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ABSTRACT 
 
Outside the Earth's magnetic field, Galactic cosmic radiation (GCR) is the dominant 
concern in human radiation exposure. The flux is constant and comprised of high energy 
particles from protons to iron ions. 
 
As a result of their high energy (bev) these particles create damage in bio-molecules -
such as DNA double strand breaks-- that result in genetic mutations and cancer induction. 
In mammalian cells, the defense that nature has developed is the direct ligation of broken 
DNA via the nonhomologous end-joining pathway.  It has been given the name NHEJ 
DNA Repair Nano machine.  It has only been partially successful in repairing the damage 
to human DNA.  The central topic of this paper is to consider a modification of this repair 
machine to improve its performance.  The objective is to increase the time that humans 
can spend in extraterrestrial space over the present limit of approximately 2 years. 
 
INTRODUCTION 
 
For flights beyond the earth's magnetic shield - i.e. at high altitude –Galactic cosmic 
radiation (GCR) predominates. This is comprised of high-energy particles from protons 
to iron ions. As a result of their high energy (bev) these particles create damage in bio-
molecules that can result in long time changes like genetic mutation and cancer induction. 
It is these biological changes that determine the major risk of long-term space missions. 
 
THE GCR RADIATION FIELD 
 
The energy spectrum of the GCR has a broad maximum near 2 hundred Mev per nucleon 
followed by a continuous decrease towards higher energies. Transport calculations for the 
GCR spectrum in various shielding materials, like aluminium, show that after a small 
decrease in the first thin shielding layers, thicker absorbers do not produce a net reduction 
of the biological effect that one might expect from the increasing mass of the shielding 
material. The decrease in the amount of low energy particles is almost compensated by 
the increase in nuclear fragmentation.  To protect astronauts from the damaging 
biological effects of GCR it is proposed to develop an alternate method to shielding. 
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ALTERNATIVE RADIATION PROTECTION STRATEGY - INCREASE THE 
HUMAN CAPACITY FOR DNA DOUBLE STRAND BREAK REPAIR. 
 
The signal injury from GCR exposure is induction of DNA double strand breaks (DSBs). 
In mammalian cells, the first line of defense against DSBs is the direct ligation of broken 
DNA ends via the non-homologous end-joining pathway.  It is proposed to develop a 
research program to strengthen this 'first line of defense' and extend the stay-time of 
astronauts on the Moon or Mars. It is likely that nano-therapeutics - a rapidly expanding 
area of medical research and development - will play a major role in this strategy. 
 
SPACE ENVIRONMENT RADIATION RISK 
 
Astronauts are exposed to i) protons ii) high energy heavy (HZE) ions with high charge 
(Z) and high energy (E) plus secondary radiation - mainly neutrons.  The energy pectrum 
of the GCR is a maximum near 1000 Mev/nucleon – so penetrating that shielding can 
only partly decrease the dose received by the crew. Thick shielding has problems for 
launch systems due to the extra mass and can only reduce the effective GCR dose by 
about 25% using Aluminum and about 35% using polyethylene.  So, except for solar 
protons, shielding cannot be a solution for the problem of radiation exposure in space. 
Biophysical models show that energy deposition by high LET radiation, produce different 
DNA lesions, including complex DNA strand breaks.  The number of single –strand 
breaks (SSBs) and double-strand breaks (DSBs) varies little with radiation type(ref.1).   
But, for high LET radiation much DNA damage is complex, consisting of mixtures of 
SSBs and DSBs and occur within a localized region of DNA.  Repair of DSBs occurs 
through direct end-joining and homologous recombination. Multiple DSBs result in little 
repair and thus cell death.   The risk of cancer increases. The maximum acceptable level 
of this risk for astronauts is set at 3% fatal risk (that is, risk of mortality from cancer). 
  
