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INNPUBETCTBHE ITIPE3UJEHTA BCEAPMSIHCKOI'O
BHO®PHU3HYECKOI'O OBIIECTBA

VBaxkaemble 1aMsbl U rocnozal

Ha apmsHckoii 3emne ceroaHs Oonbiiod npa3sgHuk. Mbl  coOpanuch
ormetuth 105-netne Hukonas BnagumupoBuya TumodgeeBa-PecoBckoro,
YeJioBeKa HCKIIOYMTENbHOM CynbObl, TI€HHAIbHOrO YYEHOrOo OrPOMHOrO
Maciutaba, ChIrpaBLIEro BBIAAIOILYIOCS POJIb B BOCCTaHOBJIEHHH HCTHHHOM
6uonorun kak B Poccuu, Tak U B ApMmeHuH, a Taioke 70-netue «3eneHoii
TeTpaan», HamucaHHoH TumodeeBbiM-PecoBckum, Kapnom Ilummepom
Makcom JlensOprokoM, Tpyaa, KOTOPbIH UMeN OFPOMHOE 3HaY€HHE B Pa3BHUTHH
6HoI0rH4ecKoi HayKH.

I'ny6okue 3HaHMA, BbiCOKas SpyAavuus aan¥ Hukonaio BrnagumupoBuuy
BO3MOXHOCTb 4eTKO C(OpMyJIHpOBaTh 3a/laid MOJIEKYJIIPHOH IE€HETHKH,
610 H3NKH, paTHOOHOJIOrHH, SKOJIOTHH U 3BOJTIOLIUH.

Hcxons w3 3TOro, OprkOMHMTET cuesl HEOOXOOWUMBIM BKJIIOYHTH BCE I3TH
npoGieMbl B OBECTKY NaHHOH KOH(EpEeHLIUH.

Bynyun yBepeHHbIM, uTo ayx Hukonas BnagumupoBnua BHTaeT Han
ApMeHHell M cpenu Hac, XeJalo BCEM HaM, OCOOEHHO MOJIOIBbIM YHEHBIM,
GOJNIBIINX YCIEXOB, HHTEPECHBIX HayYHbIX COOOIIEHUH.

LI.M. ABaxsH,
npe3uaeHT BeceapmsHckoro 6uodusnyeckoro obiiectsa
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MMPUBETCTBEHHBI AJIPEC ITPE3UIEHTA HAITMOHAJILHOM
AKAJIEMHHY HAYK APMEHUH

nyGokoyBaxkaeMblii peacenaresb, rydbokoyBaxaemoe cobpaHue!

B pa3ButHe OGHonoruyeckoi Haykd B ApMEHHH CBOH OrpOMHBIH BKJ1aJ BHeC
BblAatomuiica pycckuii yyenbiii H.B. Tumocdees-PecoBckmii. HauuHas ¢
1963r. OH HeOOHOKpaTHO mocelwlal ApMEHHIO, YHTal JIeKUMH IO
COBpPEMEHHBIM  BONpOCaM TE€HETHKH, OHODH3MKH M  paaHoOGHOJOrHH.
ApMSHCKHE YY€Hbl€ H CTYAEHTBI BIEPBBIC MOJYYHIH BO3MOXHOCTb CIyLUaTh
H3BECTHOIO YY€HOro B MEPHO «LIapCTBOBAHHUA» JILICEHKOBCKOH JKeOHOJIOrHH.
Jlexuuu 6bUTH MpouuTaHbl kak B EpeBaHckoM rocyHusepcHrere, Tak 4 B HUHU
semienenus U Hop-Am6epackoii wmkone HMHcturyra ¢usuku. Kpome Toro,
Hukonait BnagumupoBH4 coeHCTBOBaJI OpraHH3aliMd Hay4HbIX J1abopaTopHii.
OH coBMecTHO ¢ akagemukom B.W. KoporoauHbiM sBisics HayuHbIM
PYKOBOAMTENIEM TPYMNIbl YYeHbIX, KOTOpbE MNpouUuIH wKomy B HHcTHTyTe
paauaunoHHO#N 6uonoruu B r.O6HMHCcKe. Hukonad BnaaumMupoBHY npHHHUMAa
TaK)Ke aKTHBHOE YYacTHe B MeXIYHapoAHbIX kKoH¢epeHLusax B EpeBane (1968,
1972).

H.B. Tumodee-PecoBckuii 6bu1 cBA3aH ¢ ApMEHHEH MHOTMMH Y3aMH.
Kaxnpiii pa3, npuezxas B APMEHHIO, BbICTyNas C JIEKLUMAMH, OH aBal HOBOE
JbIXaHHe SHTY3HAaCTaM HayKH, KOTOpbIE M03Ke MPETBOPSAIH €70 HAEH B KH3Hb.

Iocne ero cmepru BnepBbie B Epeeane (1983, 1989, 2001) 6wutn
opraHu3oBaHbl  «UreHus», mnocBsameHHble namatH  H.B. Tumodeena-
Pecoscxoro.

HayyHoe Hacnenuwe Hukonas BrnaaumMupoBHYa OrpOMHO M NPHHAUIEKHT
BCceMy uenioBeuyecTBYy. I1o3TOMy, AEHCTBHTENBHO, Ha TaKOM MEXIYHapOAHOM
dopyMe, rae cobpaich ydeHble H3 pa3HbIX obacTelt COBpeMEHHOH GHOJIOTHH,
OyayT peluaTbcs Hay4YHble NPo6JIEMBl, CBA3aHHBIE C €r0 HAEAMH.

Io3BosibTe elle pa3 HCKpPeHHE MPHUBETCTBOBATbh YYaCTHHMKOB KOH(EpEeHLHH
H TI0XKeNaTh yCrexoB B pabore.

@. T. CapkucsH,
npe3naeHT HanoHanpHOH akaneMHH Hayk ApMEHHH
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BBICTYILIEHME ITOCJIA POCCHIICKOMN ®EJEPAIIUH B
PECITYBJIMUKE APMEHUU

VBaxkaeMsie JaMBI M rocnoaal

Vxe Gonee Tpexcor ner Poccus u ApMeHHs cBf3aHbl OGIMHOCTBIO Cyael,
nobea ¥ nopaxenuid. Ha mpoTsukeHMM HCTOpPHYECKHX 3MOX BCErja B3auMHO
OnaroTBOPHBIMH  OBUTH  MONHTHYECKHE, COLMAIBHO-3KOHOMHYECKHE "
JIYXOBHO-KYJIbTYPHbIE CBA3H MEXAY PYCCKHM H apMAHCKMM Hapoaamu. MHorue
BHAHbIE apMAHCKHE JAEATENHM BIHTAIH 60rarcrso M pa3sHooOpa3ue BENTHKOMH
pycckod KyabTypel. MHOrHe M3 HMX BEpOH M mpaBmoH ciyxund Ha Onaro
POCCHIICKOMY TrOCYJAapCTBY, OTCTaMBAaA €ro HMHTEPECH H Ha MEXTyHapOAHOM
apene. CkBO3b MpPH3My BPEMEHH 0CO0O 3PDHMBIMH M MOHSATHBIMH CTaHOBSTCS
4eI0BEYECKHE 3a0MYKACHHA U MPO3PEHHS B NMOMCKAX UCTHHBI. Bpems oGnanaer
MOpa3UTENbHON CMOCOOHOCTBIO BCE pPAcCTaBNATb HAa CBOM MeECTa, AaBaTh
OOBEKTHBHYIO OLEHKY HMCTODHYECKHM MpOLIECCAM M COOBITHSM, AEAHHAM H
MBICIIAM TIOACH, B TOM YHCIE TEX, KOTOPBIX MBI Ha3bIBAEM BETMKHMH.

OaHHUM M3 TaKHX JIOACH, €IIE MPH XKH3HH NMPHYHCIEHHBIX K COHMY 0C060
sHameHuTbIX, Obin Hukonait Bnaaumuposuu Tumodees-Pecosckmii. O
ABJIAETCS OAHMM M3 OCHOBATENEHl M CTONMOB POCCHICKOH OHonoruyeckoi
HayKH, CTosAIeH B aBaHrapae ecrectBo3HaHus XX Beka. UenoBek yHHKaJIbHOH
cyabObl, CTaBIIHI CBHICTENIEM PYCCKHX PEBOMIOLHH H I'paxkaaHCkoH BOHHBI,
paboraBIMii YeTBEPTL BEKa B | epMaHMH, OTCHACBIINI B CTAJIMHCKHX JIarepsx,
TumodeeB-PecoBckuii Bceraa OCTaBaiCA IpaXJAHHHOM H NMAaTPHOTOM CBOCH
Pomunnt. Ero HenpeknoHHas BOIA, BHICOYAHIIMH HHTEIUIEKTYaJbHBIH YPOBEHB
W BHYTPEHHSAS KYJIbTypa OKa3aJHCh BBIIIE HCTOPHYECKHX KaTaKIM3MOB H
HIEONOrH4YecKHX GapbepoB.

MHoroe caenan y4eHblii U [ pa3BUTHS M€HETHYECKHX, OHOQH3MYECKHX H
paauobuonorudyeckux HccnenoBanuidi B Apmenuu. MimeHHo on B 1968 r.
cTosn y HCTOKOB co3gaHus B EpeBane naGopaTopuu paaHaLMOHHOH
6uo¢pu3uKy, 3anoxuBeil GyHIaMEHT pa3BHUTHA 3TOH HaykH B ApmeHuH. Ero
BBLAAIOLIASACSA ACATENBLHOCTD, B GONbIIEH CTEMEHH M3BECTHAs B Hay4HOH cdepe,
¢ BbIxoAOoM B cBeT kHWrd Jlanumna I'panmna «3yOp» crana 3HakomMa u
IIHPOKHM OGIIECTBEHHBIM KPYyraM.

«JIroan GbIBAIOT OYEHb IIOXME, CPEAHHME, XOPOUIME, OYEHb XOPOLIHE H
HEKOTOPOE KOJIHYECTBO 3aMEYATENbHbIX I0ACHY, - mobun nosropare Hukonaii
TumodeeB-Pecockuii. Cam yueHblHi Obl1 M3 TOH KOTrOPTHI 3aMe4aTElbHBIX
JMYHOCTEH, KOTOPbIMH BNpaBE rOPAUTHCA HE TONbKO Poccus u ApmeHus, HO U
BECb MMP.

H. B. ITasnos,

nocon Poccuiickoit ®eaepaunu B Pecnybnnke ApmeHuu
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WELCOME TO THE PARTICIPANTS OF THE CONFERENCE
DEDICATED TO N.W. TIMOFEEFF-RESSOVSKY

On behalf of Prof. Birchmeier, director of the Max Delbriick Center in
Berlin-Buch, I would like to cordially welcome you to this conference which is
dedicated to Nikolai Wladimirovich Timofeeff-Ressovsky and the
70™ anniversary of the famous publication “On the Nature of Gene Mutations
and Gene Structure” (das “griines Pamphlet”) by Nikolai Timofeeff-Ressovsky,
Karl Zimmer, and Max Delbriick.

Prof. Birchmeier thanks for the invitation by the Yerevan Physics Institute
and the All-Armenian Biophysics Society and deeply apologizes that he was
not able to attend this meeting.

Since Prof. Birchmeier is not here today, I have the privilege to deliver you
his kind regards and I like to read his message to you:

As you all know, one of the three scientists involved in the “Three Mens’
Publication” is the eponym for our Institute, the Max Delbriick Center for
Molecular Medicine Berlin-Buch. Another one, Nikolai W. Timofeeff-
Ressovsky ‘was head of the department for Genetics at the Kaiser Wilhelm
Institute for Brain Research in Berlin-Buch for more than 20 years. It was the
tight collaboration of these three scientists during their time in Berlin that
resulted in the publication the 70" anniversary of which we now commemorate.
Max Delbriick’s words about this time:

“During the years 1932-1937, while I was assistant to Professor Lise
Meitner in Berlin, a small group of theoretical physicists held informal private
meetings, at first devoted to theoretical physics but soon turning to biology. Our
principal teacher in the latter area was the geneticist, Timofeeff-Ressovsky,
who together with the physicist, K.G. Zimmer, at that time was doing by far the
best work in the area of quantitative mutation research.”

I am very happy to be able to tell you that the memory of his contribution to
this famous historic work will now be honoured by naming a new research
building after him. Indeed, the “Timofeeff-Ressovsky Center for Medical
Genome Research” is very appropriately named after one of the fathers of
modern genetics (show picture).

The appearance of the “The Three Mens’ Publication” was a turning point
in biological sciences. Timofeeff-Ressovsky, Zimmer, and Delbriick were the
first ones to propose that genes are complex organizations of atoms. They
developed the ,hit concept” and the “target theory”. Indeed, “The Green
Pamphlet” was the starting point for molecular genetics and Erwin
Schrodinger’s influential book “What is Life?”, published in 1944, was inspired
by their work. In turn Schrédinger’s publication provided further impetus for
the development of molecular biology and genetics.
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It took nearly 20 years for the discovery of the structure of DNA by James
Watson and Francis Crick. A new world had been discovered and an old world
which seemed rather mystical was gone. This discovery was done using the
methods of physics and chemistry to understand biology. Wilkins' X-ray
crystallographic recordings indicated that the very long molecular chains of
DNA were arranged in the form of a double helix. Watson and Crick showed
that the organic bases were paired - in agreement with Erwin Chargaff earlier
works - in a specific manner in the two intertwined helices and showed the
importance of this arrangement.

Now we are back at a turning point in molecular biology. The UNESCO
announced the year 2000 as the end of the Century of Timofeeff-Ressovsky.
Today, the human genome is fully sequenced, the genome of mouse, rat and
dozens of other organisms, too. Nevertheless, can we say “The riddle of life has
been solved”? Today, we know many infinite details, but above all, there is
much more that we don’t know.

Today, in the post-genomic era, we need to study and understand biological
phenomena and systems in terms of how the genome sequence is translated into
function. The current scientific revolution in biology is functional genomics.
With genome sequences available, the powerful discovery tools of high-
throughput (“omics”) science must now be fully integrated with experimental
biology: structural, molecular, cellular, developmental and beyond. It aims at
complete understanding of living systems across the multiple levels of
biological organization, from the molecule to the cell and from there to the
organism. This is an enormously complex task that not only necessitates the
integration of all the sub-disciplines of biology but also the broader acquisition
of expertise from chemistry, physics, mathematics and computer science.

In a similar manner, ,,The Three Mens’ Publication arose from the
collaboration of scientists from different fields, the geneticist Timofeeff-
Ressovsky, the nuclear physicist Zimmer and the theoretical physicist
Delbriick.

The integration of physics, mathematics, chemistry and biology on a higher
level will be physically realized within our new Genome Research Center.
Therefore, the denomination of our building after Timofeeff-Ressovsky is a
consequence in the sense of the continuation of his pioneering work.

In the memory and recognition of this seminal work and his integrative
work, I wish you fruitful discussions, which may be a starting point for the
development of new ideas and collaborations. An open view beyond the own
research field will bring also new insights into the own research field.

I thank very much for your attention!

S. Seyfried,
Max Delbriick Center, Berlin-Buch
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FROM THE MUTATION THEORY TO THE THEORY OF THE
MUTATION PROCESS'

S.G. INGE-VECHTOMOV

Department of Genetics and Breeding, St. Petersburg State
University, University embankment, 199034 St. Petersburg,
Russia. E-mail: inge @SI12444.spb.edu

“The general theory of inheritance seems to me
the same way impossible and unnecessary

as the general theory of variability”.
K.A.Timiryazev, 1890

“...science is the art of doubt, not of certainty”.
F.Ashcroft, 2005

Abstract - The main contributions to the biology made by N.V. Timofeev-Ressovsky
and his co-authors (in “three gentlemen paper”, 1935) were: radiobiological approach to
the mutation process, materialization of the gene as a macromolecule and foundation of
molecular biology. These directions appeared as development of the template principle,
offered previously by N.K. Koltzov, the teacher of Timofeev. Finally Timofeev
formulated his principle of con-variant reduplication, which united two main biological
features - inheritance and variations as a single one. Study of primary lesions and repair
was added to the theory of mutations from this point of view. Nevertheless, we have no
satisfactory definition of mutation so far and even contemporary classification of types
of variations is contradictory now. The situation is explainable by the fact that the
classification was introduced rather from the phenomenological approach than from the
mechanisms underlying the variation phenomena. It is proposed to divide variations for
two groups: those connected with replication of genetic material and those connected
with expression of genetic information. This classification should be introduced without
a-priori division of variations on inherent and non-inherent because the same
mechanisms may be involved both in inherent and non-inherent variations, depending
upon taxonomic position and stage of ontogenetic development of the organism.

* Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P.15-26.
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MUTATION THEORY AND THE THEORY OF MUTATION

Keywords: mutation, variation, template principle, primary lesions, repair, variations
classification

1. Introduction

The tremendous contribution of N.V. Timofeev-Ressovsky to different
fields of biology is very well known. It is partially reflected in the title of our
meeting. Now it is 70 years of the “Green Pamphlet” (Timofeev-Ressovsky,
Zimmer & Delbriick, 1935) issued by three scientists: a biologist, a physicist
and a mathematician, who strongly influenced future development of Biology.
Among other consequences of this paper was its influence on E. Schrodinger,
who wrote his “What Is Life? The Physical Aspect of the Living Cell”
(Schrédinger, 1945). The paper of the three gentlemen should be considered as
the first ideological step in development of molecular biology and of molecular
genetics in particular.

We have to remember that the main questions discussed in the paper were:
the mechanism of mutagenesis and the nature of the gene. These two problems
are tightly linked to each other. Moreover their interpretation reflects the very
status of genetics during all periods of its history. Both the problems were
resolved in the paper in a very stimulating manner for that time. The gene had
been identified as a macromolecule and mutation was described as a change in
the structure of that molecule.

I am not going to discuss the contemporary problem of the gene here and
will consider it only in some aspects, namely in the aspect of mutational
variability and in the aspect of general theory of variability. Our modern
knowledge of genetic processes and of their molecular mechanisms shows that
in understanding of mutations and of the other types of vanability (including
modifications) we are still far from having a perfect understanding of what they
are.

2. Template principle

Interest in the nature of the gene and its variation originated in the works of
Timofeev-Ressovsky from the template principle in biology. This principle had
been formulated by his teacher N.K. Koltsov (Fig.1) in 1928 in his paper in
which he offered a hypothesis of template reproduction of the chromosome
(Koltsov, 1936).

From the modern position we shall say that Koltsov’s definition of the gene
as a protein molecule appeared to be wrong, but the template principle proved
to be absolutely right. Finally it was extended by Timofeev as the “principle of
convariant reduplication” of genetic material. This principle united the two
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processes as a single one: reproduction and variation of the gene. It supposed
that the gene reproduction (reduplication) is accompanied by variation of its
structure (mutations) and these mutant variants are capable of reproduction and
so on. Since that times the template principle became the central one in
development of molecular biology (Inge-Vechtomov, 2003).

FIGURE 1 - N.K Koltsov (1872-1940) (from Soyfer, 2001)

Highly promising in the study of inherent variations was the discovery of
radiation-induced mutagenesis in Drosophila by H. Miiller (1927). Timofeev
(in Germany) (Fig. 2) and another coworker of Koltsov — A.Serebrovsky (in
Russia) appreciated the meaning of this discovery and utilized the method of
induced mutagenesis in their works. Serebrovsky and his coworkers (with
H. Miiller among them) finally demonstrated the fine structure of the gene in
Drosophila in the 1930s (Miiller & Prokofyeva, 1934). Timofeev came to what
we now call the “Green Pamphlet”, working with the same object and utilizing
the same method as Miiller - registration of recessive lethal mutations in X-
chromosome of D. melanogaster.

Finally the template principle had been proved by demonstration of genetic
functions of DNA, by discovery of DNA structure and the mechanism of its
semi-conservative replication. So the substrate of “convariant reduplication”
was identified. Later we could see development of the template principle in
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Francis Crick’s Central Dogma of molecular biology (Crick, 1958). There are
many contradictory theses in the contemporary interpretation of the Central

FIGURE 2 - N.V.Timofeev-Ressovsky (1900-1981) Berlin-Buch, 1940 (Timofeev -
Ressovsky, 2000)

Dogma, but it is completely valid to consider it as a symbol of template
principle in biology. Even the recent discovery of so-called protein inheritance
(Prusiner, 1998) may be included in this scheme. This is the prion mechanism
of inheritance in lower eukaryotes (namely in fungi). In this mechanism of
protein inheritance we again deal with template processes. The difference is that
there is a protein template, which does not code the sequence of a daughter
molecule, as in nucleic acids, but defines the conformation of the sister protein.
Here we deal with inheritance on the level of protein conformation (Inge-
Vechtomov, 2003). Today therefore, we can see a triumph of the template
principle founded by Koltsov (1936) and extended by Timofeev-Ressovsky.

3. Mutations

An interesting episode accompanied the development of the other
achievement, published in the “Green Pamphlet™. It is interesting from natural
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scientific and from historical perspective. It concerns the very mechanism of
mutations. Timofeev, Zimmer and Delbriick first considered gene mutation as a
monomolecular reaction, which changed gene structure in accordance with the
“treffer teorie”, or the target theory, developed by the authors. In accordance
with this theory they got a one-hit dependency of mutation frequency from the
dose of irradiation. It was a nice generalization for that time. Later on it became
evident that the great majority of recessive lethal mutations in X chromosome
of Drosophila, induced by radiation, were small chromosome rearrangements,
predominantly small deletions. They needed two hits, two breakage points to
appear. Taking this into consideration, one-hit dependency appeared to be a
puzzle from the point of “traffer teorie”.

This contradiction was picked up by M. Lobashev, who tried to approach
the mechanism of mutation process from the other side. He considered mutation
as a result of non-adequate or non-identical repair of genetic material. Even as a
result of the repair of the cell as a whole (Lobashev, 1947). It is necessary to
say that Lobashev considered protein as genetic material the same way as
Koltsov did, and thought that the protein was a substrate of the repair process.
Nevertheless he was the first who put together two terms: mutation and repair.
He did it in 1946 in his theses of dissertation for the degree of Doctor of
Biological Sciences (Lobashev, 1946). Now we know that all three main
template processes: replication, transcription and translation include
mechanisms of correction or repair (Inge-Vechtomov, 2003). Later it was
proven that very often mutations start from primary lesions in DNA and that
mutations are fixed in the process of repair as inherent traits of genetic material.
Remember “mistakes of three R” (Replication, Recombination, Repair) offered
by Jack von Borstel in late sixties of the last century (von Borstel, 1969).

Timofeev-Ressovsky and Lobashev did not know each other until the
sixties, when Nikolai Vladimirovich was allowed to visit big cities such as
Moscow, Leningrad, Kiev etc. after his sentence to prisoner camp and liberation
from it. They met first in the apartment of Daniil Granin, the author of a
popular novel “A Bison* about Timofeev-Ressovsky’s life. Granin told me the
story of meeting of these two scientists. It was a really dramatic situation. These
two men were completely different. One of them — Timofeev-Ressovsky had
noble roots in his origin, he was a well-educated person, and he was still in
Berlin-Buch in 1945.

Lobashev was of completely proletarian origin. He was a very soviet
person. He also was a hero, of another novel, written by V.Kaverin - “Two
captains”, a very popular book in Soviet Union. The part of Lobashev’s life —
before the University is shown in this book. The dramatic episode of the
meeting of the two classics of mutagenesis was presented in our previous paper
(Inge-Vechtomov, 2004). Since that meeting they became friends and every
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year Lobashev invited Nikolai Vladimirovich to Department of Genetics in
Leningrad University (Fig. 3) and we (the students of that period) had
unforgettable opportunities to hear his brilliant lectures on population genetics,
evolution, mutations and radiobiology. Many of us, students of Lobashev in
Genetics Dept of Leningrad University, consider Timofeev as our teacher as
well.

FIGURE 3 - N.V.Timofeev-Ressovsky (left) and M.E.Lobashev (right) in Department of
Genetics and Breeding of Leningrad State University. Late 1960s. (Archive of the Department)

So, let us get back from history to natural science. These two scientists, very
different in their approaches, studied mutation process from different sides and
described very important features of it. In spite of time passed and huge amount
of information obtained since their time, we are still in a contradictory situation
in understanding the very nature of mutations.

Now we at least understand that mutation is not an abrupt event, but it is a
multi-step process. We even think about mutagenic pathway, which starts with
a step of formation of a primary lesion in genetic material (DNA). The primary
lesion is a substrate for several repair systems, which watches for the native
DNA structure. Then in the process of repair there may be “mistakes” and the
primary lesions are processed to the stable mutations.

Experimental evidence for the existence of the primary lesions in genetic
material was shown in the study of photo-reactivation of DNA, damaged by UV
light by A. Kelner and R. Dulbecco (1949) and a little more than one decade
later it was shown that photo-reactivation is an enzymatic process and its
substrates are pyrimidine dimers (Friedberg, 1995).

Now we know that only a few of the primary lesions are processed to true
mutations. Also the fraction of the primary lesions, which are processed into
mutations, is possibly different for different mutagens. Only a few experimental
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systems allow us to score this fraction directly. The first attempt to show it was
by M. Reznick and R. Holliday (1971), utilizing the genetic system of nitrate
reductase in Ustilago maidis. They showed that after UV irradiation without
photo-reactivation a fraction of inactive enzyme, which was encoded by the
damaged gene, appeared in the cells (Reznick & Holliday, 1971).

