that ionizing and ultraviolet irradiation Kill
cells by damaging their DNA, a mechanism most clearly and emphatically stated by
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Hutchinson in 1966.° However, the DNA of D. radiodurans is not resistant to ionizing
radiation. For any given dose, D. radiodurans incurs about the same number of double
strand breaks as do radiation-sensitive bacteria.”:8 What distinguishes D. radiodurans from
radio-sensitive organisms is its impressive ability to repair the DNA damage through
homologous recombination.10 Yet the enzymes that mediate DNA repair in D. radiodurans
are not unusual either. For example, mutation of DNA polymerase | renders D. radiodurans
very sensitive to irradiation, but resistance is restored by expression of the E. coli DNA
polymerase 1.11

Recent studies by Daly et al.8 led them to propose that the basis for radioresistance is the
ability of D. radiodurans to prevent oxidative inactivation of its proteins. The logic can be
put rather simply. Repair of the DNA damage suffered by D. radiodurans can only be
effected by enzymes, which of course are proteins. Proteins have long been known to be
damaged and functionally disabled by irradiation.12-15 If proteins essential to the DNA
repair process are inactivated by irradiation, there can be no DNA repair. Thus, while the
DNA of D. radiodurans is fragmented by irradiation, it is repaired because the cell's proteins
have been protected from inactivation by irradiation. Subsequent experimental
investigations and modeling studies support the proposition that the radioresistance of D.
radiodurans is due to protection of its proteins, not its DNA, from oxidative damage.16:17

What molecules provide this protection? Bruce and colleagues!® showed in 1976 that D.
radiodurans accumulated large amounts of manganese, and they speculated that the
manganese might be important in the organism's resistance to ultraviolet radiation. Later,
Daly et al.19 established experimentally that the manganese was important for resistance to
ionizing radiation. Working with Daly more recently, we undertook a classical biochemical
approach to identify molecules required for radiation resistance.l A cell-free extract of D.
radiodurans protected purified proteins and also protected proteins in an E. coli homogenate
from oxidative damage. After several purification steps, the protective activity was localized
to a protein-free, low molecular weight fraction. The fraction contained a number of
components including manganese and many small peptides derived from a variety of D.
radiodurans proteins. A synthetic deca-peptide and millimolar manganese were then shown
to protect purified enzymes from inactivation by irradiation. The investigations reported in
this paper were undertaken to provide a rational basis for the design of peptides with
increased protective ability.

Materials and methods

Materials

Phosphate-buffered saline, 10 x , was purchased from KD Medical (Columbia, MD, USA).
It contained 9 g NaCl, 1.44 g KH,PQOy, and 7.95 g NapHPO4 per liter. When diluted 10-fold,
its pH was 7.4. The deca-peptide, DEHGTAVMLK, and its scrambled version,
THMVLAKGED, were synthesized by American Peptide Co. (Vista, CA, USA) and by
Elim Biopharmaceuticals (Hayward, CA, USA); the Elim peptides were a gift from Heather
Pangburn and Thomas Lamkin of the Air Force Research Laboratory, Wright Patterson Air
Force Base. American Peptide Co. synthesized HM, HMHM, and HMHMHM.
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Amino acids were from Sigma (St Louis, MO, USA). Glutamine synthetase was purified2°
from E. coli pgln6/YMC10%! and assayed with the pH 7.57 triethanolamine-
dimethyglutarate buffer system.22 Recombinant mouse methionine sulfoxide reductase A
was a gift from Geumsoo Kim of our laboratory, prepared and assayed as described.23

Irradiations were performed in a JL Shepherd and Associates %0Co irradiator, model 484R-2
(San Fernando, CA, USA). The dose rate was calculated at the beginning of each experiment
and was in the range of 150 Gy/min. One hundred microliters air-saturated solution was
placed in a 1 ml screw cap vial (Agilent Technologies #5182-0715, Santa Clara, CA, USA)
fitted with a PTFE/silicone septum cap (Agilent 5190-3156), and irradiated on ice. In
experiments in which the dose of radiation was varied, a separate vial was incubated for
each dose. Glutamine synthetase was 280 pg/ml in 25 mM K,;HPO,, 100 mM KCI, 10 mM
MgCl,, pH to 7.4. Methionine sulfoxide reductase A was 125-150 pg/ml in phosphate-
buffered saline, pH 7.4.