MECHANISM OF DNA DSB REPAIR BY NON-HOMOLOGOUS END JOINING 
(NHEJ ref.2) 
 
In this mechanism the broken ends are brought together and rejoined in the absence of 
long tracts of sequence homology. This type of repair occurs in organisms ranging from 
bacteria to mammals, indicating that it has been conserved during evolution. Conceptual 
model of the NHEJ mechanism: the ends are simply brought together and then joined as 
in Fig.1  Model of NHEJ Repair. 
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Fig. 1 

 
A problem may occur, however, in that, if the cell incurs more than 1 DSB, then 
previously unlinked DNA molecules may be joined, resulting in gross chromosomal 
rearrangements. In mammalian cells, the correct ends are usually rejoined by NHEJ.  The 
binding of specific protein factors to the broken ends is the first step in NHEJ (Fig.lc).  
The key step in NHEJ is the physical juxtaposition of the DNA ends (Fig.l c). If the 
juxtaposed DNA ends can be directly ligated then the repair event only requires the 
action of a DNA ligase for completion. However, most DSBs generated by exposure to 
DNA damaging agents, do not have ligatable termini and so must be processed prior to 
ligation. This implies the participation of enzymes that remove lesions such as 
phosphoglycolates from the DSB terminal in NHEJ. After end bridging, there appears to 
be an alignment step in which the DNA sequences close to the ends are compared and 
then aligned (Fig. 1d).  
 
BIOCHEMICAL PROPERTIES OF THE NHEJ FACTORS IN MAMMALS 
 
Genetic and biochemical studies have identified the Ku complex, a heterodimer of Ku70 
(69 kDa) and Ku86(83 kDa, also known as Ku80), as the major DNA binding factor in 
mammalian cells (see Fig.2). 
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Fig.2 

 

 
The crystal structure of Ku complexed with DNA revealed that the heterodimer has a 
toroidal shape with a central hole big enough to accommodate duplex DNA (ref.3). The 
interior of the asymmetrical ring is lined with positively charged amino acids, allowing 
for sequence-independent interaction with the neg. charged phosphodiester backbone of 
duplex DNA. The activity of Ku in end joining is dependent on inositol 6 phosphate 
(IP6), which binds to the Ku complex (refs4-6) . An emerging common theme for 
different DNA repair pathways is the role of protein –protein interactions in the assembly 
of multi-protein repair complexes (Fig.3). 
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Fig.3. 

 
By virtue of its localization to DSBs at an early step in NHEJ, DNA-PK is well situated 
to recruit other DNA repair factors to assist in the repair and processing of the lesion. The 
core NHEJ factors are also required for the completion of V(D)J recombination initiated 
by the site specific RAGl/RAG2 endonuclease. Following the alignment and nucleolytic 
processing of the broken DNA ends there are usually small gaps that will need to be filled 
prior to DNA joining. The mammalian POL X family members (Fig. 3f) Pol µ and Pol λ 
have been implicated in the gap-filling reactions associated with NHEJ (7,8).  In 
mammalian cells then, the first line of defense against DSBs is direct ligation of broken 
DNA ends via the nonhomogolous end-joining pathway. Repair can also be accomplished 
by homologous recombination (HR) - see Fig 4. During HR, a homologous sequence 
(usually a sister chromatid) is used as a template to retrieve genetic information and to 
repair the damage. In contrast, NHEJ rejoins the 2 DNA DSBs directly without requiring 
sequence homology between the DNA ends. 
 



 6 

Fig.4 

 
Homologous recombination also provides a pathway by which stalled or broken 
replication forks can be re-established, thereby allowing cell survival. This method of 
repair will not be dealt with in this paper.  
 
DNA REPAIR NANOMACHINE - THE NHEJ REACTION FOR DSB REPAIR 
 
The cell nucleus is full of nanometer-scale structures associated with functions such as 
RNA transcription; RNA processing; DNA replication and DNA repair. These structures 
are not enclosed in individual lipid membranes and are self-organizing nanomachines. 
DNA repair goes on continually in human cells, being a response to damage from 
environmental toxins and endogenous oxidative species. The human genome encodes 
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about 150 genes for DNA repair proteins. These proteins organize to form about 12 
different types of repair nanomachines, each specializing in a different type of damage. 
 
Double Strand Breaks(DSBs) and Maintenance of Genome Integrity 
Ionizing radiation causes DNA DSBs leading to potent biological effects(ref.9). DSBs 
lead to chromosome breaks and to production of acentric chromosomal fragments etc. 
Even an unrepaired DSB can result in significant loss of information during cell division 
and cell death (ref. 10). Passage of high energy ionizing radiation through tissue 
generates reactive chemical species distributed inhomogenously along nanometer-scale 
tracks. When a radiation track intersects the DNA helix, both strands are damaged 
simultaneously, frequently with the formation of a DSB. DSB repair starts once damage 
is detected, with a rapid component having a half-life of between 7 and 14 minutes and a 
slow component of 60 to 90 minutes (ref.11). Two different types of nanomachines act in 
the repair of DSBs. As mentioned above, only the non-homologous end joining (NHEJ) 
will be considered here, in which DNA ligase directly rejoins broken DNA ends that have 
little homology and often leave a small region of altered sequence at the break site 
(refs.12 and 13). NHEJ appears to be the main path at clinically relevant radiation doses. 
 