The next decade after that we utilized another system in Saccharomyces
yeast to calculate the ratio of the primary lesions and of the real mutations after
UV irradiation in a single locus. It was a system of mating types in S.
cerevisiae. There are two mating types in haploid yeast: o and f. It was shown
that in “illegitimate” crosses oo X B( hybrids appear predominantly through
phenotypic expression of primary lesions within the locus MAT. These primary
lesions express themselves as a transient a-mating type. And after mating these
lesions are repaired in more than 99% and the original mating type is restored
(Inge-Vechtomov & Repnevskaya, 1989) (Fig. 4). So it was evident that only
less than 1% of primary lesions after UV mutagenesis are processed in real
mutations. Now we are studying this ratio for different mutagens.

Another intriguing problem of mutagenesis is distribution of mutations and
susceptibility to mutagenesis within a cell population. The standard view is that
mutability is randomly distributed among cells in genetically homogeneous
populations. From this point the probability of multiple mutants should be
calculated by multiplication of the probabilities of every mutation event. But it
is not the case in some instances.

Sometimes we encounter the phenomenon of so called multiple mutability,
which we studied in the 19’s, also in yeast. It looks like there may be some cells
in genetically homogeneous cell population, which are more likely to undergo
the mutation process (Arefyeva & Inge-Vechtomov, 1977). Unfortunately, we
could say nothing about the mechanism of this phenomenon. Some kind of
similar phenomenon is described and discussed in paper of J.Drake in this issue
(2006).

4. Some more problems and contradictions

Besides that we still encounter a lot of contradictions in the classification of
not only the mutation types, but even in the general classification of the types of
variations. The widely accepted classification of variability is presented on
Fig. 5. It is not satisfactory now, though it is what we teach our students. Let us
take as an example so-called ontogenetic variability. It includes mechanism of
mutations and mechanism of recombination. If we remember differentiation of
immunoglobulins we encounter recombinational rearrangements of genetic
material and site directed elevated mutagenesis. At the same time we have
many examples of modifications — regulation of gene expression in ontogenesis
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and such events as genome imprinting and other effects, which we hide now
under the term of epigenetic variation. Epigenetics now is nothing more than
one more word, which does not clarify the situation, but makes it more
complicated.

~5% ((a*)) ~001% ({a)) ~s4m

CYTODUCTANTS

FIGURE 4 - Phenotypic expression of the primary lesions of genetic material. Hybridisation and
cytoduction among yeast (Saccharomyces cerevisiae) of the same o-mating type. See
commentary in the text

Even if we return to the problem of mutation the situation is not simpler.
Chromosome mutations or chromosome aberrations usually appear as a result
of either illegitimate or ectopic recombination either among non-homologous
chromosomes or between different regions of the same chromosome. We can
use a popular combination of words —~ “transposon mutagenesis”. In reality
“transposon mutagenesis” is an example of combinational variability because
transposon insertion is a result of recombination. So a great part of what we
used to call mutation in reality is a result of recombination — of the other type of
variability.

We may mention also so-called genome mutations, for example
polyploidisation. It is a change of cell content (change of copy number) of
genetic material. It happens regularly in ontogenetic differentiation of some
tissues. These, so-called mutations (genomic mutations) are connected with
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disturbance of micro-tubules in the cytoskeletal apparatus of the cell, but not of
DNA structure. I am not going to discuss modification of DNA bases (e.g.
methylation) which we do not consider as mutations, again trying to hide the
problem using the term “epigenetics”.

Types of variability

VARIABILITY
NON.-
INHERENT INHERENT

Combina- | Mutatio-| Onto-
tional nal | genetic

p— |

FIGURE S - Contemporary classification of variability

So, what is mutation? There is no satisfactory definition so far.

These contradictions are understandable because our accepted classification
of variability and of mutations in particular is based historically upon
phenomenology, but not on mechanisms, which became evident only later on.
Now we understand that the same mechanism may be involved in different
phenotypic events in different organisms or at different stages of its
development, and a vice versa, since different mechanisms may cause the same
phenotypic effect. The most intriguing example is connected again with
phenomenon of prions. It presents an example of typical modification of protein
molecule on the level of its secondary and tertiary structure, but not of its
primary structure. It is a typical modification (non-inherent change) in
mammals (Prusiner, 1998). At the same time it is an inherent variation in lower
eukaryotes (Wickner et al., 1995). So, to think either of the general theory of
mutations or even of the general theory of variations we must start to
understand their mechanisms rather than rely on pure phenomenology.

Probably by asking “What is mutation?” we are putting a wrong question. It
is well known from the history of science that it is necessary to put a right
question to get a proper answer. The history of mutagenesis study gives us a
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nice example of this. Remember that H. de Vries (1901) and even
S. Korzhinsky (1899) beforehand proposed their mutation (or heterogenesis -
S.K.) theory as explanation of evolution, considering mutations as the
clementary events of evolution. Now as a consequence of Timofeev-
Ressovsky’s works we understand that the elementary event in evolution is a
change of allele frequency in a population (Timofeev-Ressovsky et al., 1969)
de Vries defined mutation as phenotypic variations, but only when we started to
discuss mutations as a change in genetic material, was it the first real step
toward understanding of mutation variability made. In the same way it was
incorrect to ask how organs are inherited from generation to generation. Only
when Mendel asked how elementary characters are inherited, was it possible to
come to the general theory of inheritance (contrary to Timiryasev’s opinion.
See the first epigraph to this paper).

5. Prospects

In the same way if we want to understand the very nature of mutations (or
of whatever it is) we should return to the general theory of variation. It seems
reasonable to me:

(1) to classify different types of variations in connection with
mechanisms of template processes. All of them possess a
characteristic of ambiguity level. It means that variations are
already included in the very mechanisms of template processes.

(2) I would suggest for this purpose to consider only two types of
varniations: those connected with reproduction (replication) of
genetic material and those connected with expression of genetic
information (transcription, translation and some other events in
processing their products) (Fig. 6).

(3) Whether this or that type of variation would be inherent or non-
inherent depends on taxonomic position, the stage of development
of an organism and on a specific process in which this or that type
of variation would be involved.

It is possible to suggest that only this way we would be able to understand

the real nature both of mutation process and of inherent and non-inherent
variations.
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REPLICATION OF
GENETIC ----— VARIABILITY

EXPRESSION OF
GENETIC ----— VARIABILITY
INFORMATION

FIGURE 6 - Alternative classification of variability, proposed in this paper
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Abstract - The early conceptual basis of gene structure and mutation were laid down in
a handful of seminal papers, one of the best remembered being the “Green Pamphlet” of
1935 by N. W. Timofeeff-Ressovsky, K. G. Zimmer and M. Delbriick entitled “On the
Nature of Gene Mutation and Gene Structure”. The concepts of a molecular basis for
the gene and its mutability have expanded hugely since then and have generated the
entire field of DNA repair. Here, two current insights into DNA repair and mutation are
displayed. Replication repair is a newly established mode of recombination repair that
works through a copy-choice (template-switching) mechanism and that has been
reconstructed in vitro using the enzymes of DNA replication elaborated by
bacteriophage T4. In contrast, a pathological mode of primer-strand switching generates
templated complex mutations, and these greatly increase in frequency when the
shepherding proteins of replication repair are disabled. At the same time, many spectra
are found to contain a different kind of complex mutation whose components are more
widely scattered. These are argued to arise mostly through transient bouts of
hypermutation and are likely to contribute to carcinogenesis and to the virulence of
microbial pathogens.

Keywords: DNA repair, replication repair, templated mutations, multiple mutations

1. Introduction

Scientists who discover something new often later speak about an almost
instantaneous transition from a mental vacuum of understanding to a state

T Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P.271-281.
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where it is all so obvious that remembrance of vacuums past is impossible. A
reviewer of one of my papers once wrote something to the effect that the whole
thing seemed perfectly obvious, even trivial, until further reflection revealed
that the matter had been completely opaque the day before. Those few of you
who personally remember the mindset of 1935, when the Green Pamphlet
(Timofeeff-Ressovsky, Zimmer, & Delbriick, 1935) described certain then very
modern ideas about the nature of the gene, would understand how the idea that
the gene was a molecule seemed novel. Soon that idea took hold in key minds
and spread rapidly, but for half a century now has seemed ordinary rather than
revolutionary. I don’t know where the next such insight will surface, but it
might well be when a neurobiologist explains the molecular and cellular basis
of consciousness.

Although a great deal of complex experimentation was practiced in the
decades of the 1930s-1950s, I have the impression that those years were
dominated by a desire for the simplicity that often accompanies deep insights.
The target theory created by Timofeeff-Ressovsky, Zimmer and Delbriick was
fundamentally simple and could be comprehended almost immediately,
whereas its modern equivalent takes into account innumerable details happily
unknown in the early 1930s. The concept of DNA repair was latent in a number
of papers from the 1930s and 1940s but was not foreseen by even such
prescient scientists as Jim Watson and Francis Crick. Here I will lay out two
lines of investigation that started with a simple idea or observation and quickly
progressed to insights that were not anticipated, at least by me.

2. Replication Repair

A cell that is trying to replicate its DNA past a severe polymerase-blocking
lesion on the template strand faces a good chance of death or mutation. By the
middle 1970s, the Escherichia coli paradigm of recombination repair was
becoming well established: it is an efficient cut-and-paste process that obtains
the requisite genetic information from the other parental strand. However, this
kind of mechanism has still not been described in eukaryotes. Higgins, Kato &
Strauss (1976) proposed an elegant alternative way in which DNA damage
could be circumvented (Fig. 1). A blocked primer strand could switch
templates, jumping from the cognate parental strand to the other daughter
strand. This switch would be facilitated by first backing up the replication fork
a little way, although other routes to the same end could be imagined. The
primer strand could then elongate briefly on the ectopic template, perhaps until
it reached the 5’ end of the parental strand, and could then switch back to the
cognate template, having bypassed the lesion. This is a copy-choice mode of
recombination repair that does not involve strand cutting, although it would
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certainly require some shepherding. The HKS model was supported by
somewhat indirect experimental results because they were obtained with a
mammalian cell system that was amenable to neither genetic nor enzymatic
analysis. The model has been invoked many times since then, but only recently
has it received direct experimental support. In my laboratory in the 1980s, a
new epistasis group was described in bacteriophage T4 whose mutant alleles
increase sensitivity to the killing action of diverse DNA-damaging agents but
are distinct from alleles affecting excision repair or classical recombination
repair (the uvsWXY system) (Wachsman & Drake, 1987).

|

At the top, the extension of a
primer strand is blocked by a
lesion in the template strand.
Next, the replication fork
migrates backwards and the two
displaced daughter strands pair.
¥ Synthesis The previously blocked daughter
strand can then extend for a short
distance. Finally, the replication
> fork rearranges into a normal
configuration and the primer
strand is seen to have accurately
bypassed the lesion
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T

i

* Branch remigration

|

|

/——>

The newly characterized mutations fell in genes encoding various proteins
of DNA replication, notably gp32 (the SSB protein that binds to single-stranded
DNA) and gp41 (the replicative DNA helicase). It should be mentioned here
that T4 encodes most of the genes its needs for DNA transactions, and that
these genes resemble their eukaryotic and archaeal counterparts more than their
eubacterial equivalents. Much more recently, Farid Kadyrov, a Tartar
transplanted from Moscow Region to North Carolina, set up an assay for
detecting template switching using several of the proteins of T4 DNA
replication and an artificial replication fork bearing a polymerase-blocking
lesion a little ahead of one of the primer strands (Fig. 2).

By following the size of the labeled primer strand, he found that the blocked
primer terminus quickly extends up to the block, then switches to the other
daughter strand with the assistance of gp32 and gp41 and extends as far as its 5°
end, but in this first system the primer did not then switch back to its cognate
template (Kadyrov & Drake, 2003). The key observation was that the proteins
encoded by alleles defective in replication repair (32mms and 41uvs79) could
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not facilitate the switch. In contrast, when the T4-encoded recombinase UvsX
and the T4-encoded DNA helicase Dda replaced gp32 and gp41, both switches
were catalyzed (Kadyrov & Drake, 2004). Genetic tests had placed 32mms and
41uvs79 in one epistasis group and uvsX in another, so that two pathways of
replication repair must operate during T4 DNA replication, a surprising result
that we still do not understand. Furthermore, because the classical UvsWXY
system catalyses both ordinary genetic recombination and also recombination
repair (that is, survival after DNA damage even under conditions of single
infection), it is possible that all recombination repair in T4 is replication repair.
11 (320} 5'-GATTACAGAGTATTTAAZ G2 ITGATARGAGSTAT TGCOATGET TAGRGTTAAT IGTGARTTGOTOTGTAGTARA PJa  t taaat atgaa
{2 {90! 3'-CTAATCICTCATAMATTARCAABACTATTCTCCATANAACCCTACCARTCTCAATTAACACT TAACCACACATCATT TACt a2at t tata

TAARCTAGGTGTGCAASTTTATTASG- 3"

ATTICRTCCACAACCTICARATARTAC-3'

13 {70} 5'-GATTACAGAGTATTTARTTCTT T1CATAAGACSTATTT TCGRATCC T TAGACT TART TG TGARTTCSTGT
#4 (320} 3'-CTAATCTCTCATAAATTAACAAAACTATTCTCCATARARCCCTACCAATCTCAATTAACACTTARCCACACATCATITA gt cCacact tee

FIGURE 2 - An artificial replication fork. Strand #3 is the elongating primer and is *’P-end
labeled. The dot in strand #4 is a polymerase-blocking lesion resembling an abasic site and the
following “g” is another blocking lesion because dCTP was not included in the reaction mixture.
Strand #2 is the other daughter strand that is used as an ectopic template

This contrasts sharply with the situation in E. coli, where at least a lot of
recombination repair occurs by a cut-and-paste rather than a copy-choice
mechanism. Because the former mechanism could not be detected in yeast
(Resnick, Boyce & Cox, 1981), and because proteins involved in T4 DNA
transactions are more closely related to those in archaea and eukaryotes, it is
possible that the eubacteria perform most of their recombination repair
differently from organisms in the other two domains. It is also possible that E.
coli does indeed carry out some replication repair, because inactivating the E.
coli recA system still allows numerous lesions to be survived in phage A (Defais
et al., 1989), and because of ingenious genetic evidence that supports the
operation of replication repair (Ozgenc, Szekeres & Lawrence, 2005).

Students of the mutation process soon discover that there is a class of
mutations, widely seen in diverse spectra but usually in small numbers that
seem to bear some relation to template switching. Many of these mutations are
complex, that is, they consist of several base-pair substitutions or small indels
that arise together and are located close to one another. Frequently the same
cluster appears several times. When one searches the nearby sequences, it is
often possible to discover a sequence that could have templated the complex
mutation. Certain kinds of complex mutations, first described by Lynn Ripley
(1982), arise in the context of imperfect reverse repeats, usually with a spacer
sequence between the two repeats. She called these imperfect reverse repeats
quasipalindromes, which have the general sequence structure

XXXXABCDEFGXXXXXXGFEWCBAXXXX
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where X is any base, pairs such as A and A are complementary bases such as A
and T, and the pair D and W are non-complementary bases such as A and G, or a
base with no counterpart or with two or more bases as the counterpart. Note
first that the complement of the right copy of the inverse repeat is the sequence
ABCWEFG which, if used to replace ABCDEFG, causes the mutation D — W. If
the two components of the inverse repeat contain several non-complementary
bases, then a complex rather than a single change will result.

As Ripley pointed out in her canonical paper on the subject (1982), one can
imagine two different ectopic templates that could produce such mutations. One
such template is the primer strand itself: if it copies the first component of an
imperfect reverse repeat and the spacer sequence, then switches back on itself
to copy the complement of that same first component, then reverts to using the
parental strand as its template, some change(s) will be introduced into, in this
case, the second copy of the inverse repeat. This scheme is often drawn as a
hairpin-like structure and is easy to visualize mentally. The other ectopic
template is the other parental strand, and this is less easy to visualize.

Because templated mutations are infrequent, there have been few focused
studies concerning the mechanisms that generate them. In studies with phage
T4 and its cousin RB69, we have been using the T4 rI gene as a mutator
reporter because it has an appropriate size (291 translated bases) and many of
its missense mutations produce a phenotype that is easily recognized (Bebenek
et al., 2001). It happens that about 0.2 of the spontaneous mutations of this gene
are complex mutations of the form GCG — CTA at residues 146-148. The
relatively high frequency of these mutations made it possible to ask some
interesting questions about their origins. This mutation can be modelled by the
switchback scheme mentioned above, or when the ectopic template is the other
parental strand as shown in Fig. 3.

Our interest in templated mutations followed naturally from our work on
replication repair, which also depends on template switches. We considered two
hypotheses, each of which is to be contrasted with the no-effect null hypothesis.
In our first hypothesis, complex mutations are errors of template choice within
the general scheme of replication repair. Under this hypothesis, mutationally
disabling replication repair would be antimutagenic for templated mutations,
and our hotspot would be depleted. In our second hypothesis, spontaneous
melting of primer termini would suffice to initiate most templated mutations,
and the role of the proteins that conduct replication repair would be to shepherd
the primer terminus to the correct ectopic template. Under this hypothesis,
mutationally disabling replication repair would be mutagenic for templated
mutations. The experiments were simple albeit labor-intensive: T4 rI mutational
spectra were determined in the wild type and in 32mms, 41uvs79, and uvsX T4
genetic backgrounds.
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A complex mutation arising at T4 »/ 146-148: GCG — CTA
The quasipalindrome:
AAATAAAAGCGTAGAATCGTCTGAACAATTCTATAGTTTTATGA

Two parental strands have a quasipalindrome near a replication fork. The primer end
of one daughter strand melts and finds its complement on the other parental strand:

5'-TTTATTTTCGCATCTTAGCAGACTTGTTAAGATATCAAAATACT-3'

5.ppTATTTT
3'-AAATAAAAGCGTAGAATCGTCTGAACAATTCTATAGTTTTATGA-S'

The primer strand then extends by, say, 10 bases:

5'-TTTATTTTCGCATCTTAGCAGACTTGTTAAGATATCAAAATACT-3'
AATTCTATAGTTTTATTp 5

The extended primer strand melts away and reanneals with its cognate complement:

5'-TTTATTTTGATATCTTAA
3'-AAATAAAAGCGTAGAATCGTCTGAACAATTCTATAGTTTTATGA-S'

The terminal mismatch is excised and the primer strand is extended:

5'-TTTATTTTGATATCTTAGCAGACTTGTTAAGATATCAAAATACT-3'
3'-AAATAAAAGCGTAGAATCGTCTGAACAATTCTATAGTTTTATGA-S'

The next round of replication converts the former daughter strand into a homoduplex:

5'-TTTATTTTGATATCTTAGCAGACTTGTTAAGATATCAAAATACT-3'
3'-AAATAAAACTATAGAATCGTCTGAACAATTCTATAGTTTTATGA-S'

FIGURE 3 - The mutational consequences of an imperfect 15-base reverse repeat in the T4 r/
gene associated with a hotspot of complex mutations. The two components of the repeat are each
underlined except for the central 3-base imperfection. The left portion of the repeat is bases 140-
154 and the right portion is bases 165-179
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TABLE 1 - Rates of templated mutation are increased in phage T4 by mutations that disable
replication repair

T4 Mutation rate Relative rate
genotype (GCG » CTA)
Wild type 2.6 x 107 1
32mms 2.1x 107 82
41uvs79 4.6x10° 18
uvsX 1.8 x 107 7

Some of the results are shown in Table 1, from which it is clear that all three
mutations increase the rate of templated mutation.

Mutations modeled on reverse repeats with unchanged spacers:

A T A
GCACGTTTATATGCTTTTTGAAAATAAAAGCGTAGAATCGTCT

ATATAAA
GCACGTTTATATGCTTTTTGAAAATAAAAGCGTAGAATCGTCT

Mutations modeled on reverse repeats with inverted spacers:

A T TCAG G
AGCGTAGAATCGTCTGAACAATTCTATAGT

TGTTCAGACG
CGTAGAATCGTCTGAACAATTCTATA

A mutation modeled on a distant direct repeat

GAGA

FIGURE 4 - Other complex mutations. The mutational changes are shown above the local wild-
type 1l sequence. The two components of the repeat are underlined where they are fully
complementary. The two sequences in the top panel show a complex mutation first only where it
differs from the wild type and then as they presumably arose in a single block requiring only two
switches. Donor sequences are in bold face

These results support our second hypothesis, which is that a key role of the
proteins gp32, gp41l and UvsX is to shepherd the primer strand to the correct
ectopic template. The same mutations also increase the mutation rate to other
kinds of templated mutations in the T4 r/ gene, some of which are shown in
Fig. 4. A signature that distinguishes template switches to the same primer
strand versus to the other parental strand is the impact on the spacer sequence
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between the two components of a reverse repeat. When (and only when) the
ectopic template is the other parental strand, the spacer sequence can be
inverted. The two mutations in the bottom panel of Fig. 4 are of this type.

3. Other Nonrandom Clusters of Mutations

Complex mutations are always closely clustered, usually within no more
than about 20 bases. However, it has recently become clear that another kind of
cluster is often seen in mutational spectra, again usually in small numbers of
mutants (Drake et al., 2005). These mutants contain two or more mutations that
are usually well separated, sometimes by hundreds or thousands of bases. If the
mutations in a collection of mutants are distributed at random, then the average
number of mutations per mutant can be obtained from the fraction of mutation-
free individuals, which will correspond to the first term of the Poisson
distribution, €™ = 1 — F, where F is the mutant frequency. The expected fraction
of mutants with exactly i mutations is a'e/i! If one sequences M mutants, the
population size that yielded those M mutants is M/F, and the expected number
of doubles (mutants with two mutations) is E, = Ma’e™*/2F. The expected
number of mutants with three mutations is F3 = E»a/3, and so on.

When a set of mutational spectra assembled for other purposes was
surveyed for “multiples”, many spectra were found to contain them in
substantial excess over the expectations of a random distribution of mutations
among mutants. Some examples are given in Table 2, from which we can see
certain patterns. First, multiples are found among mutational spectra obtained
from all of the model organisms usually used by students of the mutation
process, including RNA and DNA viruses, the usual bacterium, the usual yeast,
and a number of mammalian cells in culture or mammalian tissues. Second,
excess numbers of multiples are also found in spectra based on a DNA
polymerase copying a template strand in vitro.

One can imagine two reasons for these clusters. One is mutator mutants that
have accumulated in the population. However, at least for microbes, mutators
are at a selective disadvantage under most laboratory conditions because many
of their offspring are mutationally disabled. In E. coli and S. typhimurium, for
instance, the frequency of mutators is <10~ in laboratory cultures. Now, even
strong mutator mutations increase the value of F' by at most about 100-fold,
because F is the mutation frequency across all of a reporter gene that typically
contains only a few sites whose mutation frequency is strongly enhanced plus
many sites in which it is only weakly enhanced.
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TABLE 2 - Too many mutants with multiple mutations

System Reporter F M E; D+
Tobacco mosaic virus MP 43x107 17 0.36 3+3
Bacteriophage T4/RB69 rl 2.0x 1072 72 0.72 3
Herpes simplex virus supF 49x10™ 80 0.020  7+1
Escherichia coli lacl® 13x107 368 0.000024 2
Saccharomyces cerevisiae SUP4-0 1.9x 107 297  0.00028 2
Chinese hamster cell line gpt 1.2x10™ 18 0.0011 2
Human cell line hprt 9.0x10° 200 0.0009 6+1
Mouse tissue lacl 23x10° 435  0.0050 7+1
Human tissue HPRT  19x10™ 82  0.0078 5+1
T4 DNA polymerase lacZa,  1.1x10% 121 0.65 2
E. coli Pol I(KF) lacZo.  47x107 118 0.28 3
HIV-1RT lacZo 1.3x 107 97 6.2 19+1
Rat Pol lacZo. 1.1x 10 296 15.7 <16

“Reporter” is the gene in which mutations were scored. “D +” is the number of
observed doubles + higher multiples. Other details of the systems and references are
provided elsewhere (Drake, 2005).

Thus, the frequency of doubles produced by mutator mutants will be
<(100F)*(107%) = F/10 and the fraction of doubles produced by mutators among
all observed doubles D will be <FM/10D. This fraction is <0.1 for all of the
entries in Table 2 for which D >> E;. Therefore, mutator mutations are unlikely
to contribute very much to the observed excess of doubles (and higher-order
multiples). Instead, the multiples are likely to arise during transient intervals of
phenotypic hypermutation. For instance, errors of transcription and translation,
and perhaps post-translational folding or processing, will sometimes produce
faulty copies of proteins involved in DNA transactions. Such proteins, for
instance, would include DNA polymerases, and it is well known that defects in
either the polymerase or proofreading-exonuclease activities of replicative
DNA polymerases are often mutators. Such a mutator polymerase could then
synthesize a portion of the chromosome before turning over, producing a cluster
of mutations.

We have explored two ways to decompose such a spectrum into two
subpopulations that would generate the observed distributions of singles and
multiples. Let the subpopulations be S), f; and S, f; where S; is the fraction of
the subpopulation and £ is its mutation frequency (S; > S, fi < f2). If there are
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triples as well as doubles, and if S; does not contribute significantly to the
multiples, then a little manipulation of the Poisson distribution gives us f; = 3M;
IMy, Sy = 2FM, IM, f;’¢™2, S, =1 - S,, and f; = -In[(1 - F - Se?2)/S)].
Alternatively, one may employ an iterative optimization program to find the
best fit for our four parameters. Both of these methods were applied to a
tobacco mosaic virus mutation spectrum consisting of 11 singles, 3 doubles and
3 triples (Malpica et al., 2002). The algebraic method gave S, = 0.97, f; = 0.011
and S, = 0.03, £, = 3, all being biologically reasonable values with no significant
contribution (0.001 mutants) from class 1 to the multiples. However, these
values predict too few singles (6.3 instead of 11) and too many multiples with 4
or more mutations (4.7 instead of 0) and the P value for this fit is a modest 0.40.
The optimization method gave S, = 0.96, f; = 0.013 and S, = 0.04, £, = 1.2 and
predicted 11 singles, 3.8 doubles, 1.6 triples, 0.6 multiples with 4 or more
mutations, and an impressive goodness-of-fit P = 0.98.