Amino acid analysis

Analysis of amino acids and of proteins was performed with and without incubation with
CNBr in order to quantitate both methionine and methionine sulfoxide. The procedures were
performed as described?4 except that the column was a Zorbax Eclipse AAA (#966400-902)
fitted with a guard column (Agilent #820950-931), and the gradient program was from
Agilent.2

Statistical analysis

Results

All results reported in this paper are the average and standard deviation of at least two
replicate experiments performed on separate days. Differences were assessed by Student's t-
test.

Protection is not dependent on sequence

In a previous study, we synthesized a decapeptide with sequence DEHGTAVMLK to test
whether it could protect enzymes from inactivation during irradiation.! The amino acid
content of the peptide was selected to match that of peptides present in the protective
fraction prepared from D. radiodurans, but the sequence was chosen arbitrarily. The
decapeptide provided the enzymes BamH1 and glutamine synthetase with remarkable
protection against inactivation by irradiation, and protection was enhanced by addition of
millimolar manganese. We have now compared protection provided by the original
decapeptide with that of a decapeptide in which the sequence was scrambled to
THMVLAKGED (Fig. 1). The two peptides were equally protective, leading us to conclude
that composition and not sequence is of primary importance.
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Determinants of protection efficiency

The protective efficiency of the various amino acids should correlate with the efficiency of
their scavenging of reactive species produced by irradiation. We measured the reactivity of
the 20 amino acids typically present in proteins by determining the fraction that was
modified by exposure to 5 kGy (Fig. 2). Methionine, the aromatic amino acids histidine,
tyro-sine, tryptophan, and phenylalanine, along with cysteine were the most reactive while
the hydrophilic amino acids were the least reactive. We then investigated the ability of the
20 amino acids to protect glutamine synthetase from inactivation during irradiation (Fig. 3).
The aromatic amino acids, histi-dine, phenylalanine, tryptophan, and tyrosine, and the sulfur
containing amino acids, cysteine and methionine, were by far more effective than the other
14. Thus, the protective ability of these individual amino acids paralleled their susceptibility
to oxidation. However, the branched chain amino acids, isoleucine, leucine, and valine, were
relatively susceptible to irradiation but were poorly protective of glutamine synthetase. We
do not have a mechanistic explanation for this dichotomy. Methionine sulfone, whose sulfur
cannot be further oxidized, did not protect glutamine synthetase, and methionine sulfoxide
was less protective than methionine (Fig. 4A). The notable ability of methionine to protect a
protein from oxidative inactivation is consistent with its incorporation into proteins as an
antioxidant.26:27

We also found that the o and . forms of the amino acid were equally protective (Fig. 4B).
Thus, employing the o form might be useful when it is desired to protect cells with a
compound that would be poorly taken up by the cells or would be relatively inert
metabolically. The status of the amino and carboxyl groups did not affect the ability of
methionine to protect glutamine synthetase: There was no difference in protection by
methionine, N-acetyl methionine, methionine amide, and N-acetyl methionine amide (Fig.
4C).

Mechanism of manganese effect

Manganese enhances the protective effect of the deca-peptide, DEHGTAVMLK, for
glutamine synthetase and BamH1 at modest irradiation doses.! At least three mechanisms
for the manganese effect may be operative: (1) Manganese scavenges superoxide, a reaction
that is greatly stimulated by bicarbonate/ CO,.2829 (2) Manganese, again in a bicarbonate-
dependent reaction, forms a complex with amino acids and peptides that catalytically
scavenges hydrogen peroxide.3? (3) Manganese can bind directly to divalent cation binding
sites that are common in enzymes, and it typically binds with a higher affinity than does
magnesium.31 We previously compared protection by manganese alone or manganese with
deca-peptide in phosphate buffer or bicarbonate/carbon dioxide buffer under conditions
known to produce compounds capable of scavenging reactive oxygen species in a
bicarbonate-dependent reaction.30-32 The bicarbonate/carbon dioxide buffer did not enhance
protection (Fig. 4E1), arguing against operation of the scavenging mechanisms (1) and (2).
To probe whether the direct binding of manganese to the protein was protective, we
compared the protective effect of histi-dine with and without manganese on the inactivation
of two enzymes, glutamine synthetase and methionine sulfoxide reductase. Glutamine
synthetase has two well defined binding sites for divalent cations while methionine
sulfoxide reductase has no known divalent cation binding site.33 If binding of manganese to
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the protein were the only mechanism by which manganese enhances protection, then we
should observe manganese-dependent protection of glutamine synthetase but not of
methionine sulfoxide reductase. That is what was observed (Fig. 5): addition of manganese
enhanced the radioprotection provided by histidine to glutamine synthetase but not to
methionine sulfoxide reductase, consistent with a protective mechanism mediated simply by
binding to the cation binding site on glutamine synthetase.