Structure Function and Assembly of the NHEJ Nanomachine 
NHEJ occurs within visible subnuclear structures called repair foci, or ionizing radiation 
induced foci. Such structures are defined by the presence of a domain of modified 
chromatin enriched by a phosphorylated histone variant, γ-H2AX, which can be 
visualized with anti-γ-H@AX antibodies (ref.14). The foci appear minutes after 
irradiation and vanish in 60 to 90 minutes. The number of foci approximates the number 
of DSBs expected for a given dose of radiation. Fig. 5 shows human melanoma cells 
irradiated with 0.1 Gy of ionizing radiation, predicted to generate about 3 DSBs per 
diploid human genome. Three to four foci are seen in these cells 30 minutes after 
irradiation. After 90 minutes most of the foci have disappeared. 
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Fig.5 

 
The internal structure of the repair foci is still unknown, but one can deduce some facts 
based on genetic, biochemical and cytologic studies (Fig. 5 B and C). From 
immunofluorescence microscopy, repair foci appear initially as diffraction-limited point 
sources that suggest that their maximum dimension is less than 250 nm (Fig.5B). The 
domain of γ-H2AX -containing chromatin extends about 1 megabase pair (Mbp) on either 
side ofthe break (ref. 14). A DNA region of this size has a boundary length of about 
70,000 nm - several hundred times the maximum estimated diameter of repair foci. 
Cytologic characterization of repair is one approach to understanding NHEJ; genetic and 
biochemical studies provide another one, focusing on the role of enzymes and other 
DNA-binding proteins. Fig.5C illustrates the present understanding of the core NHEJ 
complex based on these studies. The 2 halves of the broken DNA are shown as double 
helices entering from opposite directions. Protein-DNA contacts detected by photocross- 
linking are shown as circles on the DNA helix (refs.15 and 16).  Five gene products bind 
directly to broken DNA ends and have a direct enzymatic role in NHEJ. Ku protein, a 
heterodimer of 70-kDa (Ku70) and 80-kDa (Ku80) subunits, binds tightly to broken DNA 
ends (ref.17); translocates inwardly after binding and recruits the DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs) - refs.18 and 19). Of the 5 gene products which 
make up the core enzymatic machinery for NHEJ, only a phosphorylated form of DNA-
PKcs has been shown to be present in repair foci by immunofluorescence(ref.20). 
 
Modifying the Function of DNA Nanomachines to Increase High Energy 
Radiation Damage Repair Capacity 
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Modification of the NHEJ nanomachine so as to increase the rate of repair would be one 
way of increasing the stay-time of astronauts on the Moon and Mars. It is known that 
single-chain antibodies (scFv for single chain fragment,variable) can modify 
nanomachine function (ref.21). It is suggested that there may be forms of scFv that 
increase the rate of NHEJ; scFv 18-2, for example, has been shown to interact with NHEJ 
and in fact inhibits it. 
 
 

Fig.6. 

 
There is evidence for an interrelationship of transcription and DSB repair (ref.22). 
Nuclear extracts from cells lacking Ku protein, for example, show a characteristic defect 
in transcriptional reinitiation, and certain Ku mutants have a dominant negative effect on 
transcription (ref.22). Ku can be chemically cross-linked in situ to regions of activty 
elongating chromatin  Indeed, for unclear reasons, loss of Ku function human somatic 
cells leads quickly, in a few days, to loss of cell viability. It has been proposed that NHEJ 
nanomachines may assemble near, or on, the surface of "active chromatin hubs" that 
serve as the main site of pre-mRNA production in the cell; the ability of these hubs to 
organize chromatin into loops may stabilize pairing of broken DNA as the repair machine 
assembles. 
 
CONCLUDING REMARKS 
 
As strategy for increasing the rate of repair of human DNA damage (DSB mainly) by 
high energy galactic cosmic radiation (GCR), it is proposed that NASA launch a long 
term research program to investigate the rate of NHEJ and how to increase it initially by 
the use of single-chain antibodies such as scFv. The objective is to increase human stay-
time on the Moon and Mars by at least a factor of two. 
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