Why should we be interested in these curiosities? First, the probability of
accumulating two or more mutations in a lineage can be sharply increased by
hypermutation-induced clusters, especially when lateral transfer (sex and
crossing over) is infrequent. Such clusters may then contribute to adaptive
evolution. This is especially the case when the multiples are advantageous but
the singles are neutral and overwhelmingly the case when the singles are
deleterious. An example of interest to the health of humans and economic
plants and animals is the adaptations that pathogenic microbes must achieve as
they move from individual to individual and especially from species to species.
We already know that freshly isolated human pathogens carry mutator
mutations much more often than do laboratory-grown cultures. However, most
such isolates do not carry mutator mutations. Instead, they may have adapted
with the assistance of transient hypermutation. A second reason to be interested
in these curiosities is carcinogenesis. Generating a malignant tumor has long
been known to require multiple genetic (and perhaps epigenetic) events, more
than could be expected from the usual rate of somatic mutation. Many tumors
turn out to contain mutator mutations, but many others do not. Thus,
carcinogenesis is also likely to require the assistance of transient
hypermutation.

It would seem that we have come a long way from postulating, in or around
1935, that the gene was a molecule that could be probed in the same way that
atomic and subatomic structures were probed using target theory. The Green
Pamphlet has given way to a vast literature on the nature and behavior of these
molecules, and the processes that maintain genetic stability in the face of such
an onslaught of entropy-enhancing processes that every human cell must deal
with about 10,000 DNA damages per day.
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Abstract - The bacterium Deinococcus radiodurans is highly resistant to the effects of
ionizing radiation, (IR). Cultures of Deinococcus survive exposure to IR doses of 5,000
Gray (Gy) with no lethality. At 5,000 Gy, several hundred double strand breaks are
introduced into the genome. Recovery from this DNA damage occurs in two phases,
one independent of RecA protein and one that requires RecA. A number of proteins are
induced in Deinococcus in response to exposure to ionizing radiation, and many of
those most highly expressed are novel proteins. A variety of Deinococcus proteins
involved in genome reconstitution are now under biochemical investigation. Many of
these proteins exhibit unusual properties, but a complete explanation for the radiation
resistance of Deinococcus is not yet available.

Keywords: Deinococcus radiodurans, RecA, SSB, DdrA, DNA damage, DNA repair,
genome, ionizing radiation, resistance

1. Deinococcus radiodurans

Deinococcus radiodurans is part of a small, but growing family of bacteria
that include some of the most radiation-resistant organisms known. It was first
described in 1956 (Anderson, Nordon et al., 1956), as a survivor of a food
irradiation trial. Subsequent work has identified scores of additional radiation-
resistant microbial species, but Deinococcus radiodurans has emerged as the
primary model system for exploring this extraordinary phenotype.

T Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M.Durante. Springer, 2006. P.341-359.

48



RADIATION RESISTANCE IN DEINOCOCCUS RADIODURANS

D. radiodurans R1 (Battista and Rainey, 2001) is a red pigmented, non-
spore-forming, non-motile, spherical bacterium that forms pairs and tetrads in
liquid culture. The species is chemo-organotrophic with respiratory metabolism,
growing optimally at 30°C in rich media with aeration. D. radiodurans is most
closely related to the genera in family Thermaceae, including the genera
Thermus, Meiothermus, Marinithermus, Vulcanithermus, Oceanithermus, and
Truepera (Rainey, Nobre et al., 1997; Albuquerque, Simoes et al., 2005).
These genera form the phylum Deinococcus/Thermus within the Bacteria. The
genera Deinococcus and Trupera are comparable in terms of their
radioresistance, whereas other members of the phylum are considered
radiosensitive. The radiation-resistance of D. radiodurans is thought to have
evolved as an adaptation to desiccation (Mattimore and Battista, 1996). As is
the case with IR exposure, desiccation will produce single and double strand
breaks in the genome, accumulating over time. The adaptations evident in this
bacterium allow for rapid restoration of the genome when circumstances are
favorable for repair and growth.

2. Additional radiation-resistant bacterial species

Highly radiation-resistant species occur in at least seven bacterial genera,
including Deinococcus, Rubrobacter, Hymenobacter, Kocuria, Acinetobacter,
Methylobacterium, and Chrococcidopsis. The bacterial phyla represented
include a-Proteobacteria, Actinobacteria, y-Proteobacteria, Flexibacter-
Cytophaga-Bacterioides, Cyanobacteria, and Deinococcus-Thermus. There is
no evolutionary pattern to the occurrence of these species, some of which are
more radiation-resistant than is Deinococcus. They could have evolved
independently. Alternatively, the repair systems and strategies underlying
radiation-resistance could be a vestige of an ancient system that arose in early
life forms to deal with a challenging environment. Radiation-resistant species
are also found among the archaea (Cox and Battista, 2005).

A recent study of soil samples from arid Sonoran desert and nonarid
Louisiana forest environments reinforces the connection between desiccation
and radiation-resistance, and also expands the known list of radiation-resistant
bacterial species (Rainey, Ray ef al., 2005). Species isolated from the nonarid
soil sample could not survive at IR doses exceeding 13,000 Gy. In contrast, the
arid sample contained numerous strains that could tolerate exposure to
30,000Gy, including isolates from the genera Deinococcus, Geodermatophilus,
and Hymenobacter (Rainey, Ray et al, 2005). Nine new species of
Deinococcus were identified in this sampling.
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3. The Deinococcus genome

The D. radiodurans chromosome is 3.28 x 10° base pairs with 66.6 mol %
GC content. The genome is segmented; consisting of a 2.64 Mbp chromosome,
a 0.41 Mbp chromosome, designated chromosome I and II, respectively, a 0.18
Mbp megaplasmid, and a 0.045 Mbp plasmid (Lin, Qi ef al., 1999; White, Eisen
et al., 1999). There is reported to be four identical copies of the chromosome
per stationary phase cell, and as many as ten per cell in exponentially growing
cells (Hansen, 1978; Harsojo, Kitayama et al., 1981).

The D. radiodurans R1 genome has been sequenced and annotated (White,
Eisen et al., 1999; Makarova, Aravind et al., 2001). In addition the genomes of
the related species Deinococcus geothermalis, and Thermus thermophilus
strains HB8 and HB27 have been sequenced. A comparison of proteins
encoded by HB27 with those of D. radiodurans did not lead to any insights into
why D. radiodurans is more radioresistant than the Thermus species (Henne,
Bruggemann et al., 2004).

4. The D. radiodurans genome and DNA repair

D. radiodurans is distinguished by its capacity to tolerate ionizing radiation.
The y radiation survival curves of actively growing cultures of D. radiodurans
R1 exhibit a shoulder of resistance to at least 5000Gy, (Harris, 2004, Tanaka,
2004), followed by a loss of viability. The ionizing radiation resistance of a
culture increases as cells enter stationary phase, with the shoulder dose
extending to approximately 15,000 Gy (Daly, Ling ef al., 1994; Daly, Ouyang
et al., 1994; Daly and Minton, 1995). The D37 dose for D. radiodurans R1 is
approximately 6500 Gy, at least 50 fold higher than the D37 dose of E. coli
cultures irradiated under the same conditions (Daly, Gaidamakova et al., 2004).
Ionizing radiation-induced DNA damage is extensive in irradiated D.
radiodurans cultures, indicating that the radioresistance of this species is not
solely the result of a passive process that prevents the introduction of DNA
damage. For example, the energy deposited by 6500 Gy 7y radiation should
introduce approximately 200 DNA double strand breaks, assuming one double
strand break forms per 10 Gy per 5 x 10° dalton dsDNA) per genome copy in D.
radiodurans, and assessments of the number of double strand breaks formed
post-irradiation closely approximates this number (Gerard, Jolivet et al., 2001;
Daly, Gaidamakova et al., 2004).

The D. radiodurans genome encodes a large portion of the ensemble of
DNA repair proteins found in E. coli. With the exception of alkylation transfer
and photoreactivation, all of the major prokaryotic DNA repair pathways are
represented. Since E. coli is much more radiosensitive relative to D.
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radiodurans, this observation suggests that D. radiodurans possesses unique
mechanisms for dealing with ionizing radiation-induced DNA damage. Two
possibilities are likely: a) D. radiodurans encodes previously unidentified DNA
repair proteins or, b) the species has evolved mechanisms that facilitate the
action of the encoded DNA repair proteins. These possibilities are not mutually
exclusive and both predict that D. radiodurans encodes unprecedented
mechanisms that allow the cell to cope with the lethal effects of ionizing
radiation.

Approximately 53% of the 3187 open reading frames believed to encode
proteins in D. radiodurans R1 were assigned a function based on similarity to
other gene products found in the protein databases. The remainder encodes
proteins of unknown function.

The Battista laboratory has used microarray analysis to track induction of
genes following v irradiation (Tanaka, Earl et al., 2004). Upon treatment with
3000 Gy, approximately 64 proteins are induced, some quite dramatically; but
less than half of the affected loci are induced 5 fold or more (Tanaka, Earl et
al., 2004). Among these are proteins that are clearly homologues of DNA repair
enzymes in E. coli and other organisms, as well as proteins with no function
that can be assigned as a result of homology to known proteins. The complete
list includes 14 proteins with no evident relationship to any protein currently in
sequence databases. Seven additional proteins are induced that have orthologs
in other organisms, but which have no assigned function. There are also many
other proteins that are not highly induced, and yet are likely to play a significant
role in recombinational DNA repair processes (see Table 1).

5. Potential role of the RecF pathway for recombinational DNA repair

The D. radiodurans homologues of proteins involved in major DNA
recombination-dependent repair processes in E. coli are summarized in Table 1.
The list includes proteins involved in replication, recombinational DNA repair,
DNA excision repair, mismatch repair, and replication restart.

The absentees are intriguing. In E. coli, there are three broad pathways of
recombination, called the RecBCD, RecE, and RecF pathways, in each case
named after one of the defining gene products. The RecF pathway in E. coli is
somewhat cryptic when defined in terms of conjugational recombination, and
was initially detected only in strains lacking recBC function (Clark, 1971; Horii
and Clark, 1973; Clark and Sandler, 1994). However, the RecF pathway
proteins have important functions in the repair of stalled replication forks (Cox,
1997; Roca and Cox, 1997).

Based on the genome sequence of D. radiodurans, the RecF pathway is
likely to play a more prominent role in this bacterium than it does in E. coli,
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Table 1. First, D. radiodurans lacks orthologous genes for the E. coli, Ec) RecB
and RecC proteins, whose nuclease/helicase activities underpin the major DSB

TABLE 1. Comparison of E. coli and D. radiodurans repair proteins (Keck)
For each protein, the region of homology is indicated as residue numbers “##-###”, followed by
the total number of residues in the protein “/###”. The gene for SSB is not included because of
apparent complexities in the database (see text). No homology found for DnaC, DnaT, PriB,

PriC, RecB, RecC, RecE, RecT, SbcB
. Region of % %
Protein homology identity | similarity comments
DnaA (DR0002) 25-442/471 E. coli 40 55
9-416/454 D. rad
DnaB (DR0549) 25-464/471 E. coli 47 67
6-444/448 D. rad
DnaG (DR0601) 22-434/581 E. coli 34 51
1-403/571 D. rad
Ligase (Dnlj) 11-669/671 E. coli 42 57
(DR2069) 29-681/708 D. rad
POLA 5-924/928 E. coli 35 49
(DR 1707) 43-952/965 D. rad
PriA (DR2606) 202-729/731 E. coli 26 42
404-922/924 D. rad
RecA (DR2340) 4-324/354 E. coli 57 72
16-336/364 D. rad
RecD (DR1902) 30-598/609 E. coli 27 40 N-terminal extension in Dr
218-705/716 D. rad
RecF (DR1089) 3-330/358 E. coli 28 43
6-326/360 D. rad
RecG (DR1916) 6-693/694 E. coli 39 53 N-terminal extension in Dr
107-777/785 D. rad
RecJ (DR1126) 68-570/579 E. coli 34 51 C-terminal extension in Dr
3-461/685 D. rad
RecN (DR1477) 2-553/553 E. coli 31 49
34-564/564 D. rad
RecO (DR0819) 7-157/242 E. coli 18 34 Low homology;
10-159/224 D. rad required PSI-BLAST
RecQ (DR1289) 9-600/608 E. coli 46 63 HRDC domain repeated
8-605/824 D. rad 3 times
557-605/608 E. coli 36 64 in Dr
680-728/824 D. rad
549-606/608 E. coli 33 59
768-825/824 D. rad
RecR (DR0198) 1-199/202 E. coli 42 55 C-terminal extension in Dr
1-196/20 D. rad
RuvA (DR1274) 1-199/203 E. coli 33 49
1-197/201 D. rad
RuvB (DR0596) 13-332/337 E. coli 56 75 A second ortholog with weaker
2-321/333 D. rad similarity is present (DR 1898)
RuvC (DR0440) 4-168/174 E. coli 33 51
3-166/179 D. rad
SbeC (DR1922) 27-1032/1049 E. coli | 21 35
22-896/909 D. rad
SbeD (DR1921) 1-293/400 E. coli 28 46 C-terminal changes
24-319/417 D. rad
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repair pathway in E. coli (Kowalczykowski and Eggleston, 1994; Kuzminov,
1999; Smith, 2001). Presumably, the RecBCD recombination pathway is
therefore absent. Second, D. radiodurans lacks a recE ortholog, making the
RecE pathway unlikely. In contrast, D. radiodurans does possess orthologs of
every RecF recombination pathway gene, recA, recF, recJ, recN, recO, recQ,
recR, ssb, ruvA, ruvB, and ruvC, Limited genetic studies have confirmed the
importance of two RecF pathway genes in D. radiodurans. Deletion of the recN
gene results in increased radiosensitivity in the mutant bacteria (Funayama,
Narumi et al., 1999). Mutation of the recR gene results in a strain that is
extremely sensitive to crosslinking reagents like mitomycin C, but which
remains resistant to ionizing radiation (Kitayama, Narumi et al., 2000). These
data indicate that the RecF recombination pathway plays a central role in
nucleic acid metabolism in D. radiodurans. Given the fact that recombination is
a major pathway for the repair of double strand breaks, it is likely to play a
substantial role in the reconstitution of the D. radiodurans genome and DNA
repair.

6. Explanations for the extreme radioresistance of Deinococcus
radiodurans

In the absence of a passive defense to block ionizing radiation, at least three
kinds of mechanisms can be envisioned that might contribute to the radiation
resistance of D. radiodurans. First, the genome itself may be organized or
structured to facilitate DNA repair. This could involve, for example, proteins
like the eukaryotic SMC, structural maintenance of chromosomes (Losada and
Hirano, 2001)) proteins, serving to keep DNA broken ends from diffusing away
from either their cognate ends or from prospective recombination partners.
Second, the bacterium could possess mechanisms to protect its DNA from
nucleolytic degradation following DNA damage. Finally, Deinococcus could
possess more efficacious DNA repair processes relative to more radiosensitive
species. D. radiodurans may express novel proteins that facilitate well
characterized repair processes or that catalyze special DNA repair functions. Of
course, these mechanisms are not mutually exclusive, and an understanding of
radiation resistance in Deinococcus radiodurans may require an understanding
of all three possibilities.

Very little is known about genome structure in Deinococcus radiodurans. A
recent report suggests that a ring-like nucleoid seen in transmission electron
microscope images might indicate that the genomic DNA is arranged as a
tightly structured toroid, and that this might play an important role in DNA
repair and radioresistance (Levin-Zaidman, Englander et al., 2003). Although
some of the underlying assumptions in this work conflict with the conclusions
of earlier studies, e.g., the authors' assignment of the four compartments seen in
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EM as divisions of a single cell as opposed to the more common conclusion that
the divisions are boundaries of four individual cells, as described above),
genome structure could in principle contribute to radioresistance in important
ways. However, two recent studies question the relevance of a toroidal
structure. A recent investigation into the fine structure of the D. radiodurans
nucleoid using cryoelectron microscopy did not find evidence that the genome
of this species is organized in manner consistent with the formation of a toroid
(Eltsov and Dubochet, 2005). In addition, a survey of nucleoid structures in
radiation-resistant bacteria (Zimmerman and Battista, 2005) demonstrated that
most but not all deinococcal species had a ring-like appearance. Two family
members, D. radiopugnans and D. geothermalis had no clearly defined
structure. Thus, there is no obvious relationship between the shape of a D.
radiodurans nucleoid and the radioresistance of the species.

The idea that DNA end-protection might be involved in radioresistance
comes from our experience with Deinococcus. When E.coli is subjected to high
levels of ionizing radiation, the chromosomes are rapidly degraded (Pollard and
Kraus, 1973; Pollard and Randall, 1973; Pollard and Fugate, 1978; Williams,
Shibata et al., 1981). The induction of the SOS response can ameliorate this
degradation, but this appears to be a function of the induction of repair
processes rather than inhibition of nuclease action (Krasin and Hutchinson,
1981). The degradation of DNA appears to be much more controlled in the case
of Deinococcus. If cells are irradiated and then washed and suspended in 10
mM Mg SOy, the cells can be held for 96 hours with minimal additional DNA
degradation. Addition of growth media at any point will lead to reconstitution
of the genome and complete cell recovery (J. Battista, unpublished results). As
shown later, the capacity to recover from irradiation after long incubations in
MgSQOy4 is compromised in mutant strains lacking a functional DR0423 gene.
We now assign the protein DdrA (DR0423) to a novel DNA end-protection
system in Deinococcus, based on its detailed characterization.

At first, the idea of proteins that bind specifically to a DNA end may not
sound very exciting, but consider this in the context of recovery from long-term
desiccation, the environmental factor that guided Deinococcus evolution. If
cells are held in an arid environment for days or weeks or even years, DNA
damage will accumulate. DNA repair processes are notorious energy sinks, and
a nutrient-poor environment may preclude timely repair. Proteins that bind to
and protect broken DNA ends could help maintain the genome until conditions
appeared that would allow cell growth and DNA repair.

A variety of additional enzymatic mechanisms can be envisioned based on
systems present in other organisms, although some are rare in bacteria. The
most reliably accurate form of double strand break repair is recombinational
DNA repair (Paques and Haber, 1999; van den Bosch, Lohman et al., 2002).

54



RADIATION RESISTANCE IN DEINOCOCCUS RADIODURANS

Given the lack of mutation seen in Deinococcus after high levels of radiation,
and the demonstrable importance of the RecA protein in recovery from
radiation damage (Gutman, Carroll et al., 1994; Minton, 1996), it is reasonable
to assume that recombinational DNA repair plays a major role in overall
radioresistance. There are two additional mechanisms for DSB repair that have
been well-characterized in yeast and mammals (Paques and Haber, 1999; van
den Bosch, Lohman et al., 2002). The first is single-strand annealing, SSA),
where one DNA strand is degraded from an end until a region of
complementarity is exposed where the two ends can be annealed. The annealing
leads to a general repair of the now-joined chromosome fragments. The second
mechanism is nonhomologous end-joining (NHEJ). Single-strand annealing
has the potential to facilitate nonmutagenic repair. In contrast, NHEJ is
inherently mutagenic in eukaryotes (Paques and Haber, 1999; van den Bosch,
Lohman et al., 2002), and seems an unlikely candidate for the high-fidelity
repair seen in Deinococcus. Nonhomologous end-joining was thought to be
limited to eukaryotes. However, the same process has recently been reported to
exist in Bacillus subtilis and several other bacterial species, based on the Ku-
like and ligase-like proteins YkoU and YkoV, respectively (Weller, Kysela et
al., 2002). There are no proteins encoded by Deinococcus with significant
homology to YkoU and YkoV that can be identified by a simple BLAST
search.

It is likely that DNA repair in Deinococcus occurs in two distinct stages.
Daly and Minton (Daly and Minton, 1996) first documented a RecA-
independent repair process in the first 1.5 hours after irradiation, based on
increases in the length of cellular chromosome fragments (Daly and Minton,
1996). Observations of cell morphology (Levin-Zaidman, Englander et al.,
2003) are consistent with the proposal. Daly and Minton found that the RecA-
independent process was nevertheless dependent on homology, and they
proposed that single-strand annealing might play a role. RecA-dependent
processes are required after this first stage, and complete recovery does not
occur without them (Daly and Minton, 1996). The RecA-mediated
recombinational DNA repair would require the presence of multiple genomes as
a source for overlapping DNA fragment.

7. Proteins likely to be important to genome reconstitution in Deinococcus
radiodurans

7.1. THE RECA PROTEIN OF D. RADIODURANS

The D. radiodurans, Dr) RecA protein is likely to be central to DSB repair
mechanisms in the bacteria. RecA proteins are found in essentially all bacteria,
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where they are involved in recombinational DNA repair processes (Brendel,
Brocchieri et al., 1997; Roca and Cox, 1997). Homologs are found in archaea
and eukaryotes (Kowalczykowski and Eggleston, 1994; Brendel, Brocchieri et
al., 1997; Roca and Cox, 1997). The classical RecA protein, such as E. coli, (Ec
RecA) forms a nucleoprotein filament on ssDNA, and is a DNA-dependent
ATPase. The RecA protein often has multiple functions. The Ec RecA protein
promotes DNA strand exchange reactions in its recombination mode (Cox,
1999; Lusetti and Cox, 2002), and promotes the autocatalytic proteolysis of the
LexA repressor, UmuD, and several other proteins in a regulatory mode
(Mustard and Little, 2000). Ec RecA also participates directly in the mutagenic
translesion bypass DNA synthesis promoted by DNA polymerase V (Tang,
Shen ez al., 1999).

Bacterial RecA proteins generally exhibit a high degree of homology and
are of similar molecular weights. The Dr RecA(361 amino acids, M; 38,013)
has an amino acid sequence that is 57% identical, 72% similar to that of the Ec
RecA protein, 352 amino acids, My 37,842. The Dr RecA protein has been
purified to homogeneity and characterized in some detail (Earl, Rankin et al.,
2002). In vitro, the protein forms filaments on DNA, hydrolyzes ATP and
dATP in a DNA-dependent fashion and at rates comparable to the Ec RecA,
and promotes DNA strand exchange (Kim, Sharma et al., 2002). Thus, in most
respects, the Dr RecA protein appears to be a typical member of the RecA
protein class. However, there is one major and very interesting distinction. The
DNA strand exchange reactions of the Ec RecA protein and all homologues
examined to date are ordered such that the ssDNA is bound first, and the
dsDNA is bound second. This order of DNA binding makes sense from a
biological standpoint, since the RecA protein must be targeted to single strand
gaps at stalled replication forks and other damaged DNA sites. In contrast, the
Dr RecA protein promotes an obligate inverse DNA strand exchange reaction
(Kim and Cox, 2002), binding the duplex DNA first and the homologous single
stranded DNA, (ssDNA) substrate second. It is likely that this reaction pathway
reflects the function of Dr RecA protein in DSB repair, but it opens up many
questions concerning how the protein can be targeted to the DNA ends where it
is needed.

Although the Dr RecA protein promotes an inverse DNA strand exchange,
direct binding to dsDNA proceeds with a 10-15 min lag. This binding is
potentiated by the presence of small amounts of ssDNA. If any proteins
stimulated dsDNA binding, the decrease in the binding lag should be easy to
detect, and it will be interesting to see if mediator proteins exist in Deinococcus
with this function.

Based on the properties of an E142K mutant of the Dr RecA protein, Satoh
et al. (Satoh, Narumi et al., 2002) suggested that the effect of Dr RecA on DSB
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repair reflected primarily the protein’s regulatory role rather than its
recombination functions. In particular, the mutant protein, called RecA424,
does not complement the null phenotype of a recA knockout in E. coli, but does
appear to promote LexA cleavage, and strains containing the mutation seem to
retain much of their resistance to y radiation. However, the E142K mutation
does retain significant DNA strand exchange activity in some assays, and much
more work is needed to resolve the question of the function of Dr RecA.
Assuming that D. radiodurans must find and splice together overlapping
segments of its chromosomes to reconstruct a functional genome, a DNA
pairing activity such as that provided by RecA would be expected to be at the
center of such a process.

It should be noted that although D. radiodurans possesses a LexA
homologue that functions as a stress response regulator, the Dr LexA does not
regulate expression of the recA gene (Narumi, Satoh et al., 2001). Instead, recA
appears to be under the regulation of another regulator called IrrE (Earl,
Mohundro ef al., 2002).

7.2. THE SSB PROTEIN OF D. RADIODURANS

The Dr SSB has been defined, purified, characterized, and its structure
determined. The ssb gene in Deinococcus was originally annotated as a
tripartite gene, with two frameshifts needed to get a functional reading frame
for translation (White, Eisen et al., 1999; Makarova, Aravind et al., 2001,
Lipton, Pasa-Tolic et al., 2002; Liu, Zhou et al., 2003). Defining the gene and
cloning it required the correction of three separate sequencing errors in the
database (Eggington, Haruta et al., 2004). Two of the error corrections made
the original reading frame contiguous, obviating the need for translational
frameshifting. One error was well outside the gene originally annotated as SSB,
and rendered that reading frame contiguous with another next to it. The
combined gene encodes the largest bacterial SSB polypeptide identified to date.
It has two OB folds rather than the one present in most bacterial SSB proteins,
and functions as a dimer rather than a tetramer (Eggington, Haruta et al., 2004).
The gene is very similar to ssb genes found in Thermus species, to which
Deinococcus is closely related. The protein is very active in stimulating the
DNA strand exchange promoted by RecA proteins from both E. coli and D.
radiodurans, being more active than the EcCSSB in both cases.