Effect of peptide linkage and design of a peptide with improved protective ability

If the protective effect of the amino acids in a peptide were additive, then a given
concentration of the peptide would be as effective as the same concentration of free amino
acids. There are situations where that may be advantageous, for example, when one wants to
provide protection without exposure to a substantial increase in osmolality. We synthesized
peptides containing two of the most protective amino acids, His and Met, with the
expectation that inclusion of histidine would increase the solubility of the peptides. The
protective ability of the free amino acids and those in peptide linkage was determined by the
total concentration of His and Met (Fig. 6). Thus, 0.5 mM of the hexamer, His-Met-His-
Met-His-Met, was as protective as 3 mM total free amino acids. Glutamine synthetase has
an allosteric site that binds c-histidine,34 but this result and the equal protection provided by
o- and c-histidine indicate that binding to the allosteric site is not involved in the protective
mechanism.

The major reason for performing the studies reported above was to provide a rational basis
for the design of peptides with even greater protection than that provided by the original
decapeptide.l We therefore compared the protective effect for glutamine synthetase of 10
mM total amino acids provided by either 1.0 mM decapeptide (DEHGTAVMLK) or 1.6
mM of the hexapeptide HMHMHM (Fig. 7). As expected, the decapeptide was highly
protective, increasing the irradiation dosage required for half-inactivation (Dsgg) from 2 to 33
kGy. The His/Met containing hexapeptide was remarkably more effective, increasing the
Dgg to 112 kGy.

Discussion

The partially purified fraction prepared from D. radiodurans that had strong radioprotective
properties was rich in peptides, with the sum of the concentrations of methionine, histidine,
and tyrosine exceeding 3 mM.1 This finding prompted us to synthesize the decapeptide
DEHGTAVMLK. Its amino acid composition was selected to include most of the prevalent
amino acids in the protective fraction, but the sequence was chosen arbitrarily. The
scrambled peptide tested in this study was equally protective, indicating that the amino acid
composition determines protection. We thought it would be possible to improve the
efficiency of protection by altering the composition of the peptide to include amino acids
most sensitive to irradiation because these would be the best scavengers. There is a vast
literature reporting studies on radioprotective compounds, on irradiation of proteins,
peptides, and amino acids, and reporting kinetic data for reactive species produced by
irradiation — under a variety of experimental conditions.3®> We utilized amino acid analysis
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to provide a simple mechanism for assessing protective efficacy under the specific
irradiation conditions used in studies with Deinococcus and other cells.

The two sulfur containing amino acids and the four aromatic amino acids were most
protective of gluta-mine synthetase activity, with or without added Mn?*. These were also
the amino acids most degraded by a given irradiation dose. However, the branched chain
amino acids, isoleucine, leucine, and valine, were also highly degraded but were poorly
protective of glutamine synthetase, suggesting that the particular reactive species that
inactivates glutamine synthetase is especially well scavenged by the aromatic and sulfur-
containing amino acids. An alternative explanation is that inactivation of glutamine
synthetase can be effected by certain products of irradiation of the branched chain amino
acids such as hydroperoxides or aldehydes. We tested this possibility by exposing solutions
of 1 mM manganese and 3 mM of an amino acid (histidine, methionine, leucine, isoleucine,
or valine) to 20 kGy irradiation. Glutamine synthetase was then added to the solutions and
allowed to stand for 1 hour at 4 °C before assay. None of the irradiated amino acid solutions
affected glutamine synthetase activity.