The vast majority of bacterial SSBs are homotetrameric proteins with
single-OB-fold-containing monomers, e.g. Ec SSB. However, with two OB
folds per monomer, Dr SSB is a surprising exception to this general rule. The
structure of Dr SSB was determined at 1.8-A resolution, revealing a novel SSB
architecture that provides a unique structural platform for interactions between
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molecules while still maintaining the canonical arrangement of 4 OB domains
observed in other bacterial SSB structures (Bernstein, Eggington et al., 2004).
Dr SSB forms a dimer in solution (Eggington, Haruta et al., 2004), which is
preserved in the crystal structure. In contrast to Ec SSB, a novel protein-protein
interaction surface is formed by the N-terminal OB fold and connector region of
Dr SSB. This secondary interface buries an extensive surface, 1290 A?) in an
arrangement that interlocks the N-terminal OB domains and connector B-
hairpins of interacting SSB proteins. This unique interaction could stabilize the
association of dimers in conditions of high local protein concentration, i.e.
when arrayed on ssDNA) and might thus alter the biochemical properties of Dr
SSB relative to other SSBs.

7.3. THE RECQ PROTEIN OF D. RADIODURANS

A central feature of all three recombination pathways in E. coli is generation
of ssDNA that is used as a substrate in strand exchange with homologous
dsDNA. The ssDNA is most commonly generated by the combined efforts of a
helicase and nuclease. In the RecF pathway in E. coli, these functions are
carried out by the RecQ helicase and the Rec]J protein, a 5' to 3' exonuclease)
(Kowalczykowski, Dixon et al., 1994). The activities of RecQ and Rec]
produce ssDNA with a 3’ end, the substrate for RecA-mediated strand invasion.
RecQ and RecJ have been shown to act in concert at replication forks stalled by
UV-induced DNA damage in E. coli, degrading the nascent lagging-strand
DNA to produce ssDNA (Courcelle and Hanawalt, 1999). This activity is
important for restoring stalled forks and allowing replication to proceed.
Whether RecQ and Rec) proteins carry out related roles in D. radiodurans has
not been investigated.

RecQ proteins in bacteria and eukarya are highly homologous in three
domains (Morozov, Mushegian et al., 1997). First, all RecQ homologues have a
helicase domain that contains sequence motifs necessary for using the energy of
ATP binding and hydrolysis to unwind dsDNA. C-terminal to the helicase
domain, RecQ proteins have a domain of unknown function called the RecQ-
conserved domain. The complete three-dimensional structure of a major
fragment of the E. coli RecQ protein, encompassing the helicase domain and
the RecQ-conserved domain, has been elucidated by Jim Keck and his
coworkers (Bernstein, Zittel ef al., 2003). The third region of homology forms
the C-terminal domain of RecQ proteins called the Helicase and RNaseD-like
C-terminal, or HRDC, domain (Morozov, Mushegian et al., 1997). This domain
is proposed to be important for DNA binding (Morozov, Mushegian et al.,
1997), and strong DNA-binding has recently been demonstrated by the Keck
group (Bemnstein and Keck, 2003). The NMR structure of the S. cerevisiae
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RecQ homolog,Sgs1) HRDC domain has been solved, revealing a compact
structure of 5 helices (Liu, Macias ef al, 1999). Interestingly, the HRDC
domain is repeated three times in the primary structure of the RecQ protein
from Deinococcus radiodurans.

74. NEW PROTEINS WITH POTENTIAL FUNCTIONS IN THE REPAIR OF
RADIATION-DAMAGED DNA IN DEINOCOCCUS

A set of five novel D. radiodurans proteins has been identified that are at
once highly induced upon exposure to IR, have interesting phenotypes with
respect to genome reconstitution, and are all regulated by the positive regulator
IrrE, the same regulon that controls transcription of the recA gene. These are
the proteins designated DR0003, DR0070, DR0326, DR0423, and DRA0346.
When their possible association with genome reconstitution was recognized,
none of these proteins had a homologue in any existing database. More focused
BLAST searches have identified homologues for two of them.

A focus on these particular novel proteins has recently been reinforced. The
genome of another bacterial species that is highly radiation-resistant,
Rubrobacter xylanophilus (Carreto, Moore et al., 1996, Ferreira, Nobre et al.,
1999), has been sequenced. This bacterium was isolated from hot springs with a
high radon background in Portugal and Italy, and it is actually somewhat more
radiation-resistant than is Deinococcus radiodurans. The sequencing work is
not yet published. Even though Rubrobacter and Deinococcus are not closely
related, they are separated by a billion years of evolution), this new genome
features very clear, but distant) homologues of DR0003, DR0070, DR0326, and
DR0423. These are the very first homologues found for DR0003, DR0070, and
DR0326.

Stable knockouts of the recA gene, as well as of DR0003, DR0070,
DR0326, DR0423, and DRA0346 have been generated, along with double
knockouts entailing every possible combination of these six genes (Tanaka,
Earl et al., 2004). The double knockouts have allowed the definition of three
epistasis groups. Two of these are RecA-independent, defined by DR0423 and
DRO0070, renamed DdrA and DdrB, respectively), and one is RecA-dependent,
defined by DRA0346, named PprA. This has helped to solidify the idea of a
two phase genome reconstitution pathway after IR exposure in Deinococcus
(Daly and Minton, 1997) featuring RecA-dependent and RecA-independent
parts.
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7.5. THE DDRA (DR0423) PROTEIN

A more detailed BLAST search, along with one brief report in the literature
(Iyer, Koonin et al., 2002), has revealed that DR0423 is part of a family that
includes the important eukaryotic recombination protein Rad52. Rad52 in turn
is related to a group of DNA-binding proteins from cryptic phages in
prokaryotes, including the Redp, RecT, and Erf proteins (Passy, Yu et al., 1999,
Iyer, Koonin et al., 2002).

The DR0423 protein has been renamed DdrA (DNA damage response
protein A), (Harris, Tanaka ef al., 2004), This 23 kDa protein binds tightly to
the 3' ends of single-stranded DNA, and protects those ends from the action of
exonucleases (Harris, Tanaka et al, 2004). In vivo, strains missing gene
DRO0423 exhibit only a modest increase in radiation-sensitivity. However, the
reconstitution of the chromosomes is delayed and requires holding the cells in a
rich media. If the cells are held instead in a solution of MgSQOy, lacking a
carbon source, wild type cells recover whereas the viability of cells lacking
DR0423 declines precipitously over a period of several days. Further, genome
reconstitution is observed in the wild type R1 strain under these nutrient-poor
conditions as seen in pulsed-field gels, but not in the strains lacking DR0423.
DR0423 is induced more than any other protein (except for DR0070) following
heavy irradiation, and it appears to be part of a DNA end-protection system.

7.6. THE PPRA PROTEIN, DRA0346

The PprA protein binds to duplex DNA and promotes the ligation of DNA
fragments (Narumi, Satoh et al., 2004). Extensive BLAST searching has
revealed this protein has a distant relationship to the human recombination
protein XRCCS5,Harris, Battista, and Cox, unpublished data.

7.17. AN X FAMILY DNA POLYMERASE

A DNA polymerase from the X family has also been implicated in the
reconstitution of the genome after IR exposure in Deinococcus (Lecointe,
Shevelev et al., 2004). X family polymerases have a wide variety of functions
in eukaryotic DNA repair. The Deinococcus polymerase is the product of the
gene DR0467. Elimination of the function of this gene increases the sensitivity
of the cells to ionizing radiation, and reduced the rate of repair of double strand
breaks. The purified DNA polymerase is stimulated by MnCl,, a property of
other X family polymerases.
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8. Summary

The capacity of Deinococcus radiodurans to withstand IR exposure and
accurately reconstitute its genome is extraordinary. There are many extant ideas
for the molecular basis of this phenotype. However, research on this organism
is still in its early stages. Interesting proteins have been identified, and plausible
pathways for repair have been proposed. However, it is clear that much remains
to be done.
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Abstract - Unicellular green alga Chlamydomonas reinhardtii is a common subject in
studies of various basic and biotechnological processes. Howeyver, little is known about
its system of homologous recombination underlying recombination repair. C.
reinhardtii genome sequencing project has been implemented in the past few years.
Analyses of the EST and genome libraries made it possible to reconstruct and clone
cDNA of the RAD51, RAD51B and RAD5IC genes. In this work, these cDNAs were
expressed, their slightly modified products (CrRad51, CrRad51B and CrRadS1C,
respectively) with 6His-tag at their C-terminal ends were purified and the main
biochemical activities were studied. The recombination strand exchange, measured
between oligonucleotide and a short double-stranded DNA molecule, showed the
following order in the DNA-transferase activity: CrRad51 > CrRad51B > CrRad51C.
The activity of mixture of these three proteins was two-fold higher than the total
activity of all the three proteins alone. The Rad51 paralogs of lower eukaryote C.
reinhardltii are typical members of the Rad51-like protein family of higher eukaryotes.

Keywords: DNA-dependent ATPase, DNA strand exchange, homologous
recombination, Rad51 protein family

1. Introduction

Homologous recombination (HR) underlies recombination repair. It is now
commonly thought that the primary function of HR is repair of double-strand
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breaks (DSBs) arising upon the collapse of replication. The key HR enzyme,
RecA/RadA/Rad51-like protein, has been found in all three domains of life:
Bacteria (RecA), Archaea (RadA), and Eukarya (Rad51).! This protein is a
filamenting DNA transferase which polymerizes on single-stranded DNA
(ssDNA) to produce a helical filament. This filament involves double-stranded
DNA (dsDNA) in homologous pairing and strand exchange, two consecutive
steps of HR 2

To date, three HR systems have been described and studied in more detail: a
prokaryotic Escherichia coli, a lower eukaryotic Saccharomyces cerevisiae,
and a higher eukaryotic Homo sapiens.

In E. coli, the recombination reaction promoted by RecA filament is aided
by two protein complexes, RecBCD and RecFOR, in order to load RecA onto
ssDNA as well as by SSB protein, which melts DNA secondary structures.’ In
S. cerevisiae, the HR system is also potent. The products of MRE11, RAD50
and XRS2 genes form an MRX complex which is involved in the recognition
and processing of DSBs. The latter involve the products of RADS51, 52, 54, 57
and RPA genes. Two of them, Rad52 and Rad54, form a dynamic complex with
Rad51 whereas the other two, Rad55 and Rad57 (paralogs of RadS1), act as a
heterodimer to stimulate the DNA transferase activity of Rad51.*

Still more intricate complexes regulate HR in human, as well as in other
higher eukaryotes, including plants. Here, the level of HR is about three orders
of magnitude lower than that of nonhomologous recombination.’® This is
explained by the presence of numerous nucleotide repeats, which account for a
major portion of the human genome. Like its ortholog in S. cerevisiae, human
nucleoprotein filament Rad51 has weak DNA transferase activity®, which is
stimulated by two protein complexes, Rad51C-Xrcc3 (CX3)™® and Rad51B-
Rad51C-Rad51D-Xrcc2 (BCDX2),” in which Xrce3 is orthologous to Rad57
and Xrcc2 to RadSs, respectively. All five components of these complexes are
each paralogous to Rad51.*'° A principal difference between HR complexes of
lower and higher eukaryotes is the presence of additional three proteins
(Rad51B/L1, Rad51C/L2, and Rad51D/L3) which seems to be necessary for a
more accurate regulation of the recombinase complex activity in order to
promote the reaction when and where it’s necessary.

Unicellular green alga Chlamydomonas reinhardtii possesses 17
chromosomes and is a common subject in studies of various basic processes.
Recently this alga has come into use as a subject of biotechnology.''"'* It is
known that, like in higher eukaryotes, in C. reinhardtii HR is three orders of
magnitude less efficient than nonhomologous one. A C. reinhardltii genome
sequencing reveals a lot of repeats in its DNA. Analysis of expressed sequence
tag and genomic libraries allowed us to reconstruct and clone the RADSI,
RADSIB and RAD5IC cDNA. We expressed these cDNAs, purified the
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products of these genes, and studied their major recombination activities. A
preliminary analysis of Rad51C properties has been published earlier."

2. Materials and Methods

2.1. ENZYMES AND REAGENTS

IPTG, poly(dT) of 100-200 nt were received from Sigma-Aldrich (USA),
Hi-TrapQ chromatographic columns, Ni-NTA agarose from Pharmacia Fine
Biochemicals (Sweden), and ATP from Boehringer Mannheim (Germany).

2.2. DNA AND OLIGONUCLEOTIDES

Oligonucleotides were synthesized by Evrogen (Moscow) and purified by
denaturing PAGE in 15% gel. The DNA strand exchange reaction was
performed with single-stranded (5'-gtt gca tga agt agc tga aga ata att agt tct ttc
ggg ttg aaa ata ata ata aat aaa gtc ttt ata tat gag tat gta tat cat cga tga att cga gc-
3") and ds-101-mer oligonucleotides. The latter was obtained by PCR with
primers homologous to the ends of the ss-oligonucleotide and purified by gel
filtration. The duplex served as a homologous partner in DNA strand transfer.
As a heterologous control, we used a similarly sized duplex with one strand
having the sequence 5’-tgc agc gta cga agc ttc agc acc taa ttg aca ccg tac tac ttt
aat tag acc cag aga Cgg aga gag aga ggg aga ggg aga ggg aga ggg aga ggg ag-3'.
An ss-170-mer oligonucleotide synthesized in asymmetrical PCR contained a
24-nt region homologous to a double-stranded fluorescent probe. The probe had
one strand labeled with fluorescein (Flu) (5'-Flu-aca aca agc tca gct get gat gea-
PO,-3') and the other, with quencher DABSYL (5'-cag cag ctg agc ttg ttg t-
DABSYL-3'). Concentrations of ssDNA and dsDNA are indicated respectively
in moles of nucleotides or base pairs per unit volume.

2.3. PROTEIN PURIFICATION

Purification of E. coli RecA followed a published protocol."

Purification of all three CrRadS1 paralogs bearing a 6 His tag at their C-
terminal ends were done as described earlier." Low nuclease activity in purified
proteins was detected by degradation of labeled oligonucleotides. The protein
preparation was dialyzed against 50 mM Tris-HCI (pH 8.0), 1 mM DTT, 50%
glycerol and stored at -70°C. The purity was no less than 95% by
electrophoresis and Coomassie staining. Quantitation of CrRad51C-His6
followed the Bradford method.
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2.4. DNA-DEPENDENT ATP HYDROLYSIS

catalyzed by CrRad51-His6, CrRad5 1B-His6 and CrRad51C-His6 proteins was
measured by a spectrophotometric assay that couples the production of ADP to
the oxidation of NADH into NAD. The reaction was performed in TMD buffer
(50 mM Trnis-HCI, pH 8.0; 10 mM MgCl,, | mM DTT) containing an ATP-
regenerating system (3 mM phosphoenolpyruvate and 30 units/ml pyruvate
kinase) and a coupled oxidation system (200 uM NADH and 30 units/ml lactate
dehydrogenase). The standard reaction mixture (90ul) contained 1 mM ATP,
100 mM NaCl, 2 uM EcRecA or CrRad51 proteins, and 12 uM ssDNA. DNA-
dependent ATP hydrolysis was measured after subtracting spontaneous and
DNA-independent ATP hydrolyses.

2.5. DNA STRAND EXCHANGE REACTION

was done with fluorescent label. The reaction mixture (40 pl) containing TMK
buffer (33 mM Tris-acetate, pH 7.9; 2 mM magnesium acetate, and 66 mM
potassium acetate), | mM ATP, 6 uM EcRecA or CrRad51 protein paralogs,
36 uM fluorescent probe (24-mer dsDNA with one strand 5' end of which is
labeled with Flu and the other 3' end is labeled with quencher DABSYL) and
18 uM partly homologous 170-mer ssDNA was incubated at 37°C for 10 min.
Since the fluorescence spectrum of Flu and the absorbance spectrum of the
quencher overlap, the dsDNA probe did not fluoresce.'* When the Flu-labeled
strand was transferred onto the 170-mer oligonucleotide, fluorescence
increased. Fluorescence was detected with a spectrofluorometer (excitation at
492 nm and emission at 520 nm).

3. Results

Filamentous DNA-transferases RecA and Rad51 catalyse initial steps of HR
including: (1) formation of the presynaptic filament (a ternary complex between
RecA, ATP and ssDNA) in the presence of magnesium ions; (2) pairing of the
presynaptic filament with homologous dsDNA; and (3) strand exchange
between ss-and dsDNA that resulted in a new born dsDNA and replaced
ssDNA. To make these reactions, both RecA and Rad51 have two main
functional activities: the DNA-dependent ATPase, activated with both ss- and
dsDNA, and the DNA-transferase.
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3.1. PRESYNAPTIC FILAMENT FORMATION: BINDING TO ssDNA

Molecular beacon is a steam-loop short ssDNA structure the ends of which
are marked by fluorescein and its quencher DABSYL (see Materials and
Methods). Such a structure has a very weak fluorescence (Fig. 1B). However,
binding RecA-like proteins to the structures results in growing up the
fluorescence, as shown in scheme in Fig. 1A, proportionally to the number of
beacons opened. Making use this approach, ssDNA binding abilities of three
CrRad51 proteins were compared. As expected, E. coli RecA protein (EcRecA)
bound beacons rapidly and effectively. CrRad51 proteins have a lag period
before slow but well expressed ssDNA binding. The efficiency of the latter
process for different CrRad51-His6 proteins can be presented by the following
order: Rad51C > Rad51 > Rad51B.
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FIGURE 1 - ssDNA binding kinetics for different CrRadS1 paralogs. A — the scheme of RecA
protein binding to molecular beacons (ssDNA) that generates fluorescence. (Designations: f
means Fluorocein, d means DABSYL). B - relative fluorescence resulting from the ssDNA
binding of CrRad51 proteins: comparison with EcRecA

3.2. ssDNA-DEPENDENT ATPase

As has been shown earlier, the C-terminal tag consisting of six hydrophilic
histidines improves the solubility of CrRad51 proteins, simplify their
purification but does not change thermodynamic characteristics of their ATPase
activities.13 Like all members of the Rad51 family, CrRad51-His6, CrRad5 1B-
His6é and CrRad51C-His6 were expected to have weak DNA-dependent
ATPases in comparison with that of RecA. Figure 2 shows that it is the case.
The compared CrRad51 proteins showed the following order in their ATPase
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activity: CrRad51 > CrRad51B > CrRad51C and the best of them appeared to
be an 80-fold less active than EcRecA.
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FIGURE 2 - ssDNA-dependent ATPase activities of CrRadS1 paralogs: comparison with that of
EcRecA

3.3. DNA-TRANSFERASE

This activity was measured in the reaction between 170-mer
oligonucleotides, 24-mer of which are homologous to the linear dssDNA bearing
fluorescein and its quencher in juxtaposition at one of its ends, and the 24-mer
dsDNA fragment (see Materials and Methods). The reaction was monitored by
the fluorescence generated proportionally to the number of joint molecules
formed as shown in Fig. 3A. As expected, EcRecA protein promoted a rapid
and efficient strand exchange.

Among three CrRad51, the best exchange was done by CrRad51B-His6
whereas two other showed a weak, though evident, reaction. It is worthy of note
that the mixture of three proteins (CrRad51-His6, CrRad51B-His6 and
CrRad51C-His6) promoted strand exchange much more actively than the
proteins alone and this activation was not simply a result of summation of three

protein activity.
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FIGURE 3 - Monitored by fluorescence, the strand exchange reaction promoted by different
CrRad51 paralogs: comparison with EcRecA. A - the scheme of strand transfer between
unlabeled ssDNA and fluorescently labeled dsDNA fragment. (Designations: f means Fluorocein,
d means DABSYL). B - kinetics of the strand transfer promoted by RecA, CrRad51, CrRadS1B,
CrRad51C, and the mixture of these three proteins. Mix shows the activity of three CrRad51
proteins in mixture. Sum shows summation of the individual activities of three CrRad51 proteins

4. Conclusions

Presented data lead us to the following suggestions:

« Biochemical characteristics of three Rad51 paralogs of lower eukaryote C.
reinhardtii suggest that these paralogs are typical members of the Rad51
protein family of higher eukaryotes. In turn, recombination repair systems
of lower and high eukaryotes which contain many repeats in their genome
structures can be organized in a similar manner.

o Weak ATPase and DNA-transferase activities catalysed by the CrRad51
paralogs alone as well as a sharp increase of the transferase activity for the
mix of these proteins give evidence for CrRad51 protein complexes which
probably realize a programmed regulation of recombination repair activity
necessary for a given organism.
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Abstract - We used the three newly synthesized Aegilops and Triticum allopolyploids
as a model system to study 5S rRNA genes organization in the early generations after
polyploidization using PCR-, RFLP- and 5S rDNA sequences primary structure
analysis. We found the changes in PCR- and RFLP-patterns of 5S rDNA in
allopolyploid Triticum urartu (TMU38)x Aegilops tauschii (TQ27) relative to parental
plants that occur early in polyploid formation, hold in the next generations and aren’t
accompanied by alterations in 5S rDNA primary structure.

Keywords: Aegilops, Triticum, allopolyploid, 5S rRNA genes

1. Introduction

In plants nuclear genes coding for 5S ribosomal RNA represent one or
several arrays of tandemly repeated elements. Each repeat consists of a highly
conserved 120 base pair (bp) coding region and a polymorphic nontranscribed
spacer region of about 100-700 bp (Gerlach and Dyer, 1980, Sastri et al., 1992).
In Triticeae basing on the spacer differences 5S rDNA may be subdivided into
two subfamilies: 5S DNA-1 with the short repeated unit (about 400 bp) and 5S
DNA-2 with the long unit (about 500 bp) (Gerlach and Dyer, 1980; Appels et
al., 1992). It was shown that specific subfamily of 5S rDNA may be assigned to
specific haplome (Baum and Bailey, 2001).

The genomic organization of 5S rDNA was described for many diploid and
polyploid plant species. In a natural Glycine and Festuca polyploids it was
found that the entire 5S rDNA arrays have been completely lost or relocated
(Danna et al, 1996, Thomas et al., 1997). Because most of natural
allopolyploids have a long history and unknown origin it is difficult to answer
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whether such a reorganization resulted from polyploid formation or evolution
process.

The convenient model for study of genomic changes induced by
allopolyploidy itself represents synthetic allopolyploids. Recently, a large
number of synthetic wheat polyploids was developed (Feldman et al., 1997).
Using this allopolyploids the different genomic alterations involving various
DNA sequences were revealed (Ozkan et al., 2001). In synthetic Triticum-
Aegilops allopolyploids 5S rDNA changes were found using FISH method by
E.D. Badaeva in N.I. Vavilov Institute of General Genetics (Moscow): 5S
rDNA loci on chromosomes from the one parent were smaller than
corresponding that in parental species, whereas loci from the other parent
remained unchanged (unpublished).

The general concern of the present research is to determine if the changes in
5S rDNA organization are induced by allopolyploidy and define the stage of
polyploid formation when the alterations could take place, using RFLP-, PCR-
and primary structure analysis of these sequences.

2. Materials and Methods

The newly synthesized allopolyploids of different ploidy level and
generations (S1-Ss): Ae.sharonensis (THO1)xAe.umbellulata (TU04) (2n = 4x =
28), T.urartu (TMU38)xAe.tauschii (TQ27) (2n = 4x = 28), T.dicoccoides
(TTD20)xAe.tauschii (TQ27) (2n = 6x = 42) and their parental plants were
kindly supplied by Dr. Feldman from Weizmann Institute of Science (Rehovot,
Israel). Total genomic DNA was extracted from young leaves of individual
plants as described by Ozkan et al. (2001).

Southern-blot and dot-hybridization were carried out in accordance with the
protocol of Amersham Pharmacia Biotech (UK). As a probe we used o-*2P
labelled clone pTa794 which contains a 5S rDNA repeated unit isolated from
Triticum aestivum L. (Gerlach and Dyer, 1980).

PCR-analysis was conducted with primers specific to conservative gene
regions designed on the base of compiled plant 5S rRNA sequence (Wolters
and Erdmann, 1988). The total PCR product was cloned using QIAGEN PCR
Cloning Kit (QIAGEN, Germany) and sequenced with ABI PRISM BigDye
Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied Biosystems,
USA).

Additionally, the sequences of 5S rRNA genes were downloaded from
GeneBank. For sequence alignment we used MultAlin (Corpet, 1988) and
ClustalW programs (Thomson et al., 1994).

75



5S RRNA GENES IN TRITICUM-AEGILOPS ALLOPOLYPLOIDS

3. Results and discussion

3.1. RFLP-ANALYSIS

For Southern-blot hybridization total genomic DNA from the parental plants
and allopolyploids was digested with restriction endonucleases BamHI, Haelll
and Mspl, detecting the ladder of tandems. All the species, except T urartu,
demonstrated two overlapping ladders with repeated monomeric units of about
400 and 500 bp; T.urartu had one prominent ladder with repeated monomeric
unit of about 350 bp (Fig.1). The allopolyploids THO1xTU04 and TTD20x
TQ27 had hybridization patterns similar to their parents. The pattern of
TMU38xTQ27 contained DNA fragments from both parents, but the fragments
derived from T.urartu were more intensive. Using dot-hybridization we found
the amount of 5S rDNA in hybrid TMU38xTQ27 to be identical to the total one
in both parental plants (data not shown). Therefore changes in RFLP-pattern
aren’t accompanied by alterations in total 5S rDNA amount.

12340009“)"

FIGURE 1 - Southern-blot hybridization of a-*P pTa794 to Mspl-digested genomic DNA: 1 -
Ae.sharonensis THO1, 2 - Ae.umbellulata TUO04; 3 - THO1xTUO4 (S,);, 4 - T.urartu TMU38; S -
Ae.tauschii TQ27, 6, 7, 8 - TMU38xTQ27 (S,, Ss, Ss), 9 - T.dicoccoides TTD20; 10, 11 -
TTD20xTQ27 (S,, S3). Bands that showed weak intensity in TMU38xTQ27 are indicated by
arTows

3.2. PCR-ANALYSIS

We compared PCR-patterns of allopolyploids and parental plants obtained
with primers specific to conservative gene region designed to amplify the
nontranscribed intergenic spacer region with short flanking gene sequences. All
the studied species, except T.urartu, produced two PCR fragments of about 400
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and 500 bp, whereas T.urartu produced one prominent fragment of about 300
bp. Allopolyploid TMU38xTQ27 showed lower intensity of the fragments from
Ae tauschii than the corresponding parental fragments. The amplification of a
control parental DNA mix yielded fragments of similar intensity from both
parents (Fig.2). The allopolyploids THO1xTU04 and TTD20xTQ27 didn’t
reveal any changes.

It is necessary to notice that only hybrid T.urartu (TMU38)xAe.tauschii
(TQ27) has parental 5S rDNA forms with differing RFLP- and PCR-patterns,
and we cannot conclude that there aren’t any alterations in other two hybrids.

1 2 34 5 67 8 9 101 12

FIGURE 2 - PCR-analysis of 5S rDNA. PCR-products were separated in 1% agarose gel and
hybridized with a-*’P pTa794: 1 - Ae.sharonensis THO1; 2 - Ae.umbellulata TUO4; 3 - THO1x
TUO04 (S,); 4 - T.urartu TMU38,; S - Ae.tauschii TQ27, 6 - DNA mix (TMU38/TQ27); 7, 8, 9 -
TMU38xTQ27 (S, Ss, Ss);, 10 - T.dicoccoides TTD20; 11, 12 - TTD20xTQ27 (S,, S3). Bands
that showed weak intensity in TMU38xTQ27 are indicated by arrows.

3.3. CLONING AND SEQUENCING

For more detailed analysis of 5S rDNA unit sequences we cloned and
sequenced the total PCR products of allopolyploid TMU38xTQ27 and its
parents. Totally, we sequenced 14 clones belonging to a long and short
subfamilies. For comparative analysis of primary structure we additionally
downloaded the published 5S rDNA sequences of T.urartu and Ae.tauschii from
GenBank. The studied sequences are presented in the Table 1, classified by
their sizes.

We lined up the separate nucleotide consensuses for sequences belonging to
a short 350 bp subfamily and for a long 450-500 bp subfamily. The sequence
comparison showed that 350 bp sequences isolated from allopolyploid
TMU38xTQ27 are highly homologous to analogous sequences from T.urartu
(95% homology between consensuses). The 500 bp sequence of the hybrid had
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TABLE 1. 58 rDNA sequences of allopolyploid T.urartuxAe.tauschii and corresponding
parental species

Genome Overall Number of DNA sequences' of different length
;‘;‘;“‘ of [sSDNA-1* | 5SDNA-l 5S DNA-2
sequences 350 bp 400450 bp 450-500 bp

T.urartuxAe.tauschii 9 8' - '

T.urartu 25+4' 15+4' - 10

Ae.tauschii 24+1' - 18 6+1'

*. subfamily specific for T.urartu (A genome)
'. i.e. full monomeric units
' cloned DNA sequences isolated in present research

95% and 92.6% homology to 35S-DNA-2 consensuses of T.urartu and
Ae.tauschii, respectively. Thus, we showed that the 5S rDNA sequences
primary structure in allopolyploid remained unchanged.

4. Conclusion

We used the three newly synthesized Aegilops and Triticum allopolyploids
as a model system to study 5S rRNA genes organization in the early
generations after polyploidization using PCR-, RFLP-analysis and comparing
primary structures of fourteen 5S rDNA sequences cloned from allopolyploid
Triticum wurartu (TMU38)xAegilops tauschii (TQ27) and corresponding
parental species. We can conclude that changes in PCR- and RFLP-patterns in
5S rDNA in allopolyploid TMU38xTQ27 relative to parental plants occur early
in polyploid formation, hold in the next generations and aren’t accompanied by
alterations in 5S rDNA primary structure.
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Pesiome: CoBpeMCHHAs T€HETHMKA MOCTPOEHA HAa  H3YyYEHHM NPH3HAKOB
BHYTPHMBHAOBOTO pa3muyus. [IpefnokeH NoAX0a A1 BBIACICHHS PETYIATOPHBIX TEHOB,
OTBETCTBEHHBIX 33 00Pa30BAHHE NMPH3HAKOB BHYTPHBHAOBOTO CXOACTBA. MyTauuu mo
3THM I'€HaM BBITJIAAAT KaK YCNOGHble OOMUHAHmHble emanu. Y ApOo30(HIIbI BHLACICHO
OKONO COTHH MYTAaUHH H M3y4EHBl HX CBOHCTBA. XapaKTepHbIM CBOHCTBOM MYyTaLMii
aBseTcs obpasopaHHe Mopdo30B. ITo 3TOMy CBOHCTBY MYTHPOBABILHE MEHBI OTHECEHBI
K PeryJATOPHbIM TE€HAaM, YNPAaB/LIOIMM OHTOr¢He30M. OHM HA3BAHBI OHMOZEHaMU.
IIposiBNeHHE OHTOTCHOB OYECHb YYBCTBHTEIBHO K HPHCYTCTBHIO XPOMOCOMHBIX
NEpPeCTpoeK. MyTalus B OHTOr€HE BBI3BIBACT IEPEX0J TE€HOMAa M3 CTaOMIBHOTO
cocToanua B HecTabwibHOe. IIpeacTaBneHa rumore3a 06 0COOEHHOCTAX YCTPOKCTBA H
(yHKUHOHHPOBaHMA OHToreHa. IlpeqokeHa CXeMa OHTOTEHE3a, YYHTHIBAIOMAS
CYIIECTBOBAHHEC CTPYKTYPHBIX TE€HOB H DETyJATOPHBIX TICHOB (OHTOIEHOB).
IIpeanonokeHo, YTO BHAOOOpA3OBAHME HAYMHACTCA C MYTAUMM B OHTOTEHE,
3amyckaromeit MpouecCH JECTPYKIHUH U NEPECTPOMKH reHOMa.

Kimouepie c0Ba: MpH3HAK, BHYTPHBHAOBOE CXOACTBO H Pa3jIMMHE, MyTalL|s, YCIIOBHAs
nerams, Drosophila melanogaster, ouroren, Hekoaupytomas JJHK, Hoauus.

1. TIpH3HaKH BHYTPHBHAOBOrO CXOACTBA H MOAXOA K HX H3y4YE€HHI0

CoBpeMcHHast  reHeTHKa o00f3aHa CBOMMHM  YCNEXaMH  T'EHETHKE
K1accHyeckoro nepuoga. OnHako OHa yHaclnefoBajla OT He€ HE TONbKO
AOCTOHHCTBA, HO M HedocTaTkH. OQHMM H3 HEAOCTaTKOB SBIAETCA Y3KHii
CrEKTp OHONOrHYECKHX MPH3HAKOB, MNPHBIEKAEMBIX AIA TEHETHYECKOro
aHanu3a. [Jlns M3ydeHHs HaciaeAoBaHMs MeHIENp MCNONb30BANl MPUSHAKU
6HYmMpueu006020 paznuyus. ITo GbLIH XOPOLIO HACIEAYEMbIE MPH Pa3BEACHUH
B ceOe abTepHATHBHBIE (HMCKIIOYAIOMME MPHCYTCTBHE APYr APyra B OJHOM
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opraHu3Mme) npusHaku. Mcnonb3oBaHue NpU3HaKOB BHYTPUBHIAOBOIO pas3jiMuus
6bU10 reHHanbHOH Haxoakod Menpens. OOHAKO OHHM OTHOCATCA TOJIBKO K
OJHOM W3 KaTeropwii 6MoNorMyeckux Mpu3HakoB. Bropas kaTeropus COCTOMT
M3 NPU3HAKO8 6HYMPUBUOOB020 €X00Cm6da, TeX TPH3HAKOB, KOTOPBIMH
obJiafiaeT Kaxablid NMpeacTaBUTeNb BUAa. BHYTpHU BHOa UM HET ajlbTEpPHATHBbI
(YagoB u ap., 2004B). B HacTos1iee BpeMs MOXHO TOJIbKO JOraJblBaTbCs, KaK
YCTpOeHbl M Kak (YHKLHMOHUDYIOT T€Hbl, OTBETCTBEHHblE 3a IPH3HAKH
BHYTPHUBHIOBOIO CXOACTBa. A B€Ab UMEHHO 3TH NMpPH3HAaKH MMEIOTCS B BHIY,
KOT/1a 3aXOJIUT peub 00 OHTO- U (HIoreHese.

B 2000 r. Mbl nocraBUAM 3ajady OTHICKaTh IeHbl, OTBETCTBEHHbIE 3a
obpa3oBaHHE NPU3HAKOB BHYTPHBHUAOBOTO CXOJACTBa. Bcien 3a ANTyxoBbIM
(2003) cuuTanu, 1) 4ro BUAOBOH reHOM MMEET MHBApHAHTHYIO 4acTb; 2) UTO
MyTallid UHBapHaHTHbIX N€HOB - JOMHMHAHTHbBIE JIETAIH; HO 3) domuHanmuan
AemanbHOCMmy Mymayui He 0O1UeamHA: 8 OOHUX 2EHOMUNAX Mymayus — 3mo
nemanw, 8 opyaux — He remaib. DaKT CyLIECTBOBAHUS YCJIOBHBIX JOMHHAHTHBIX
Jetaned, Ha Halll B3IJIAA, MOr Obl MPOABHHYTH Hac B OOBACHEHHWH MapajoKca,
KaKk MOCTOSHCTBO BHIAa COCYLIECTBYET CO CHOCOOHOCTbIO BHOA K
3BOJIIOUMOHHOMY M3MeHeHuto (Hanos, 2001).

2. T'eHerHYecKkHe MeTOAbI 0OHAPYKEHHS YCJIOBHbIX JOMHHAHTHBIX
Jeraneii y Apozodnibl. OTIHYHE OT KJIACCHYeCKOro NOHCKAa MyTalH i

Pa3paGoTaHbl Tpy MeTOza BbIENEHHS YCIOBHbIX JOMHHAHTHBIX JieTalei y
Drosophila melanogaster (Chadov, 2000; Yagos u ap., 2000, 2001, 20046).
MyTalHy BbI3bIBAIOT CTAHAAPTHBIM CMIOCOOOM — O0JTY4EHHEM MOJIOBBIX KJIETOK
B JKHBOM oOpraHu3Me ramma-nyyamu. [lepBelii MeTron npeaHa3HaueH s
BbIIEJIEHHs YCJIOBHBIX JOMHHAHTHBIX JieTanel, BO3HHKIIHX B X-XpOMOCOMe
obnyuennoro camua (Chadov, 2000; YanoB u gp., 2000). YciaoBHocTb
JIeTaJIbHOM MYTalMU COCTOMT B TOM, YTO MPUCYTCTBHE JIETAIH B X-XpoMOcoMe
MOTOMKa MY>KCKOro roJia (CbiHa) He BeaET K rubesu, a NpUCyTCTBHE ITOH ke
JieTaJii y OTOMKa )KEHCKOro nosa (aouepu) Ben€r k rudenu (puc.1).

BTopoii MeToa npenHa3HaudeH A BbIAEJEHHA YCJIOBHBIX JOMHHAHTHBIX
neraneii B ayrocome 2 aposodpunbl (YamoB u ap., 2001). VcnoBus s
BbDKHBaHMA 0COOM C Jsietanbio apyrde. CaMubl M CaMKH, colepikallue
JleTajIbHYI0 MYTaLHIO B ayTocoMe 2, TMOHYT, €CcllM rOMOJIOrMYHas ayTocoMa 2
CTPYKTYPHO-HOpPMajlbHa, HO BBDKHBAIOT, €CJIM TOMOJOTMYHas ayTocoMa 2
COIEPXKHUT UHBEPCHIO.

Tperuit cnoco® npenycmatpuBaeT €€ OAMH BapUaHT  YCJIIOBHOM
neranbHOCcTH. MyTtauus B X-xpoMocoMe Bener cebf Kkak THMHYHAasA
peliecCHBHas JIeTallb: CAMKH C TaKOH JIETalbiO HE JAIOT CbIHOBEH C MYTaHTHO#
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Puc.l. OGCHapyxeHHe YCIOBHBIX MJOMMHaHTHBIX Jeraneit B X-xpomocome Drosophila
melanogaster. OOCnydeHHble raMMa-TydyaMd caMibl Jpo30GWIbI CKpemeHbl C CaMKaMH,
coJiepXalMMH CLieIUIeHHbIe X-XpoMocoMbI. CHIHOBbS U3 OTOMCTBA HHIMBUAYATILHO CKpeIeHb
c camkamMu «yellown. CbIHOBbS, MNONY4YMBIOIME X-XPOMOCOMY C JOMMHAHTHOH JIETaIbio
(3Be3ouka), He MMeIOT Aoyepeii B cBoeM rnotoMcTse (YazgoB u ap., 2000)

X-xpomocomor. Ho 310 npoHcXoauT TONMBKO B TOM Clydae, €CIH Camka
CKPEIIMBAETCA C CAMLIOM OMpPEAENIEHHOro reHotuna. Eciau xe caMky ckpecTuTsb
C CaMILIOM APYroro reHOTHNa, HaXOAAINAACA y He€ JIETalb HE MPOABHT ceOs B
MOTOMCTBE. CBHIHOBbS C MYTaHTHOH X-xpomocomoii mossarca (YazoB u ap.,
20046). C mnomompio pa3pabOTaHHBIX METOAOB MONY4YEHO OKOJIO COTHH
MYTaLHii, HX YHCIO0 MOXET OBITb JIerko yBenuueHo. Yacrora BO3HHKHOBEHMs
MyTauuii NMPHMEPHO COOTBETCTBYET YacTOTE€ BO3HHKHOBEHHMS PELECCHBHBIX
CLETIJIEHHBIX C MOJIOM JIETAJIEH.

IIpaBunoM BbIGOpa MpH3HAKA A/ TEHETHYECKOH PaGOThi, BBEACHHBIM €LUE
Menaenem, 610 cTabunbHOE MPOABNEHHE (IKCMPECCHBHOCTB) U CTAOMIbHOE
Hac/leA0BaHHE MPH3HAKa B YMCTOH NHHMH (neHeTpaHTHOCTh). CTaBka aenanacek
Ha TMpH3HAKH, Ha MNpPOABICHHE KOTOPLIX HE BIMANO HHAMBHAYAIbHOE
cBoeoOpa3ue reHoma ocobu. TumogeeB-PecoBckmii (1925; 1996) nokazan
CYIIECTBOBAHHE B MPHPOAHBIX MOMY/ALHAX APYTHX MPH3HAKOB - MPH3HAKOB C
HEMNOIHOH NMEHETPAHTHOCTBIO. Y CMEIIHOE BBIACAECHHE B HAIUMX OIMBITAX HOBOTO
Knacca MyTaiui (YCNTOBHBIX AOMHHAHTHBIX JIETAJIE€i) MOKA3BIBAET: 8 2eHOME
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cywjecmeyem yenas Kame2opus 2eH08, O KOMOPbIX ABNAEMCA NPAGUNOM
nposieneHue 2eHa He y Kaxco020 npeocmasumens uoa.

3. OHTOreHs! H HX CBOMHCTBA

OTKpbITHE TE€HOB, YNpaBAAOWKX APYrHMH reHamu (Jacob, Monod, 1961),
MOJAEAMIO FeHbl HA ABE KATErOPHM: CTPYKTYpHbIE M perymaropHbie (Lewin,
1983). V npokapuoT Her OONBIIMX OTIHYHI B CBOMCTBaX TEX M JAPYTHX.
Boiaenennsie y Apo3oduibsl MyTauuH MOXKHO OBLIO MPHYMCIIHTL K MYTalMAM
PEryasTOPHBIX FE€HOB, HO OHM O00ONajamy YAUBHTENbHBIMH CBOWMCTBAMH, HE
M3BECTHBIMH JUIA OOBIYHBIX MyTaLMiH APO30GHIIBI.

3.1. OBPA3OBAHHE MOP®0O30B B IIOTOMCTBE MYTAHTA; BBEAEHHE
TEPMHMHA «OHTOI'EH»

B noroMcTBe MyTaHTHBIX 0COO€EH C YacTOTOH OT HECKONBKHX O AECATKOB
NPOLIEHTOB BO3HHKAIOT 0COOM C aedextamu BHEmHero Buaa (Mopdo3bl)
(Yamos, ®énoposa, 2003; Yanos u ap., 2004a). Mop¢osbl 3aTparusaior mobbie
YacTH 3KCTepbepa OCOOHM, KaK MpaBHJIO, HA OAHOH M3 CTOPOH: JEBOH WM
npaBoii. 3TO — HapPYIIEHHA THIA IUTIOC TKaHb» (BBIPOCTBI, AOMOJTHHTENbHBIE
HOTH, Kpbl/Ibsl, YaCTH TOPAaKCa H T. [.) WM THIA «MHHYC TKaHb)» (OTCYTCTBHE
HOTH, KpbLIA, rja3a, 4acTH roiaoBnl M T. A.) (puc.2). Ilpumepnt oco6Go
BBLAAIOLIMXCSA MOP(O30B: ABE TONOBBI, AOMOJHHMTENbHA HOra, TPH Kpbiia, —
MO3BOJIAIOT CYHTATh, YTO NPHYHHOH MOp(o3a ABIAETCA BKIIOYEHHE YaCTH
NporpamMMel HOPMAJIbHOTO Ppa3BHTHA B HEMOJOXEHHOH TIpynmne KJIETOK.
MyTHpoBaBIIME TreHbl MMEIOT ABHOE OTHOILIEHHE K MNPOLECCY YTMpPaBICHHS
OHTOreHe30M (MHAMBMOYaNbHBIM pa3BUTHEM) H MOJTOMY Ha3BaHBl HaMH
onmozeHamu. B reHeTHke pa3BHTHA TEPMHHY «OHTOreH» ONH3OK HEAABHO
BO3HMKUIMI TepMuH «curHanbHbiii ren» (Kopoukun, 1999; Davidson et al.,
2002), umeromuii HECKOMbKO 60Nee MHUPOKUH CMBICI.

3.2. MYTALIMA OHTOI'EHA MEHSIET ITPOSIBJIEHHE B 3ABUCHMOCTH OT
I'EHETUYECKHX YCJIOBUM (I'EHOTHIIA JJOHOPA U PELIMIIMEHTA

MVYTAIMH)

Ilo ycnoBuIO BbIAECNEHHA MyTaLUHs AO/DKHA Obina nposBIATH cebs Kak
neTanp B OAHOM TEHOTHNE M HE MPOABIATL — B APYroM. B mpoBeaeHHBIX
METOAMKAX MPOABJICHHE M HEMPOSBIICHHE MYyTalMH 3aBHceno or. 1) mona
HOCHTEJIS MyTaLMH; 2) HATHYHS NEPECTPOAKH Y HOCHTENS MYyTaLHH;
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Puc. 2. Buuorennsie Mopdo3sl y Drosophila melanogaster: a - MemmkooGpas3HbIt BHIPOCT Ha
HIDKHEH CTOpOHe IpyiM IO cpeiHei NTMHWM, b — [Be TOJIOBBI, CPOCIIMECH MO MeIHaTbHON
TOBEPXHOCTH, C — JOMONHMTENbHAs TpeThd MeTaTopakanbHas Hora, d - oTcyTcTBME mpaBoi
TIOJIOBUHBI IPYIH; € — KYJIbTA IIpaBoil MeTaropakalnbHON HorH ; f — oTcyTcTBHMe Gepa M rojieHn
MeTaTopakaTbHOM HOTH ClIEBa; g - OTCYTCTBHE ILIETHHOK U BOJIOCKOB Ha JIeBO MOJIOBUHE I'PYy[IH,
OTCYTCTBHME JICBOTO KpbUla, h — mpaBoe KpbUlo B BUAE YeThIpeX MNPUIATKOB, MOKPBITHIX
IETHHKaMH

3) Ha/MuMsA NEPECTpPOHKH Yy mnapTHepa B ckpewmBaHud. Ha npossnexue
MyTalMH KaK JIETaJlM BIMAIM TEHETHYECKas crneuuduka mapTHepa, He
CBA3aHHAa C HAIHYHEM XPOMOCOMHOH TMEPECTPOMKH, W HANpaBICHHE
ckpemuBanus (Yazos, 2002).
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3.3. MYTALIMA OHTOI'EHA MEHSET IMPOABJIEHHUE B 3ABUCHMOCTH OT
[TPOCTPAHCTBEHHOI'O PACITIOJIOXKEHHA XPOMOCOMHOI'O
MATEPHAIJIA B KJIETKE

BONBLIUMHCTBO MyTaLMii, C KOTOPBIMH MMEET [I€/I0 N€HETHKA, KaK MpaBHJIO,
MHIUGPEPEHTHBI K MOPAAKY PacroJIOKEHHS XPOMOCOMHBIX PaHOHOB B sape.
MyTtauMu noanepkuBalOTCS B JIMHHUAX, COAEpXKALMX caMble pa3Hble
XPOMOCOMHBIE TNEpPeCcTpOiikM, HO HE TEepPAT MpH 3TOM CTaHAAPTHOTO
nposisiieHus.  IlonyueHHble  neTalpHble  MYTaLMH  OKa3alUCb  OY€Hb
YyBCTBHUTEJIbHBIMHM K CTPYKTYpHOH nepecTpoiike reHoMa (Yaznos u ap., 20046).
B reHoTunax ¢ XxpoMOCOMHBIMH MEPECTPOHKAMH OHH YacTO MepecTaBald ObITh
aetanamu. IlpuMmeuarenbHO, 4TO XPOMOCOMHblE MNepecTpokd  obnajanu
MaTepHUHCKUM 3G GdeKTOM: 11 CHATHS JIETAILHOTO JEHCTBUSA MyTalMH y ocobu
nepectpoikaM 6bLI0 JOCTATOUYHO HAXOAMTLCS B reHOMe MaTepH ocobu (Yanos
u ap., 20046). MytaHTHble caMLbl JUHUH 1- 34 B CKpeLIMBaHHWHM C CaMKaMH
yellow He naBanu noyepeii (Tabn.l). Ipucyrcreue unsepcuii In(2LR)Curly n
In(2LR)Plum B reHoMax cectep caMoK yellow npHBeno K NOsBJIEHHIO A04EPEH.
YacTe nosBUBLUMXCS JoYeped He HMeNa B CBOEM IeHOME MepecTpoikH. ITo
FOBOPUT O TOM, YTO MEpeCTpoiika AeiicTBOBaIa, HAXOAACh Y MaTepH.

TABJIMIIA 1. Marepunckuit 3ddekT nepecTpoeHHbIX ayToCcOM Ha JlieTalbHOe LeHCTBHE
MyTalMii, MOCTYNAIOIMX B 3UTOTY CO CnepMUEM (CKPELLMBaHUS MYTaHTHBIX CaMLIOB C CaMKaMH:
) yly;+/+;2)yly;+/Cy u3)yly;+/Pm)

Homep Camku y ; +/+ Camku y; + Cy Camku y; +/ Pm
KynbTypbl Camku | Camu | CaMku + Camusl y CaMku + Camub! y
camua + bl y Cy* l Cy | & I Cy Pm* | Pm | Pm* | Pm
1 0 230 0 0 178 163 0 0 107 57
2 0 230 14 13 127 134 4 3 70 72
4 0 270 9 4 185 159 1 7 86 81
5 2 197 23 21 80 95 6 4 47 48
27 4 167 1 0 102 113 2 1 53 65
29 0 163 32 27 71 56 26 24 55 20
30 0 184 15 13 81 76 9 12 60 47
31 0 242 32 20 127 102 5 4 28 29
32 0 197 22 10 920 77 9 17 36 32
33 0 209 20 18 95 101 11 8 87 47
34 0 140 11 14 88 101 25 20 68 54

JlelicTBHE MHOXKECTBa MEPECTPOEK Ha MHOXKECTBO MOTYUYEHHBIX MYTalHH
CBHMJETENILCTBYET O TOM, YTO 3aBUCHMOCTb NPOSABJIEHHS OT NPOCTPAHCTBEHHOTO
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JAW3aifHa reHoMa SABJISETCA TIPYNNOBOH XapaKTEPHCTHKOH OHTOoreHoB. OHa
OTIMYAaeT MX OT BCeX mpouux reHoB. S monaraio, 4T0 3a6ucumocms
o6ycnoeneHa NPuHAONENCHOCMbIO OHMO2EHO8 k m. H. Hexooupyiowei JJHK,
BeipaGaTtsiBatomeii Hexoaupyromyio PHK (Bejerano et al., 2004; Tomunun,
2005). dpdexruBHoCcTb AciicTBua 3Toii peryasropHoi PHK, He nokuparomeit
SApa, J0/DKHA 3aBHCETb OT PACCTOSHHA MEXAY MECTOM €€ NMOABJICHHS H MECTOM
eé aeicTBus (MuIeEHb0). Bee mpoune reHsl (CTPYKTYPHBIE H PETy/ISTOPHBIE)
peanu3ylor cebs mno-gpyroMy — B BHAE O€IKOB, CHHTE3HPYIOLIHXCS Ha
pubocomax B upTorutasme. OHH HX NPOAYKTHI (CTPYKTYpHBIE GENKH) BOBCE HE
BO3BpalIAIOTCA B AP0, JpYyrHe (perynsTopHbie Oe€nkH) B CHIy HX
MHOTOYHC/ICHHOCTH H TOBCEMECTHOIO HAXOXKAEHHA B LMTOIUIA3ME MOTYT
JOCTHIHYTb XPOMOCOMHOTO paiOHa BHE 3aBHCHMOCTH OT €ro pacrnojoXeHHs B
sape. B 3ToM — mpuuHHA pa3HOH peakuUMH MEHAEIECBCKHX F€HOB M OHTOTEHOB

Ha H3MEHEHHE MPOCTPAHCTBEHHOM CTPYKTYpHI AApa.