Manganese alone at 1 mM provided slight protection; addition of manganese to 3 mM
amino acid or peptide improved the protective ability of the amino acids or peptides.
Comparison of the manganese effects on glutamine synthetase to that on methionine
sulfoxide reductase provided evidence that protection by manganese requires binding of
manganese to defined divalent cation sites on the proteins. Glutamine synthetase has such
sites while methionine sulfoxide reductase does not, and only glutamine synthetase was
provided additional protection by manganese. The mechanism of protection is thought to be
by prevention of binding of iron to the cation site.38 The binding of metals such as
magnesium, zinc, calcium, and manganese to divalent cation binding sites is dynamic, with
the fraction of time that the site is occupied by that metal cation determined by the affinity
of the site. Thus, some fraction of time the site is temporarily unoccupied. Adventitious iron,
which is ubiquitous, may bind to the site during that period. In the presence of oxygen and,
especially, reactive oxygen species such as hydrogen peroxide, Fenton chemistry will
generate a reactive species. Because the reactive species is generated at the essential cation
binding site, the site is damaged and the enzyme is inactivated or the protein loses structural
integrity and cannot function properly. Although the oxidation is usually mediated by a free
radical, it occurs in the ‘cage’ formed by the cation binding site and is thus site specific.36
We conclude that manganese enhances protection from irradiation by binding to pre-
exisiting divalent cation binding sites on proteins. We suggest that this is the likely
mechanism by which the high intracellular concentration of manganese in D. radiodurans
contributes to the organism's radioresistance because almost all of the enzymes involved in
DNA repair have an essential divalent cation binding site at their active sites.

The sulfur-containing and aromatic amino acids provided impressive protection to glutamine
synthetase against ionizing radiation. This is consistent with the recognized ability of
cysteine in glutathione and proteins and of methionine in proteins to provide antioxidant
protection to the cell.26:37 They are superior to the arbitrarily chosen peptide composition
used in our earlier studies that itself provided impressive protection.! Practical applications
have already been developed. Gaidamakova et al.38 showed that viruses and bacteria could
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sterilized by high-dose irradiation while preserving the antigenic integrity of the

organism's proteins, providing a novel approach to vaccine development.

D.

radiodurans is resistant to many stresses besides ionizing irradiation. These include UV

radiation, dessication, DNA damaging agents, and reactive species such as hydrogen

pe

roxide.”:39 The common feature of all of these stresses is that they are mediated through

reactive oxygen species.’ Thus, the sulfur-containing and aromatic amino acids, whether
free or in peptide linkage, and whether the o or . forms, may also protect against these other
stresses.
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Figure 1.
Protection of glutamine synthetase from irradiation is not dependent on the sequence of the

decapeptide. 1 mM MnCl, was present in all samples. (A) Peptide concentration fixed at 3
mM and radiation dose varied. (B) Radiation dose fixed at 10 kGy and peptide concentration
varied. No peptide, green bar; Standard sequence DEHGTAVMLK, blue bar; Scrambled
peptide, THMVLAKGED, red bar.
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Figure 2.
Sensitivity of individual amino acids to irradiation. Both the amino acid and MnCl,

concentrations were 0.5 mM. The irradiation dose was 5 kGy.
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Figure 3.
Ability of individual amino acids to protect glutamine synthetase from inactivation. The

amino acid concentration was 3.0 mM and that of MnCl, was 1.0 mM. The irradiation dose
was 20 kGy.
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Figure4.
Protection of glutamine synthetase by amino acids. The amino acid concentration was 3.0

mM and that of MnCl, was 1.0 mM. (A) Methionine and its oxidation products. The
irradiation dose was 10 kGy. (B) o and . amino acids. The irradiation dose was 20 kGy. (C)
Methionine and its amino or carboxyl modified forms. The irradiation dose was 20 kGy.
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Figure5.

Effect of manganese and/or histidine on protection of enzymes from irradiation damage.
When added, manganese was 1 mM and histidine was 3 mM. Enzymes were irradiated to
cause ~75% loss of activity in the presence of histidine alone in order to facilitate detection
of a manganese effect in either direction. For glutamine synthetase (GS), the dose was 20
kGy and for methionine sulfoxide reductase (MSR), it was 10 kGy. At these high doses,
manganese alone provides no protection.! In the presence of histidine, manganese
significantly increased the protection of glutamine synthetase (P < 0.01) but not of
methionine sulfoxide reductase (P = 0.30).
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Figure6.
Protection of glutamine synthetase from inactivation by methionine and histidine, either free

or in peptide linkage. Each incubation contained 1.5 mM histidine, 1.5 mM methionine, and
1.0 mM MnCls,. The irradiation dose was 20 kGy.
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Figure7.
Protection of glutamine synthetase by peptides. Inactivation of the enzyme was measured at

doses of irradiation from 0 to 30 kGy. The inactivation curve was fit to a first-order process
by regression analysis with Prism for Windows version 5 (GraphPad Software, La Jolla, CA,
USA). The fit equation was then used to extrapolate to the irradiation dose required for a
50% loss of activity (half-inactivation). When added, DEHGTAVMLK was 1.0 mM and
HMHMHM was 1.7 mM, giving a total of 10 mM of amino acid residues.
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