3.4. MYTALTHOHHOE HM3MEHEHME OHTOI'EHA BEJET K IIOSBJIEHHIO
I'EHETUYECKOH HECTABHWIBHOCTH

IlonyyeHHblE MyTalMH NpOABIAMH €IIE OAHO CBOMCTBO, HE MNpHCYLIEE
MyTalMsIM MEHJENEBCKHX reHoB. [losBneHHe MyTallMH B OHTOr€HE NMEPEBOANIIO
reHoM H3 CTaOHIBHOrO COCTOAHHA B HectabuiabHoe. M3 Habopa pasHbix
nposiBNeHuH 31oi HecrabunbHocTH (YanoB u ap., 2005) npuBeAEM HEKOTOPBIE.

MyTalud OHTOr€HOB B TMNpPOLECCE MX TMOAAEPKAHMA B KYJIbTypax
yTPa4YMBaIOT JIETAIBHOCTD B TECTE, KOTOPBHIH  ObLI NMPHMEHEH NpPH HX
ob6HapyxeHuH. B mapTiu u3 23 myraumii, momydenserx B 2000 r., B 2001 r.
TOTEPAIH JIETANLHOE MPOABIEHHE 5 MyTauwmii, B 2002 r. - eme 3, a B 2003-
2004 rr. - eme ogHa. YacTe NeTaNbHBIX MyTalLMH CHH3H/IA CBOIO JIETAJIBHOCTD.
IpucyTcTBHE MyTauMH B OHTOTEHE MNPHBOAHT K HApYLICHHIO MpouLecca
JENCHHA KJIETKH: Kak MeHo3a, Tak M MuTO3a. B Meiio3e mpoucxoaut
HepacxoxxaeHue u noreps X-xpomocoM. Yacrora norepu XpoMOCOM JOCTHraeT
AecATKOB mpoueHToB. IloTeps XpoMOCOM B COMaTHYECKHX KJIETKax (MHTO3)
MpOSAB/IAETCA B BUAE MOABICHHA MO3aH4YHBIX 0coOed M ruHaHapomopdos —
ocobeii, MpOABIAIOIIUX MPH3HAKH OOOHX MOJIOB.

HecrabunbHocTe mnposBiseTcs B BHAE BTOPMYHOrO MyTareHe3a. B
MOTOMCTBE MYTAaHTa MOOAHWHOYKE, IPYMIaMH, HHOTAA TMOCICAOBATEIbHO B
CIEAYIOIHX APYT 3a JAPYrOM MOKONEHHAX BOZHHMKAIOT BHAHMBIE MYTALIHH.
XapakrepHo obpazoBanue moaudukaumii (Yagos u ap., 2005). K sBneHnsam
HECTaOHIILHOCTH OTHOCHTCA H 00pa3oBaHHE MOP(}030B, O KOTOPOM rOBOPHJIOCH
Boime. CaMm ¢akT reHeTHdeckoift HeCTaOMIBHOCTH M3BeCTeH AaBHO (XecHH,
1984). B maHHoii paboTe BnepBhIE MOKA3aHO, YTO MPHYMHON HECTAOMILHOCTH
SIBIICTCA MYTALMsA B F€HE 0COOOro CopTa — B OHTOTEHE.
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3.5. «MHOI'OJIMKOE» ITPOSIBJIEHHME MYTALIMHM OHTOI'EHA

Mengens pasaendn  MPH3HAKH HAa JOMHHAHTHBIE H  PELECCHBHBIE.
I'eHeTHueckue MyTalUMH Takoke JENAT HAa JOMHHAHTHBIE H PELECCHUBHBIC.
MyTauMH OHTOr€HOB SABIAIOTCA M JOMHHAHTHBIMH, H PELECCHBHBIMH
oaHoBpeMeHHO. OHHM  OOHapyXXEHBI MO MNpPOSBICHHIO JAOMHHAHTHOH
neranbHOCTH. B nabopaTtopHbix KyabTypax MyTauMH NOAAEPKHUBAIOTCA B
reTepo3UroTe Kak THITHYHBIE PELECCHBHBIE netand. YacTte Myraumii umeer
BHAMMOE TPOABJACHHE B TOMO3HIOTE. JTO AWMOpPQHBIE MyTauMH C
NpOSBICHHEM MyTaHTHoro ¢ena Toaeko y camku (Yamos u ap., 2004a).
IMpeanonoXHUTEILHO C XPOMOCOMHBIX paiOHOB, B KOTOPBIX PaCHOIOMKEHBI
OHTOrEHBI, MPOMCXOAHUT CUHTHIBAHHE HECKOIBLKHX reHOB. OHH reHbl SBASIOTCS
CTPYKTYPHBIMH, BTODBIC — PEryIATOPHBIMH, MPOH3BOJALIHMH PETYIATOPHBIC
G€ENKH, TPETbH — TOXKE PETYIATOPHBIMH, HO ONMEPHPYIOIIHMH HEKOAHPYIOLICH
PHK. Jlns nepBbIX H BTOPbIX XapaKTEPEH PELIECCHBHBIA THII NMPOABJICHHUA, AJIA
TPETbUX - AOMHHAHTHBIA. TakuM 0Opa3’oM, C MOMOLIBIO METOAOB MpPAMOH
FEHETHKH YAANIOCh BBIAEIHTD CrieM(HYECKYIO Ipynimy MyTaLHii, obnagarommx
ueabIM HabOPOM HEOOBLIKHOBEHHBIX CBOHCTB.

3.6. THITIOTE3A OB OCOBEHHOCTAX CTPYKTYPbI W OVYHKIHH
OHTOI'EHA

I'naBHbIE OCOOEHHOCTH OHTOr¢Ha — AOMMHAHTHBIH XapaKTep MPOABACHHA H
3aBHCHMOCTb TpOSIBJIEHHA OT KOHKpeTHOro reHoruna. Ilpeamonaraem, 4to
OHTOr€H B OTJIMYHE OT CTPYKTYPHOrO reHa MpEACTaBACH HE OJHOM, a
HECKOIbKHMH KOMHUAMH. OHH HaXOmATCA B LMC-TIOJNIOXKEHHH (LMC-aJ/IeNH)
(puc.3). B KOHKpeTHOM OpraHH3Me akTHBEH OAHH H3 amneneil. MyTaHTHBIH
LUHC-aJUIENIb MPOABUTCA KakK JIeTalb B TOM OPraHM3Me, Yy KOTOPOro akTHBEH
HMEHHO 3TOT aJUie]b, U HE MPOSABHTCA B OPraHM3Me, y KOTOPOro aKTHBEH
apyroii (He MyTaHTHbIi) wHc-aens (Yagos, 2002).

XapaxrepHas 0COOEHHOCTb CTPYKTYPHOI'O F€Ha — PELIECCHBHOE MPOSBICHHE
H HE3aBHCHMOCTb NPOABJICHUSA OT reHoTHna. B ocHoBe nexwut: 1) akTHBHOCTB
000HMX rOMOJIOTHYHBIX F'€HOB H 2) PyHKLIHOHANbHAS HE3aBHCHMOCTD MPOAYKTOB
roMonoru4yHeix reHoB. COOTBETCTBEHHO 3TOMY MOXHO NPEAJIOXKHTb ABa
00OBACHEHHA JOMHMHAHTHOTO MpOsABNECHUsA OHTOreHa. IlepBoe oOBACHEHHE - M3
JBYX TFOMOJIOTHYHBIX OHTOr¢HOB (OAMH OT MaTepH, APYroi OT OTua) B
AKTHBHOM COCTOSHHH HAXOAMTCA OAMH (QJUIEbHOE HCKITIOYEHHE). MyTauus B
OHTOI€HE B 3TOM CJIy4ac MPOSABHTCA AAXKE TOTAA, KOrAa OHa HAXOAUTCS B OAHOM
jose (puc.3). Bropoe oObscHeHne - NMpPOAYKTbI TOMOJIOTHYHBIX OHTOTEHOB
JEHCTBYIOT COBMECTHO H TOJIBKO B YC/IOBHMSX MX HACHTHYHOCTH, M3MEHEHHE
TOJIKO OAHOrO H3 HUX MPHBOAMT K MOTEPE QYHKLHH OHTOr€Ha B LIEJIOM

87



OHTOI'EHbI Y DROSOPHILA MELANOGASTER

Fromonor 1 ——A1—A2HAI— B1 —
T
Nomosnor 2 & 1~AZ2HA3 B2 oo

J\ o-t /I\
L4 Al L Al
val)-a2.(a3)

PEMYNATOPHbIA CTPYKTYPHbIH
FEH FEH

Puc. 3. OcoGeHHOCTH YCTPOMCTBA CTPYKTYPHOIO W PEryJISTOpDHOro reHoB. B auruionmxom
reHoMe CTPYKTYpHbI reH INpejcTaBieH AByMA awiensmMd Bl u B2, pacnonoxeHHbIMM B
rOMOJIOTHYHBIX XpoMocoMax (romonorn 1 u 2) (Tpanc-awiesd). IIpu axTMBHMpoBaHMHU
CTPYKTYPHOT'O I'eHa B aKTHBHOE COCTOSIHHE IPHXOJAT 06a awiens. PerynsropHelit reH (OHTOreH)
TipeJicTaBlleH KacceToif M3 Tpex awteneh Al, A2 u A3 (mmc-auiemn). Kaxmlii M3 annenel
aKTMBHPYETC CBOMM TPAHCKDHMITMOHHBIM (aKTOpPOM: COOTBETCTBEHHO al, a2 u a3. AKTHBaLMs
moforo W3 TpeX aulelleif NpPUBOIUT K OJHOMY H TOMY X€  pe3yIbTaTy — aKTHBalM
CTPYKTYpHOro reHa B. Oco6eHHOCTBIO peryIsTOpHOro reHa SB/SETCS aKTUBHOCTb I'e€Ha TOJILKO B
OJHOM H3 romosoroB. B romonore 1 oHTOreH BHIKIOYEH: He paGoTaeT HM OJMH aLlelb. B
roMorniore 2 Mox JelcTBUEM TPaHCKPHMIMMOHHOro ¢akropa a3 akTMBHpyeTcd awienb A3,
KOTOPBI B CBOIO OYepeh aKTUBUpYeT 00a ajuiess cTpykTypHoro reda (B1 u B2) (Hagos, 2002)

(neranvHoe geiictBue) (Yapos, 2002). [lns npoBepkH NPEANONOKEHHIH
HEOOXOAMMO MOJIEKYIAPHOE HCCAEAOBAHHE MYTALIHI OHTOTEHOB.

4, O6wmii nnaH cTpoeHHs H (QYHKUHMH reHeTHYeckoii cucrembl. Kak
00pa3yoTcsi NPH3IHAKH BHYTPHBHAOBOIO CXOACTBA M Pa3jiHYHs

Pacrionaras JaHHBIMHM O CYLIECTBOBAHHHM JBYX KaTerOpHH I€HOB, OJHA M3
KOTOpBIX MNpPEACTABIEHA pETyJIATOPHBIMH OHTOr€HaMM, XOA OHTOreHe3a
nokasaH B BHAE cxeMsl (puc.4). OHTOreHsl 00pa3yiOT MHOrOYPOBHEBYIO CETb.
CTpyKTYpHBIE T€HBl paCHOJNIOKEHbI HA KOHLAX DEry/ISATOPHBIX LIEMEH.
OnTtorenes ocymecTBiasercs no nmpuHuMmy 3ctaderbl. CHrHall aKTHBHOCTH,
BO3HHKIIHIA B 3HrOTE, paCMpPOCTPAHSAETCA MO LIEMAM OHTOTEHOB K CTPYKTYPHbIM
reHaM. [locne MPOXoXKACHHA CHrHaja OHTOrEH BBIKJIKOYAETCHA, HO aKTHBHOCTBb
CTPYKTYPHBIX T'eHOB coxpansercs (puc.4, cnpasa) (YamoB u ap., 2004a).
IIpeanonaraercs, 4To nepejaya CHrHajla OT OAHOrO OHTOreHa K APYroMy AaeT
CTapT JENEHHIO KJIETKH. JT0 obecneynBacT oOpa3oBaHHE IPyMN MO-pPa3sHOMY
audPepenunpoBannsix kierok (Yamos, dénoposa, 2003).
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Puc. 4. 'eHerrdeckas MoJe/Ib OHTOT€HE3a. A —~ I'eHbl M CHTHaTbHbIE ITYTH. ['€HOM 0coGH COCTOUT
U3 CTPYKTYPHBIX TE€HOB (TEMHbIC KPYXKH) M OHTOr€HOB pasHBIX pPaHroB (CBET/Ible KpYTH,
KBajgpaThl MU TpeyrombHukH). OHTOreH mnpejcTaBleH HaGopoM LMc-awleneil (pasfeneHue
3HayKOB Ha CeKTopa). tp, — CTaJMM OHTOreHesa. AKTMBAalMA TI€HOMa HIET 1o
pEraMEHTHPOBAaHHOK CUCTEME CHTHAIBHBIX IyTed (MHMM MeXIy TeHaMu, CTpeNKH).
CHrHaibHble IMYTH 3aBEPILAIOTC] BKIIOYEHUEM CTPYKTYPHBIX IeHoB. OHTOreHe3 IpelcTaBiseT
cofoif mpoLecc NOoCIeJoBaTebHOrO BKJIIOYEHUS PETYISTOPHBIX I'€HOB pa3HOr0 paHra 110
npuHipTy dctradersl. Ilpu mepexoje oT mpefploylliei CTagMH OHTOreHe3a K IocC/IeARyiolei
OTKITIIOYAIOTCS OHTOr€Hbl, paboTaBIME Ha MpepblAyllei CTaauM, a Takxke CTPYKTYPHblE€ I'eHbI,

obecrneuBaBIIMe TOSBJICHHE ITPE3YMITTHBHBIX CTPYKTYp (3aIlTpUXOBaHHbIE KpYXKH). B —
OHTOreHe3 Ha OfHOH M3 mociae HuX cTamui (t;). IIyHKTMpDOM MoKa3aHbl OTKIIOYEHHBbIE T'EHBI.
Ocraercs BIIOYEHHO# GoJIbllas 4acTb CTPYKTYPHBIX T€HOB H HEKOTOPbIE OHTOrE€HBI, OIIM3KHUE K
HHMM I10 BpEMEHH BKITIOYEHMS (PeryasSTopHbIe FeHbl CTBOMIOBBIX KiIeToK) (YamoB u ap., 2004a)

Ilpu3Haky BHYTPHBHAOBBLIX pas3nW4YMH MO JAHHOH CXEME BO3HHKAIOT B
pe3ybTaTe MyTaLHi CTPYKTYPHBIX F€HOB, PaCMONOXXEHHbIX HAa KOHLAX LIENEH.
Ipu3Haky, Kak MPaBHUIO, MOHOTEHHbl. JTO M MNPH3HAKM BHYTPHBHAOBBHIX
pasnHuMii, CyIECTBYIOLIME B TNPHPOAEC, H TMONYYEHHbIE HCKYCCTBEHHO
(Myramuu). I'eHerHyeckas mpHpoAaa NMPH3HAKOB BHYTPHBHAOBOrO CXOACTBA
JApyras — 93TO uenble OJOKH HEpPapXHYHO CBA3AHHBIX OHTOICHOB,
3aKaHYMBAIOIHECS MHOXKECTBOM CTPYKTYPHBIX reHoB. I'eHernueckas 6asa
NPH3HAKOB Ppa3NH4HAa, XOTd T€ H JPYrHE B OCHOBE HMEIOT TIEHBI, MO
COBPEMEHHBIM NPEACTABICHHUAM, NPEACTaBIEHHbIE yyacTkaMi Moneky bl JJHK.

5. Jranbl reHeTHuecKoid mepecTpoiikH, Beayumeidi K o00pa3’oBaHHIO
reHeTH4eCKOii CHCTeMbl B A0MOJIHEHHE K HCXO0AHO# (BHA00Opa3oBaHHe)

Beizenenne B reHetHke ocoboit 061acTH B BHAE 2ceHeMuKu NPU3HAKo8
eHympueuooeozo cxoocmea (YamoB wu ap., 2004B) pgaer BO3MOXKHOCTDb
NPEOAONETh 3aTPYAHEHHA, BOZHHUKUIHE B TPAKTOBKE 3BOTIOLUMH C MO3HLMH
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cuHTeTHYeCKOH TeopuM. CHHTETHYECKas TEOpHS BEPHO OPHEHTHPYET
3BO/TIIOLIHOHHOE YYEHHE HA CBSA3b C F€HETHKOM, HO PaCCMATPHBAET MOC/IEAHIOI
B €€ KJIaCCHYECKHX pamkax. ['eHeTHKa K/JaCCHYECKOro MepHoAa He HAET Jajee
H3y4EeHHs TECHOB, JOIYCKAIOLINX CBOE H3MEHEHHE.

B Hacrosimee BpeMs MOXHO TOBOPHTh O ABYX ¢opmax OGuonorudyeckoi
apomounn: 1) mpancgpopmayuu euoa, npoucxoasmei B pedyabrate orbopa
aJIeNbHBIX BApUAHTOB HM3MEHAEMBIX TEHOB (MOJE AEHCTBHA CHHTETHYECKOM
TEOpHH) H 2) 6u0006pa3oeanuu, MPOUCXOAAIIEM B pe3ybTaTe Mpeobpa3oBaHus
oHTOreHoB M ux cBased (Yamos, 2005). OOHapy>eHHBIE CBOHCTBA OHTOr€HOB
MO3BOJIAIOT BBICKA3aTh HEKOTOPLIC MPEATONOKEHHS O TOM, KaK MOXET MATH
npouecc BHAaooOpazoBanusa. I[lpyunHa xoppensuuH BHAOOOpa3oBaHMA C
06pa30BaHHEM XPOMOCOMHBIX NEPECTPOEK KPOETCSA B 3aBUCHMOCTH INPOSIBICHHSA
OHTOTEHOB OT HAJM4YMs MEPECTPOHKH. XPOMOCOMHAsA MEPECTPOiika, CHUMas
JeTanbHOE MPOABICHHE MyTALMH OHTOTEHA, MO3BOMAECT MyTaLMH HAXOAUTHCS B
reHome, ckpeiBas €€ or orbopa (Péxoposa u ap., 2005). HecrabunpHocTs,
HAlJCHHYI0 y MYTaHTOB MO0 OHTOr€HaM, MOXHO CYMTAaTh MOKAa3aTe/ieM
HAuaBLIEroCcs NMEPHOAA OeCMpyKyuu W nepecmpoiiki TEHOMA, BBI3BIBAEMOIrO
obpa3oBaHueM MyTauuH B oHTOreHe. [IpHCYTCTBHE MyTalMH MO3BOIAET ITOMY
MpOLECCY HMATH: 1) BO MHOrHX MOKOJIEHHAX; 2) y MHOTHX 0c00e€it; 3) CKphbITO,
u3beras aeicTBus oT6opa A0 PpuHanbHOM cTaguH. DHHAT MOXKET OBITL Pa3HBIM.
IMpn OGnarompHATHOM XOAE MNPOLECC ASCTPYKLUMH H TNEPECTPOHKH MOXET
3aKOHUHTbCA Oob6pasoBanueMm Hoeayuu (Yamos, 2005; YagoB u amp., 2005).
HoBauus npeacraBmser coboit paboToCHOCOOHBI BapHaHT T'€HETHYECKOH
CHCTEMBI B HOBOM (QeHoTHmuyeckoM obmuuuH. Hoswiii ¢deHorun  Oyamer
onpoGoBaH Ha MPHTrOAHOCTb B BHIMOJIHEHHH )KHBBIM OPraHH3MOM  €ro
TpeaHA3HAYEHHS - YIACTBOBATh B MHPOBOM MPOLIECCE KPYTOBOPOTA SHEPTHH H
BemecTsa. lcnonmp3oBaHMe MyTauMii OHTOTEHOB  MO3BOJET  HavaThb
nabopaTopHble HCCIEAOBAaHHS HOBOTO TE€HETHYECKOrO SABJIEHHSA — COCTOSHHA
OdecmpyKyuu 1 nepecmpoiiky TeHETHUECKOM CHCTEMBI, BLI3BAHHOTO MYTALIMEA.

Aprop Bblpakaer OnaromapHocts cBouMM komieram: E.B.Yanosoii,
E.A Xouknnoit, HB. ®&noposoii u JK.B. Pomaniok, BMecTe ¢ KOTOpbIMH Gbina
BBIMOTHEHA 9KCIIEPHMEHTAJIbHAS YacTb paboTh.

Pabora mposeneHa mpu ¢uHaHcoBoi mogaepxkke PODOU (rpaut 04-04-
48100-a) 1 nporpammel PAH (I IpoucxoxaeHune 1 aBomouus 6uocdepbi».
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Abstract - The cyclin-dependent kinases play an essential role in the timing of cell
division and repair; furthermore, a high incidence of genetic alterations of CDKs or
deregulation of CDK inhibitors have been observed in several cancers. These arguments
make CDC28 of Saccharomyces cerevisiae yeast a very attractive model to study CDK
regulation mechanisms. We observed certain gene mutations, including cdc28-srm
[G20S], affect cell cycle progression, maintenance of different genetic structures (Devin,
1990), checkpoint-control (Li, 1997) and increase cell radiosensitivity (Koltovaya,
1998). A cdc28-srm mutation is not a temperature-sensitive mutation and differs from
known cdc28-ts mutations, since it shows the evident phenotypic manifestations at
30°C. The mutation is on the third glycine site in the conserved sequence GxGxxG of
the G-rich loop, whose position is opposite to the activation T-loop. Despite its
established importance, the role of the G-loop is still unclear. The crystal structure of
the human CDK2 served as model for the catalytic core of other CDKs, including
CDC28. Nanoseconds long molecular dynamics trajectories of the CDK2/ATP complex
were analysed. The MD simulations of corresponding substitution CDK2-G16S in
conserved G-loop shows this amino acid importance and the induced conformational
change in CDK2 structure, resulting in the ATP removal from G-loop and in new amino
acids rearrangement in the T-loop.

Keywords: molecular dynamics simulations, protein kinase, G-loop

T Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M.Durante. Springer, 2006. P. 327-339.
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1. Introduction

The cyclin-dependent kinases (CDKs) belong to the serine/threonine-
specific protein kinases subfamily. The enzymes catalyze the transfer of y-
phosphate in adenosine triphosphate (ATP) to a protein substrate. CDKs are
crucial regulators in timing and co-ordination of eukaryotic cell cycle events.
Transient activation of these kinases at specific cell stages is believed to trigger
the principal cell cycle transitions, including the DNA replication and the entry
into mitosis. In yeast, transition events are controlled by a single CDK (CDC28
in Saccharomyces cerevisiae (Mendenhall, 1998)) and several cyclins, while in
human, cell cycle progression is governed by several CDKs and cyclins. In
particular, CDK4-cyclin D is required to pass through G1, CDK2-cyclin E for
the G1 to S phase transition, CDK2-cyclin A to progress through the S phase
and CDC2-cyclin B to reach the M phase. The CDK2 and CDC2/CDK1
proteins have been extensively studied. Both are closely related to yeast
CDC28/CDKI1 (the identity in amino-acid sequence is 62% for CDK2 and 60%
for CDC2).

The central role that CDKs play in cell division timing, in cell cycle
regulation and repair together with the high incidence of genetic alteration of
CDKs or deregulation of CDK inhibitors observed in several cancers made
CDC28 a very attractive model for structural and functional CDK studies. We
observed that certain gene mutations in Saccharomyces cerevisiae, including
cdc28-srm, affect cell cycle progression and different genetic structures
maintenance (Devin, 1990). The cdc28-srm resulted in decreased mitotic
stability of natural chromosomes excess and recombinant circular plasmids
containing centromeres, as well as decreased rates of spontaneous
mitochondrial rho” mutations (Devin, 1990), increased cellular radiosensitivity
(Koltovaya, 1998; Koltovaya, 1995) and conferred checkpoint defects (Li,
1997). A cdc28-srm is not a temperature-sensitive mutation and differs from
known cdc28-ts mutations, since it shows the evident phenotypic manifestations
at 30°C.

Crystallographic studies on several eukaryotic protein kinases showed they
present the same fold and tertiary structure. The crystal structure of the human
CDK2 (De Bondt, 1993; Jeffrey, 1995) was used as model for the catalytic core
of other CDKs, including CDC28. The CDK2 structure is bilobed with an N-
terminus, mainly consisting of B-sheet, and a C-terminus, mostly composed by
a-helix structures. ATP binds the cleft between the two lobes. CDKs are
inactive as monomers. Cell cycle-dependent oscillations in CDK activity are
induced by complex mechanisms, such as binding to positive regulatory
subunits (cyclins) and phosphorylation at positive (pT160 in T-loop) and
negative (pT14, pY15 in G- loop) regulatory sites.
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The aim of the present work was to analyse the structure of the yeast
pleiotropic mutant allele cdc28-srm by molecular dynamics simulation studies
using human complex CDK2/ATP as model.

The observation of a key mutation in an extended protein structure is
significant, since it allows one to investigate the mechanism of the protein
kinase regulation activity. In our case a mutation in a highly conservative
sequence in G-rich loop was obtained. Despite its established importance, the
role of G-loop is still unclear. The consequences of the conserved glycine
substitution in the G-rich loop on the structure of the protein kinase were
simulated using human CDK2 as model. The substitution of G20S in yeast
CDC28 corresponds to G16S in human CDK2.

2. Materials and Methods

2.1. MD SIMULATIONS OF CONFORMATIONAL CHANGES OF PROTEIN

For the MD simulations, the SANDER modules of the program package
AMBER 8.0 (Case, 2003) and of the modified version of AMBER 7.0, for a
special-purpose computer MDGRAPE-2 (Narumi, 2000), were used. The
starting geometries for the simulations were prepared using X-ray structures
from the Brookhaven Protein Data Bank (http://www.pdb.org). The all-atom
force field (Cornell, 1995) was used in the MD simulations. A system was
solvated with TIP3P molecules (Jorgensen, 1983) generated in a spherical (non-
periodic) water bath. The system temperature was kept constant by the
Berendsen algorithm with 0.2 ps coupling time (Berendsen, 1984). Only bond
lengths involving hydrogen atoms were constrained using the SHAKE method
(Ryckaert, 1997). The integration time step in the MD simulations was 1 fs. The
simulation procedures were the same in all the calculations (Kholmurodov,
2005). Firstly, a potential energy minimisation was performed for each system
on an initial state. Then, the MD simulation was performed on the energy-
minimised states. The temperatures of the considered systems were gradually
heated to 300 K and then kept at 300 K for the next 1 million time steps
(Kholmurodov, 2004; Kholmurodov, 2003). The trajectories at 300 K for 1-ns
were compared and studied in detail. The simulations and images of simulated
proteins results were analysed by RasMol (Sayle, 1995) and MOLMOL (Koradi,
1996) packages.
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3. Results

3.1. THE CDK2/ATP STRUCTURAL CONFORMATIONS

First, the inactive complex CDK2/ATP was analysed. Analysis of the
CDK2/ATP binary complex (De Bondt, 1993) indicates that ATP interacts with
several residues lining the cleft between the two lobes. The adenine base is
positioned in a hydrophobic pocket between the B sheet of the small lobe and
the L7 loop between B-5 and a-2. The ATP phosphates are held in position by
ionic and hydrogen-bonding interactions with several residues, including K33,
D145, and the backbone amides of the G-rich loop between B-1 and B-2.

Sequencing analysis of cdc28-srm reveals a single nucleotide substitution of
glycine with serine in position 20 (G20S). This occurs at the third glycine in the
conserved sequence GxGxxG of G-rich loop. Since glycine is the smallest
amino acid, serine is larger. Both the amino acids belong to the neutral polar
class. They are highly solvable in water, their polar R-groups may indeed form
hydrogen bonds with water (for glycine and serine polar R-groups — H- and
HO-CH,-, respectively).

Simulated wild-type CDK2-G16/ATP structure (Fig. 1) was compared to
the CDK2-S16/ATP structure, after conformational changes evaluation. The
resulting wild-type CDK2-G16/ATP and CDK2-S16/ATP structural
conformations are shown in Fig. 2. The picture displays the initial (left) and the
final 1-ns (right) states. For CDK2-G16 and CDK2-S16 structures several
animation movies were performed to display the real-time dynamical motions.
Positional changes between the ATP, residue 16 and T-loop (the latter covers a
left bottom a-helix shown in Fig. 1) were analysed.

Comparing initial and final states of wild-type CDK2-G16/ATP structure,
no big difference was visually observed. Moreover, the position of the amino
acid residue 16 did not change within 1 million time MD steps in comparison
with the initial configuration. So, for the wild-type protein the original state is
kept in a relatively stable conformation.

Regarding the CDK2-S16 variant (Fig. 2), a completely different dynamic
and conformational shape was found. First, the amino acid residue 16 moves
dramatically far from the ATP location site. In comparison to the wild-type
structure, the distance between S16 and ATP position, as snapshots show,
increases about 2-2.5 times in average. At the same time, such movement
results in relative shift of the T160 residue and the whole T- and G-loops
positions.
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Wild structure

FICURE 1 - The initial and final (1-ns state) structures of the CDK2/ATP of the wild-type
complex. The ATP molecule and residue 16 of the G-loop are represented by balls model

1-ns structures

FICURE 2 - Comparison between final (1-ns state) structures of wild-type (left), and S16 mutant
(right) protein. The ATP molecule and the residue 16 of the G-loop are represented by balls
model

The increase of the ATP-S16 distance induces changes in hydrogen bonds
formation involving the ATP and G-loop. On the other hand, the
conformational change mutation induced (CDK2') results in an interhelical
protein movement, covering a phosphorylation point (viz. T160).

3.2. A HYDROGEN BOND NETWORK

The T160, ATP and S16 positions (an “activation triangle™) in the final (1-
ns) state are represented in Fig.3, aiming to estimate (although indirectly) the
possibility of the hydrogen bond formation in the ATP and G-loop region.
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Generally a hydrogen bond is regarded as being effective when the distance
between the hydrogen atom of the proton donor and the proton acceptor is less
than 2.6, 2.4 A. The evaluation of the distances between the ATP-res16 and
ATP-T160 relative to the “activation triangle” are shown in Figs. 4 and 5,
respectively.

(&
FICURE 3 - The relative positions of the T160, ATP and res16 (an “activation triangle”) are
shown. The ATP molecule, residues T160 and 16 are represented by balls model

The ATP-resl6 distance for the wild type and mutant structures shows a
completely different behaviour (Fig. 4). The ATP-res16 distance in the wild-
type structure evidently lies within ~2.5 A during the all 1-ns dynamical
changes. At the same time, ATP-res16 distance lies within of 7.5 A in the
mutated structure. The G16S mutation causes an increase (three-fold higher) in
the ATP-res16 distance. Thus, the all hydrogen bond network in the ATP-res16
binding site is obviously corrupt in the CDK?2 mutated structure.

The time dependence dynamics for the ATP-T160 distance are presented in
Fig.5. The ATP-T160 distance for the wild-type protein is comparably shorter
than that for the CDK2-S16/ATP variant. The ATP-T160 distance trend agrees
with the previous results.
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FICURE 4 - The time dependence of the FICURE 5 - The time dependence of the
ATP-res16 distance is shown for the CDK2- ATP-T160 distance is shown for the CDK2-
G16/ATP (solid line) and CDK2-S16/ATP G16/ATP (solid line) and CDK2-S16/ATP
(dotted line) in accordance to the “activation (dotted line) in accordance to the “activation
triangle” triangle”
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3.3. ROTATIONAL CHANGES OF THE AMINO ACID RESIDUES AROUND
PHOSPHORILATED REGULATORY SITE T160

The CDK2/ATP' dynamical peculiarities in the neighbour of posphorilation
site (T160) were analysed in detail, showing by snapshots and animation
movies all the amino acid positions in the T-loop.

From these data, a rotation of the two amino acids neighbouring T160 (viz.
residues 159 and 161) was observed. The residue 159 (Y159) is tyrosine with a
non-charged polar R-group, and the residue 161 (H161) is histydine with a
polar charged R-group. A summary of these foundings is presented by the
following two snapshots set (Figs. 6 and 7).

The two carbon rings of Y159 and H161 residues occupy well-separated
positions (Fig.6). The carbon rings during their dynamical motions (at around
0.5 ns from the start) abruptly exchange their orientation positions. The rings
begin to “screen” the amino acid residue T160. Such “screening” does not
change until the end of the dynamics (right snapshot: final 1-ns state). On the
contrary, the carbon rings overlapping does not emerge for the S16 variant
(Fig. 7). During the whole simulation period, there has to be no “screening” of
the site T160 to see.

Thus, the mutation induced changes for the protein structure affect the
overlapping of the carbon rings at a key phosphorylation point T160. The
“screening” phenomena described above were connected to the positional
changes of the activation T-loop induced by the mutation at the residue 16.

el B B T o O
- \ ' " ¢ W ’3’ &

FICURE 6 - The initial (left) and final (right) configurations of the wild-type protein CDK2-G16.
The pictures display the orientational changes of two neighbouring amino acids around
phosphorylation site (viz. the residue T160). It is seen that the Y159 and H161 exchange their
relative orientations with respect to the residue T160
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FICURE 7 - The initial (left) and final (right) configurations of the protem CDK2-S16. The
snapshots display the orientational changes of two neighbouring amino acids (Y159 and H161)
around a phosphorylation site (T160). The positions of the ATP molecule and the res16 are also
drawn

From the “activation triangle” described above, the T160-res16 distance
(see Fig. 8) for the wild-type CDK2-G16/ATP, CDK2-S16/ATP and wild-type
monomeric (without ATP) CDK2 proteins was estimated. The T160-res16
distance in the mutant CDK2-S16/ATP structure is significantly larger than
those in the wild-type CDK2-G16/ATP ones (Fig.8). At the same time, the
T160-res16 distance for the wild-type CDK2/ATP and wild-type monomeric
CDK2 structures follows almost the same law. So, the above “screening”
phenomena could not be originated from the presence of ATP molecule or
T160-ATP exchanges.
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FICURE 8 - The time dependence of the T160-res16 distance are shown for the CDK2-G16/ATP
wild-type (solid line), a wild-type CDK2 (dashed line) and CDK2-S16/ATP (dotted line) in
accordance to the “activation triangle”
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4. Discussion

The G-loop enables protein kinase to adopt a wide range of backbone
conformations. The substitution for the glycine residues in the G-loop,
particularly the first and the second glycine (GxGxxG), by either alanine or
serine results in a dramatic decrease in cAPK activity, showing the high domain
significance. The functional role of the G-loop has been described in detail for
cAPK (Hemmer, 1997; Tsigelny, 1999; Aimes, 2000; Johnson, 2001), but its
involvement in CDK regulation has not been yet discussed. The G-loop
catalytic function - that is, correct ATP binding and alignment - is believed to
be the same as in cAPK, but exhibiting a new inhibitory function for CDK
(Bartova, 2004). The mutation cdc28-srm, having a pleotropic manifestation in
yeast cells, was analysed. This mutation is localised on the glycine-rich loop
(G-loop) and corresponds to the substitution for the third glycine by serine. MD
simulation analysis shows a dramatic increase in CDK2-S16/ATP of the
diimnce between ATP and the residue 16 in the G-loop. The shift is equal to
5A

The crystal structure of inactive monomeric CDK2 shows that the T-loop
(residues 147-153) would block access of substrates to the active site and that
ATP would bind with the wrong geometry for efficient catalysis. Binding to
cyclin A simultaneously, the T-loop of CDK2 moves away from the substrate
binding cleft and repositions of the G-loop (residues 11-18), so that they can
interact properly with the ATP phosphates. This complex has a low but
detectable activity. Less dramatic changes occur in the CDK2/cyclin A complex
structure, following activation by phosphorylation of T160 (Bartova, 2004).

It is known that the G-loop is changed during the early stage of inactive
(CDK2/ATP), partly active (CDK2/cyclin A/ATP), and fully active (pT160-
CDK2/cyclin A/ATP) CDK2 simulations in comparison with its conformation,
as found in the crystal structures (Bartova, 2004; Halmes, 2001; Cook, 2002).
The G-loop moves away from the ATP phosphate moiety binding site after the
interaction of CDK2 with cyclin A and again after CDK2/cyclin A/ATP
complex phosphorylation at the T160 site. The shift of the G-loop is equal to
3.5 A (CDK2/cyclin A/ATP) and 8.6 A (pT160-CDK2/cyclin A/ATP) in
comparison with the G-loop position found in the CDK2/ATP system. It was
interesting to observe this shift in the mutant allele CDK2-G16S/ATP as well.

We found unexpected consequence of substitution G16S - new orientation
of two neighbouring amino acids of T160 in the T-loop. It may influence the
interactions between protein kinase and cyclins. In further studies we intent to
examine several other complexes of the CDK2, including cyclin A and
substrate.
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Abstract - A comparative analysis of the distribution and the frequency of
multiaberrant cells (MAC) among lymphocytes in different categories of low dose (up
to 0.5 Gy) irradiated people was carried out. A highest MAC frequency was observed in
people exposed to o-radiation (Pu, Ra). This fact allows MAC to be considered as an
indicator of a high-energy local exposure. A new type of cells with multiple
chromosome rearrangements was discovered in the course of analysis of stable
aberrations by the FISH method. The biological consequences of MAC formation and
possibility of revealing the whole diversity of cells with multiple aberrations by means
of modern molecular-cytogenetic methods is discussed.

Keywords: Multiaberrant cells, o.-radiation

1. Introduction

The occurrence of highly abnormal karyotypes among cultured lymphocytes
of apparently normal individuals was described recently in a number of reports
(reviewed by Mustonen et al.1). These karyotypes termed “rogue cells™2 are
characterised by two or more centromeric constrictions accompanied with a
number of “double minute” fragments. Of greatest popularity became the
theory of viral origin of rogue cells3. In this article we will discuss a
“multiaberrant cell” (MAC), namely a cell in which 5 or more chromosome-
type aberrations are detected after solid Giemsa staining. Such cells can contain
three or more dicentrics or a corresponding number of polycentrics, centric and
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acentric rings, atypical monocentrics and/or acentric fragments. The rogue cells
are only a small part of cells described as multiaberrant.

As is known, the frequency of aberrations (including exchange aberrations)
upon even X- or y-irradiation is proportional to a dose. Therefore cells with
multiple chromosome aberrations are always registered in bone marrow cells or
in peripheral blood lymphocytes after low LET irradiation at doses reaching
several Gy. The picture observed in MAC bearing persons most closely
resembles the situation of very uneven irradiation when the distribution of
aberrations in cells does not agree with Poisson’s distribution. Most of cells
have no damage; some cells contain “simple” aberrations and only a few cells
bear multiple chromosome aberrations. It may be suggested that a cell has
undergone a powerful local exposure comparable by its effect with high-dose y-
irradiation. Here we will give some evidences in favour of hypothesis that
radiation contributes mainly to genesis of MAC.

2. MAC - an indicator of a local high-energy exposure

The results presented in Table 1 were obtained in the course of 15-year
investigations of cytogenetic effects induced by low radiation doses (up to
0.5 Gy). We carried out a comparative analysis of the occurrence and the
frequency of MAC as well as of the relationship of these endpoints to the yield
of dicentrics and stable aberrations in several groups of exposed people. MAC
were found in most of the examined groups and they were absent in the control
population. The greatest occurrence and frequency of such cells is observed in
workers of radiochemical plants having contacts with Pu. salts or carrying
incorporated Pu. Next in descending order are miners from Tselinograd
working under conditions of a high concentration of Ra, residents of regions
adjacent to the Semipalatinsk nuclear weapon test site, cosmonauts, and others.
Table 2 shows the results of conventional and FISH analysis in group of
plutonium workers. With solid Giemsa staining, MAC were revealed in 3 out of
8 patients and with painting - in 4 out of 8. We tried to find out whether there is
a relationship between the frequency of radiation exposure markers (dicentrics
and rings) and the occurrence of multiaberrant cells. The MAC are in most
cases accompanied by increased frequency of dicentrics, thus confirming their
radiation nature (possible incorporation of radionuclides, in particular).
Workers of radiochemical plants having contacts with plutonium occupy the
first place among carriers of MAC by the frequency of dicentrics (8.0 dicentrics
per 1000 cells). It should be noted that aberrations observed in MAC are not
taken into account.
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TABLE 1. The frequency of multiaberrant cells in blood lymphocytes of people from different
groups examined

Groups Number of [Number of| Multiaberrant cells (5 and more
persons cells breaks)
(Persons ‘with Number| Frequency per 1000 cells,
MACH +SEM?
Plutonium workers’ 8(3) 4000 11 2.75+0.83
Miners from Tselinograd 41(3) 8122 3 0.37+0.08
working under conditions of a
| high concentration of Ra
Semipalatinsk region residents 115(3) 15186 3 0.20 £0.06
Gomel region residents 324(11) 93138 14 0.15+£0.05
Three Mile Island 29(2) 15109 2 0.13+£0.09
Cosmonauts 33(5) 74935 9 0.12+£0.04
Altai region residents 244 (6) 49300 6 0.12£0.05
Chelyabinsk region residents 140 (5) 47160 5 0.11 £0.05
(Techa river)
«Liquidators» 969 (20) 359297 21 0.06 £0.01
Nuclear specialists (Sarov) 108 (3) 104536 3 0.03 £0.02
Bryansk region residents 51(0) 17100 0 -
Control (Moscow region 115 (0) 51630 0 -
residents)

1 -MAC - multiaberrant cells; 2 - SEM - standard error of mean; 3 — plutonium workers are workers of
radiochemical plants having contacts with Pu salts or carrying incorporated Pu.

The frequency of stable aberrations in MAC carriers (Chernobyl
“liquidators” and workers of radiochemical plants) determined by the FISH
method (whole chromosome probes were used for chromosomes 1, 2 and 4) did
not significantly differ from the average values in the examined populations
although some specific karyotypic changes were revealed®. In particular, we
detected a new type of multiaberrant cells which will be described in the next
section of the report.

Thus, MAC were found in different groups of people exposed to radiation at
doses not exceeding 0.5 Gy. MAC are most characteristic of persons having
contacts with Pu and other sources of a-particles. MAC is accompanied by
increased frequency of classical radiation exposure markers (dicentrics and
rings). Such cells can be regarded as indicators of a probable local exposure to
high-LET radiation.
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TABLE 2. Number of multiaberrant cells and the frequency of stable and unstable exchange
chromosome aberrations in blood lymphocytes of workers of radiochemical plants having
contacts with Pu salts

Code Solid Giemsa staining FISH* with whole 1, 2, 4 chromosome DNA
probes
Number of| Frequency of [Numberoff Numberof | Genome frequency of [Number
cells scored| dic+R.', per 100 | MAC? pells-eq.® scored| translocations, per 100 fof MAC
cells, +SEM? cells, +SEM

1 500 0.2 0 183 28+1.2 0

2 500 0.2 0 222 43114 2

3 500 0 0 194 23+1.1 0

4 500 0.2 0 - -

5 500 041403 0 269 28+1.0 0

6 500 2.01+0.6 7 283 63114 2

7 500 0.2 3 163 46116 1

8 500 0.2 1 289 17.1+22 1

1 - dic+R, - dicentrics plus centric rings; 2 - SEM - standard error of mean ; 3 - MAC - multiaberrant cell ;
4 — FISH - fluorescent hybridization in situ; 5 - cell-eq. — number of cells is equivalent to scored with Gimsa
solid staining.

3. A New Type of Multiaberrant Cells

3.1. CLASSICAL ROGUE CELLS - THE TOP OF AN ICEBERG

The main objections against induction of MAC by a-particles are their
extremely low frequency and the absence of less damaged intermediate cell
types. However, with FISH method we detected cells with multiple
chromosome aberrations of a quite different type in Chernobyl «liquidators»
and workers of radiochemical plants. Such cells with multiple (up to eight)
chromosome rearrangements (mainly insertions) cannot be registered as
multiaberrant ones with solid Giemsa staining *°. The solid Giemsa staining
could reveal only one or two dicentrics and atypical monocentrics in some of
these cells. Nevertheless, these cells can be assigned with good reason to
multiaberrant cells. It should be emphasised that the above-described cells were
found in subgroup of patients in whom classical MAC had earlier been detected
upon routine cytogenetic examination. An exception was one patient — a worker
of a radiochemical plant and presumably a carrier of incorporated plutonium. In
this patient no MAC were found in the preceding routine examination.

Thus, the new type of MAC was found with use of more delicate method
that is already widely applied in radiation cytogenetics. The use of the FISH
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technique and especially the technique of multicolored FISH (mFISH, SKY)
makes it possible to detect multiple complex aberrations which are not revealed
by the solid Giemsa staining.

The mFISH method allows one to detect much more induced complex
exchanges than any other method®. The use of the SKY method permitted us to
completely characterise the karyotype of bone marrow cells in 12 patients with
acute leukaemia, including 6 persons with multiple chromosome
rearrangements, marker chromosomes that cannot be identified by G-banding.
In two of these patients we detected translocations missed in the course of
classical karyotyping because of their small size and telomeric localisation. It
should be noted that these patients were residents of a territory contaminated
with radioactive Chernobyl fallout and the level of stable aberrations in
peripheral blood lymphocytes determined by the FISH method did not differ
from that in healthy inhabitants of this territory’.

The routine cytogenetic detection of multiaberrant cells is a visualisation of
small part of an iceberg of multiple chromosome and gene rearrangements
occurring as a result of the action of high-energy radiations. To have a true
picture of induced chromosome aberrations, it is necessary to use actively the
methodical potential of modern molecular cytogenetics.

3.2. BIOLOGICAL CONSEQUENCES OF MAC FORMATION

The discovery of a new type of cells with multiple chromosome
rearrangements has essentially influenced our concepts of possible biological
and medical impacts of their presence in the human organism. Observed
multiaberrant cells are heavily damaged differentiated lymphocytes. Assuming
that an a-radiation particle is in a lymphonodus the cells surrounding it are
exposed to densely ionizing radiation. Most of the cells die but some, despite
the damage, will survive and appear in a circulating cell pool an aliquot of
which is subjected to cytogenetic analysis. Irrespective of very serious
chromosome damage they normally respond to PHA mitogenic stimulation and
enter into mitosis. Some of such cells may successfully pass through the second
and third divisions forming quite viable offspring cells. This capacity of MAC
is confirmed by our observation of two neighboring daughter cells with
identical multiple chromosome aberrations. According to Anderson et al.}, cells
with complex aberrations induced by a-irradiation were observed even in the
third mitosis and cells with multiple insertions prevail (65%) among these cells.
It is this category to which the new type of MAC discovered by us can be
referred.

Although the damage of differentiated lymphocytes does not present a direct
hazard to the organism, it is necessary to take into consideration the possibility
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of similar damage of stem and multipotent cells. The appearance of a clone of
cells with multiple chromosome aberrations may be a basis for rapid leukemia
(or any malignant) transformation and play a certain role in oncogenesis.

As a rule, tumor cells of different hematological malignancies carry specific
chromosome rearrangements, most often specific translocations. Complex
karyotypic disturbances during leukemia appear usually at later stages of
disease progression. Complex chromosome rearrangements in leukemia result
from successive appearance of other chromosome aberrations in addition to the
primary translocation. Cells with multiple chromosome aberrations coexist
usually with several intermediate tumor cell clones. However, during
cytogenetic examination of secondary leukemia induced by preceding chemo-
and radiotherapy we detected in two cases complex karyotypic disturbances of
nonspecific character:

1. 1. 45, XY, del(3)(q24), -8, der(10), der(12), t(12;17)(p12;q12), -17, +mar

[8]/ 46, XVY[10]

2. 2. 47, XY, lptder(2), t(2;9)(qll;qll), der(6), +8, der(8),

1(8:22)(q24;q11), t(9;12)(q11;q12), del(12)+2mar [8] / 46, XV [12]

The given complex karyotypes are not specific for leukemia, include
multiple exchange aberrations, contain unidentifiable marker chromosomes and
fall under the definition of a multiaberrant cell of the new type discovered by
us. In the absence of intermediate clones they can hardly be considered the
product of tumor progression. It cannot be ruled out that it is an example of cell
clone, the predecessor of which was a heavily damaged multipotent cell.

Thus, the modern molecular-cytogenetic methods have led to an essential
change in our views concerning the character and frequency of induced
complex chromosome aberrations. The discovered type of MAC with multiple
chromosome rearrangements without significant losses of the genetic material
is less subject to rapid elimination. The division of cells of this type, the
possibility of which was demonstrated in the experiment of Anderson et al.},
may result in the formation of a clone of cells with multiple chromosome
aberrations, which cannot but cause a justified concern regarding the
development of induced leukemias and tumors.
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Abstract - The genetic effects of environmental pollution in Armenia are presented.
Most of them are underway at Yerevan State University in cooperation with other
institutions in Armenia, Germany, France and USA. The results of genetic monitoring
of effects of environmental pollution obtained by different methods are presented. The
routine analyses of chromosomal aberrations in groups of genetic risk can give data
only about nonspecific action of environmental pollutants. The detection of genotoxic
effects became more differentiated after studying clastogenic factors (ultrafiltrates of
blood plasma). FISH analysis was used in groups of patients with leukemia and inborn
defects. We applied the Comet Assay to study DNA damage and repair in leukocytes of
Chemobyl accident liquidators and patients with familial Mediterranean fever. The
results showed an increased sensitivity or changed repair capacity of DNA of their cells
exposed to UV-C. Analysis of micronuclei induction in exfoliated cells revealed the
significant increase of chromosomal damage and their nondisjunction in the groups
exposed to mutagens. For the investigation of groups of genetic risk in human
populations we apply programmes with combination of presented methods. Cytogenetic
programmes are usually combined with epidemiological data. Our research group is
responsible for the genetic monitoring of the Armenian nuclear power plant and its
environment. The results of chromosomal and point mutations monitoring in plants are
presented.

Key words: genetic monitoring, genotoxins, environmental pollution, Armenia
The ecological situation in Armenia, and in the capital city Yerevan, has
changed dramatically especially over the past 15 years. During this time many
industrial plants have closed down whilst others have reduced operations, but
the number of road vehicles is increased three-fold. Because of private building
T Radiation Risk Estimates in Normal and Emergency Situations/Eds.A.A. Cigna and
M.Durante. Springer, 2006. P. 127-136.
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constructions the open areas covered by gardens in Yerevan decreased to
around one third. Yet, the pollution of surface water was greatly increased.
Thus, the structure of environmental pollution is drastically changed.

Detecting effects of these radical changes has been undertaken by a number
of basic techniques of biomonitoring, using different genetic and cytogenetic
markers that assist in identification of risk factors.

The following groups at genetic risk in Armenia were investigated: subjects
in contact with various pollutants (mainly industrial and agricultural) were
analyzed by the chromosomal aberration (CA) test in blood cells and the
micronuclei (MCN) test in buccal smears; patients with familial Mediterranean
fever - by the Comet-assay, CA, and clastogenic factor test (CF); cancer
patients treated with cytostatics — by MCN; cancer patients treated with
radiotherapy - by Comet-assay and MCN; and finally Chernobyl accident
liquidators by MCN, Comet-assay, CA, and CF.

Increased levels of genetic and cytogenetic changes in most of the
investigated groups were observed, but in general they were not drastic.

We have to state that the analysis of CA alone cannot be used as a
comprehensive parameter of genetic damage, but it needs to be included within
wider frameworks of genetic monitoring.

Conventional cytogenetic methods were therefore enlarged in our research
with the molecular-cytogenetic method FISH (fluorescence in situ
hybridization). It allowed us both to improve molecular-cytogenetic diagnostics
and monitor secondary cytogenetic anomalies including effects of treatment and
management of patients.

For FISH diagnostics a DNA probes library was created at our Department
(Arutyunyan et al, 2003). Conventional and molecular cytogenetic
investigations of more than 400 patients with leukemia were performed. In 30%
of them FISH results were compared with data obtained by conventional
cytogenetic analysis (Kasakyan et al., 2003).

One of the most effective methods of cytogenetic research is the
investigation of clastogenic factors (CF) - cell substances that induce
chromosomal aberrations. CF are found in blood plasma of persons from
different groups at genetic risk even many years after exposure to radiation.
Detection of this clastogenic activity in cells is comparable with biochemical
measuring of the prooxidant capacity of the cells. It was shown that CFs, being
indicators of the cell oxidative stress, at the same time are indicative of the risk
factor for the development of cancer, autoimmunological and inflammatory
diseases. Blood plasma of Chemobyl liquidators treated at the Center of
Radiation Medicine and Burns of the Armenian Ministry of Health was tested
in cooperation with Prof. I. Emerit (Paris, 6 University) for clastogenic activity
in blood cultures of healthy donors. The number of aberrations in the test
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cultures from two groups of liquidators exposed to the average dose of 0.6 and
0.2 Gy was, 8 years after the accident, shown to be equal to 17.9% and 10.5%
respectively against 5.7% in the control. Comparable results were also found in
an international project that studied liquidators who had emigrated from USSR
to Israel (Emerit et al., 1994).

The Comet-assay (single cell electrophoresis) has been used extensively in
genetic toxicology as a sensitive, simple and rapid technique to investigate
DNA damage and repair induced by various agents in a variety of mammalian
cells. We applied the Comet-assay to estimate DNA damage induced by UV-C
in the blood of Chernobyl accident liquidators 10 years after the accident.
Irradiation doses of that group of liquidators were not higher than 0.25 Gy
(Arutyunyan et al., 2000, 2001).

The Comet-assay was also used to estimate DNA damage induced by UV-C
in the blood of patients with Familial Mediterranean Fever (FMF) (Arutyunyan
et al., 2002).

Our results showed an increased sensitivity of DNA from leukocytes of
liquidators and patients with FMF to UV-C irradiation compared to leukocytes
from controls. The difference between the groups is significant and we have
every reason to recommend the Comet Assay for testing of mutagenic effects in
groups at genetic risk. Now we apply the Comet-FISH approach to detect both
the total DNA damage and specific DNA sequences.

Analysis of MCN, revealed a significant increase of chromosomal damage
and nondisjunction in cells of workers exposed to mutagens from different
industries in Armenia (Table 1).

An increase in cytogenetic parameters was the most pronounced in cancer
patients undergoing antiblastic therapy (Nersesyan et al., 2001, 2002). It can be
suggested that the MCN assay in exfoliated cells can be very useful as a
sensitive, simple, rapid and economical endpoint for study of induced mutation
in exposed subjects.

Thus, the approach outlined above has been shown to be informative for
eco- and toxicogenetic monitoring programmes for Armenia.

For the investigation of groups at genetic risk we can recommend two
programmes of cytogenetic monitoring:

Program-minimum - investigation of MCN and Comet-assay;

Program-maximum - investigation of MCN, Comet-assay and CA
(Aroutiounian et al., 2001).

These programs can be expanded by considering untoward outcomes of
pregnancies in the at-risk groups.

Today screening for genotoxicity in our country is virtually limited to newly
synthesized drugs and the majority of experiments are performed mainly on cell
cultures. Our research group together with specialists in molecular biology is

112



GENETIC MONITORING IN ARMENIA

responsible for investigation of genotoxic properties of cytostatics (Arutyunyan
et al., 2004; Hovhannisyan et al., 2005). In particular this has concentrated on
new porphyrin derivatives that have been synthesised in Armenia mostly for
photodynamic therapy of cancer.

TABLE 1. Mean level of micronuclei in exfoliated buccal mucosa cells of workers from different
industrial plants of Armenia

Investigated group Mean + SE Men Women
in the group
Control group I 0.3+0.1 0.240.1 0.4+0.2
(n=5) (n=14)
Workers of metallurgical 1.3+0.1* 1.4+0.2 1.5£04
industry (n=30) (n=3)
Control group I 0.5+0.1 0.5+0.2 0.5+0.1
(n=13) (n=20)
Workers of biotechnological ~ 1.2+0.2* 2.240.1 0.840.1
industry (n=9) (n=26)
* p<0.05

Epidemiological analysis was applied in our research practice to consider
severe anomalies of pregnancies, e.g., spontaneous abortions and stillbirths.
This approach was informative in the genetic monitoring of personnel from
dozens of chemical plants and agricultural regions and provided an insight into
the patterns of dominant lethal mutations in the groups under study.

The investigation of genetic load in the rural population of Armenia was
carried out by interviews with 2000 women of reproductive age in the Ararat
region sub-divided into zones of varying levels of pesticides application. An
increase in the abnormal pregnancy outcomes was shown for the zone with
highest level of pesticide application. Most cases of hereditary pathology
comprised children with mental retardation. By contrast however the
cytogenetic analysis showed no changes in the levels of chromosomal
aberrations in culture of lymphocytes of rural workers in contact with pesticides
(Ainian et al., 1990).

We also applied a reverse approach, whereby on the basis of genetic assays
pathology the etiology of group pathologies can be indicated. The interview
with the 293 parents of children with oligofrenia from auxiliary schools for
mentally retarded children showed a high percent of heavy-drinking or drug-
addict fathers compared with fathers of children with normal mental
development. Moreover an increase was found in the frequency of children
with oligofrenia where both parents were exposed to a polluted working
environment (Airian et al., 1988).
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The incidence of leukaemia in children in Armenia was analysed for the
period from 1991 to 2002. During 12 years this parameter was not changed
substantially. It was concluded that the incidence of leukaemia in children in
Armenia was not connected with parental exposure to chemicals (Nersesyan et
al., 2003).

Analysis of the distribution of carcinogens and mutagens in the environment
of Armenia showed that the content of heavy metals and pesticides in
agriculture food products exceeds the hygienic limits. It was shown that
tobacco, food and environmental pollution caused a cancer incidence higher
than in developed countries (Nersesyan et al., 2001b).

We investigated also the levels of environmental genotoxicants in different
regions of Armenia using sensitive plant test-systems that were able to indicate
mutagenicity of air, soil, subsoil, surface water and vegetation.

The highly sensitive assays using the frequency of pink mutational events
(PME) in Tradescantia (clone 02) stamen hairs (Trad-SHM) and the formation
of micronuclei in tetrads (Trad-MCN) gave important data on the effects of the
level of pollution for a few chemical factories and ambient air in Yerevan.

The study of atmospheric pollution indicated the genotoxic effects of air
pollutants from a chloroprene rubber plant that was the major contributor to air
pollution in Yerevan. Ten major monitoring sites were selected which showed
that not only was there a large increase in the frequencies of PME within the
industrial area but that genotoxic effects were detected at sites even 1.5 km
away (Arutyunyan et al., 1999).

We also studied the mutagenic activity of soils from areas near to the
settlements Metsamor, Aghavnatun, Armavir and Oshakan situated within
30 km of the Armenian Nuclear Power Plant (ANPP). As controls, soils from
the greenhouse of the State University in Yerevan, situated outside that zone,
were used. Significant correlation between the levels of *’Cs and the frequency
of point mutations, tetrads with MN and MN in Tradescantia was demonstrated
(Table 2) (Aghajanian et al., 2004).

The genotoxicity of subsoil waters from nine artesian wells from different
locations (the depth of wells varies from 40 to 350 m) in Armenia was
investigated. It was shown that all samples of waters studied increased the
frequency of PME in the Trad-SHM test. A trend was found for the frequency
of PME to be decreased with the increase of artesian wells’ depth. Use of the
Trad-MCN test also showed an overall increase in artesian well waters’
genotoxicity, compared with controls (Poghosyan et al., 2005).
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TABLE 2. Use of the Trad-SH and Trad-MN tests for the estimation of soil genotoxicity in the
vicinity of the Armenian Nuclear Power Plant

Variant PME, CME, Tetrads with  MN in tetrads, Bcs

1000+ m 1000+ m MN, %+m %+m Bce/kg
Metsamor 1.196£0.26*  8.03£0.67*  15.87+0.67*  26.90+0.81* 19.4
Aghavnatun 1.9240.33*  8.13£0.68*  15.13£0.65*  24.20+0.78* 15.3
Armavir 1.442028%  6.64+0.62*  14.7240.65*  21.80+0.75* 15.7
Oshakan 0.9240.23*  12.56£0.85*  32.0£0.85*  61.0+0.89* 65.6
Control 0.41£0.16 3.93+0.48 9.8+0.54 13.40+0.62 12.0

* p<0.05

In other research specimens of water from 25 locations of rivers Razdan,
Getar, Marmarik and Sevjur flowing through the densely populated and
intensively polluted areas of Armenia were studied. The genetic monitoring
undertaken over three years (2000-2002) indicated that the variations of
mutagenic and clastogenic activity of the waters correlated with the non-
uniform distribution of the population, different level of man-made pollution
and seasonal variations (Matevosyan et al., 2005).

Reproductive parameters of the male gametophyte were determined on the
basis of pollen sterility in some fruit trees and vines analyzed in plants growing
at distances of 3-5 km from the ANPP - near to the settlement of Metsamor.
The control area was chosen more than 30 km distant from the ANPP. The
results suggested a high degree of genotoxic effect for both the trees and vines
(Tables 3 and 4) near to Metsamor that did not differ significantly from the
control area. The further monitoring of pollen fertility is advisable using other
plant species growing around the ANPP in order to reach a more
comprehensive conclusion regarding the suitability of this assay as indicative of
environment well-being (Aroutiounian et al., 2004 b, 2004 c).

We compiled a list of cultivated species growing around the ANPP and
ranked them by their nuclear DNA C-values and genome size. It has been
suggested that a large genome confers a selective disadvantage for plants under
extreme environmental conditions (Vidic et al., 2001).

The data on genome size_were obtained from the Angiosperm DNA C-
Values Database (release 5.0, Dec. 2004) on site:

http://www.rbgkew.org.uk/cval/homepage.html.
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TABLE 3. Estimates of total genotoxic effect of environmental factors by the analysis of pollen
fertility of fruit trees around the nuclear power plant compared with a control area.

Fruit-tree variety Pollen fertility, %
Metsamor Control point
Pear, Malacha 95.4410.21 94.84+0.22
Pear, Dzmemnuk 79.71£ 0.40 86.90+0.34
Peach 88.69+0.32 95.61+0.21
Plum 96.93+0.17 87.60+ 0.33

TABLE 4. Vine pollen fertility around the nuclear power plant compared with a control area.

Vine variety Pollen fertility, %
Metsamor Control point
Charentsi 95.36 £0.21 95.16+0.21
Meghrabuyr 90.60 +0.29 90.80 +0.29
Nerkarat 98.84 £0.11 97.62+0.15
Burmunk 69.60 £0.18 97.69 £0.15

The genome size for 15 fruit species and 16 species of vegetables were
compared. It was shown that some of them (plum, apple, pepper, onion, garlic)
are more sensitive to environmental pollution than others (strawberry, apricot,
peach, sweet cherry, water-melon, pumpkin, marrow, radish). The results can
be used to present recommendations for future genetic monitoring and,
probably, preferable planting in the environment of the ANPP (Tables 5 and 6).

What are the current problems of genetic monitoring we need to solve in
this country?

The early approach, when investigators were happy to identify any changes
in cytogenetic damage or slow levels of gene mutations frequency is long gone.

Today the emphasis has changed. It has become essential to focus on the
genetical prognosis from population to individual risk, for understanding the
relevance of the assay endpoints to our health.
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TABLE 5. Nuclear DNA C-values of fruit species growing in the Ararat valley of Armenia

Genus Species Chromosome  Ploidy 1C(Mbp) 1C (pg)
number level

Fragaria viridis 14 2 98 0.10
Prunus persica 16 2 270 0.28
Prunus Armeniaca 16 2 294 0.30
Rubus idaeus - - 294 0.30
Prunus avium - - 343 0.35
Vitis vinifera 38 2 417 043
Ribes glutinosum 16 2 534 0.55
Pyrus communis 34 2 534 0.55
Prunus cerasus 32 4 613 0.63
Ficus carica 26 2 686 0.70
Punica granatum 16 2 706 0.72
Cydonia oblonga 34 2 711 0.73
Morus alba - - 833 0.85
Prunus domestica 48 6 907 0.93
Malus communis 34 2 2205 2.25

TABLE 6. Nuclear DNA C-values of vegetables growing in the Ararat valley of Armenia

Genus Species Chromosome  Ploidy 1C Mbp) 1C (pg)
number level

Citrullus vulgaris 22 2 441 0.45
Cucurbita pepo 40 - 539 0.55
Cucurbita pepo 40 - 539 0.55
Raphanus sativus 18 2 539 0.55
Cucumis sativus 14 2 882 0.90
Cucumis melo 24 2 931 0.95
Solanum melongena 24 2 956 0.98
Daucus carota 18 2 980 1.00
Lycopersicon  esculentum 24 2 1005 1.03
Spinacia oleracea 12 2 1005 1.03
Apium nodiflorum 22 2 1054 1.08
Beta vulgaris 18 2 1225 1.25
Hibiscus cannabinus 36 - 1495 1.53
Capsicum annuum 24 2 3920 4.00
Allium sativum 16 2 15901 16.23
Allium cepa 16 2 16415 16.75
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Abstract - The mutation occurrences at 9 cytogenetic characters in bone marrow cells
in different vole species, which were trapped in Chernobyl zone with various levels of
radionuclide pollution, were analyzed. The spontaneous spectra of cytogenetic
anomalies in bone marrow cells are characterized by the species-specific traits in the
voles both on predominance of cytogenetic anomalies and on evolving into anomalies
of individual chromosomes. In conditions of chronic ionizing irradiation speeding cell
proliferation in different vole species and also increasing the frequency of those
cytogenetic anomalies which had species-specific particularities is investigated in vole
species.

Keywords: vole, Chernobyl, cytogenetic anomalies

1. Introduction

Investigations of cytogenetic anomaly frequencies in somatic cells in
connection with ionizing irradiation in the last 50 years have been widely
conducted on humans, plants, small-sized Rodentia species, etc. The small-
sized rodents are the traditional object for bioindication of environmental
pollution by different genotoxic agents. However, a high individual variability
in tested species in the same conditions, and also the absence of a precise
correlation between the quantity of cytogenetic damage in somatic cells and
doses of ionizing irradiation were found from the accumulated data. It is not
excluded that one of causes of this result may relate to both the peculiarities of

T Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 95-100.
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species karyotype and/or the morphology of individual chromosomes. Thus, the
goal of our work was the study of mutation occurrences in bone marrow cells in
different vole species. These were trapped in Chernobyl zones with various
levels of radionuclide pollution ranging from 20 to 100 - 1000 Ci/km®.

2. Materials and Methods

Different vole species were trapped in Chernobyl zones with various levels
of radionuclide pollution ranging from 20 to 100 - 1000 Ci/km®. The sites
included: Razezzhee, Nedanchichi: <5 Ci/km% Lelev: ~ 20 Ci/km?, Lake
Glubokoe: 500 Ci/km?; Chistogalovka: >500 Ci/km?; Red forest: ~1000 Ci/km®.
Species differed by the number of acrocentric and metacentric chromosomes in
the karyotypes: Microtus arvalis (2n=46, Fna=84), Microtus subarvalis (2n=54,
Fna=54), Clethrionomus glarealus (2n=56, Fna=56), Microtus oeconomus
(2n=30, Fna=56), Microtus agrestis (2n=50, Fna=54). The preparations of bone
marrow cells of representatives of these vole species were obtained by a
standard technique without colchicine. Nine cytogenetic characters in bone
marrow cells were included in the analysis, such as the frequency of
aneuploidy. This was evaluated in two ways: general aneuploidy (Al) and
aneuploidy (A2) on one chromosome (2n+1)). Other characters were polyploidy
(PP), the frequency of metaphase plates with chromosome aberrations (CHA),
interchromosome fusion on a type of Robertsonian translocation (RB), with
asynchronous separation of centromere chromosome region (ASCR) (in %).
Quantity of metaphase plates (MI), binuclear leukocytes (BL) and leukocytes
with the micronuclei (LM) in 1000 cells were calculated on the same
preparations in cells with saved cytoplasm (in %o). Statistical reliability of
between group differences was evaluated with use of the Student t-test (tS).

3. Results and Discussion

In the zones with low-level radioactive pollution the spectra of cytogenetic
parameters had significant species variability. For example, in Microtus arvalis
the frequency of aneuploidy cells was higher than in Microtus oeconomus
(p<0.05) or the other species. In the voles with acrocentric autosomes in the
karyotype (Clethrionomus glarealus and Microtus subarvalis) the frequency of
metaphases with interchromosome fusion of the type of Robertsonian
translocation were seen more often than in the voles with metacentric
autosomes in the karyotype (Microtus arvalis and Microtus oeconomus)
(Table 1).
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TABLE 1. Spontaneous mutation spectra in different species of voles

N. | N Frequency of metaphases on 1000 lymphocytes
anim. |met. | Al [A2] PP | RB [ CHA [ASCR| MI | BL | LM
Razezzhee (<5 Ci/km®) Microtus arvalis

15 948 | 444 | 86 | 09 0.1 25 16.5 4.5 5.0 3.0
5.1 |28 05 05 | 06 | 49 | 09 | 08 | 104

Lelev (~ 20 Ci/km") Microtus oeconomus

4 370 | 212 | 4.2 1.7 0 2.7 12.7 3.7 8.0 45
+64 | t14 | 108 0.9 +3.3 +0.2 2.1 0.9

Lelev (~ 20 Ci/km2) Microtus subarvalis

3 170 | 363 | 5.0 | 34 31.6 2.0 0.7 3.6 34 24
139 [$34 | £34 | £259 | 20 0.7 | ¥2.8 | #1.3 | 0.8

Nedanchichi (<5 Ci/km®) Clethrionomus glarealus

4 97 | 33.7 | 90 | 140 0.5 12 6.2 3.2 35 55
+6 |43.5] #35 | 05 | 407 | $36 | +0.6 | 0.6 | 1.5

In the zones with high-level radiopollution in all species of voles an increase
of the mitotic activity (p<0.001 in Microtus arvalis and Microtus oeconomus,
p<0.05 in Clethrionomus glarealus) was seen. Correlated with this was the
small decrease of metaphase frequency with asynchronous fusion of
centromeres (ASCR) (p<0.05 at the Microtus arvalis and Microtus oeconomus)
(Table 2).

TABLE 2. Induced mutation spectra in different species of voles

N N Frequency of metaphases on 1000 lymphocytes
anim. |{met. | Al [ A2 [ PP | RB | CHA [ASCR] MI | BL | LM
Chistogalovka (>500 Ci/km’) Microtus arvalis
9 784 | 52.7 | 179 0 04 3.6 3.7 10.0 7.9 6.8
183 | 4.4 04 | 08 | $0.7 | 106 | +03 | 0.5
Lake Glubokoe (500 Ci/km®) Microtus oeconomus
6 579 | 23.0 | 125 0 0 5.0 1.8 9.8 7.2 55
5.0 | #4.7 9 | $0.7 | +06 | 104 | 0.6
Red forest (~1000 Ci/km®) Clethrionomus glarealus
3 252 | 33.7 50 (37| 57 7.3 23 103 7.0 9.3
+0.9 | £2.1 [$3.7]| 33 | +34 | £1.9 | 1.9 | £1.0 | £1.9
Red forest (~ 1000 Ci/km®) Microtus agrestis
2 124 25 3.9 0 16.1 9.7 21.7 1.5 1.8 2.8
+25 | £36 +11.9 | +14 | +11.6 | 105 102 0.2

In the cytogenetic anomaly spectra of animals from Chemnobyl zones with
high-level radiopollution an increased frequency was observed only on those
cytogenetic anomalies which were unstable in the zones with low-level radio
pollution. (Microtus arvalis - aneuploidy, the voles with acrocentric
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autosomes — centric fusion of the chromosomes.) A high frequency of
chromosome inversions in the group of small-sized chromosomes in Microtus
agrestis (about 30% of metaphases) was also revealed.

Individual chromosome mutation spectra of some vole species were also
analyzed. The group of biggest chromosomes evolved into aneuploidy with
high frequency in the Clethrionomus glarealus (Table 3) but the same
chromosomes participated with low frequency in asynchronous separation of
centromere regions (Table 4).

TABLE 3. Participation of individual chromosomes in aneuploidy in the Clethrionomus glarealus

Place of trapping Groups of different chromosomes, %

of animals NN 1-9 NN 10-19 | NN 20-26 N 27 N 28
<5 Cikm® 15.8 26.8 375 125 75
% metaphases 5.8 +1.8 +7.6 7.5 16.8
120 — 200 Ci/km” 272 16.1 39.5 9.7 7.1
% metaphases 6.8 3.9 6.3 3.1 +4.1
500 — 1000 Ci/km* 353 18.2 30.5 6.4 9.7
% metaphases 12 2%* 13 1** 4.9 +2.1 3.5
Theoretical expected 321 35.7 25 3.6 3.6
results

** p<0.01

TABLE 4. Participation of individual chromosomes in asynchronous separation of centromere
regions in the Clethrionomus glarealus

Place of trapping
of animals .
3.1. Groups of different chromosomes, %

NN 1-9 | NN 10-19 | NN 20-26 N 27 N 28
<5 Cikm’ 29.6 8.9 28.2 27.1 6.3
% metaphases 4.6 +3.4 8.7 +22.9 6.3
120 — 200 Ci/km* 14.7 30.5 31.8 17.2 53
% metaphases 13.2% 15 8% 4.1 12.6 +2.7
500 — 1000 Ci/km* 17.4 35.6 21.1 19.9 6.0
% metaphases +3.8* 16.5* +4.0 5.3 +33
Theoretical 32.1 35.7 25 3.6 3.6
expected results
* p<0.05

In contrast, in Microtus arvalis the group of small chromosomes evolved
into aneuploidy with high frequency (Table 5); however, the group of biggest
chromosomes evolved with high frequency into asynchronous separation of
centromere regions (Table 6).
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TABLE 5. Participation of individual chromosomes.in aneuploidy in the aneuploidy in the

Microtus arvalis

N 2= | 2n-1= | 2ntl= Chromosome loss

metaphases | 46% | 45% | 47% | NN1-5 | NN6-18 |[NN19-22| X |Y
43 69.8 9.3 4.7 2 8 13 0 |O0
42 52.4 11.9 9.5 0 26 3 2 {0
56 67.9 8.9 12.5 0 8 8 2 -
40 72.5 7.5 12.5 1 9 7 1 1
30 73.3 3.3 10.0 1 7 5 0 -
43 419 11.6 9.3 2 21 7 0 |-

2n — species specific diploid chromosome number

TABLE 6. Participation of individual chromosomes in asynchronous separation of centromere
regions in the Microtus arvalis

N metaphases| Metaphases
with ASCR, % | 3.1.1. Chromosomes with ASCR

NN 1-5 | NN 6-18 | NN 19-22 X Y
43 51.2 10 32 4 3 1
42 31.0 2 23 6 2 0
56 58.9 18 82 17 9 -
40 45.0 7 24 12 3 0
30 33.3 6 16 0 2 -
43 49.5 3 37 7 1 -

However, in cells of Microtus oeconomus chromosomes 10 and 14
preferably evolved into aneuploidy with asynchronous separation of centromere
regions (Tables 7, 8).

TABLE 7. Participation of individual chromosomes in aneuploidy in the aneuploidy in Microtus

oeconomus

N 2n= 2n+1=2n-1= Chromosome loss

metaphases | 30% {31%[29% | N1 | NN2-9.X | N10 | NN11-13 iN14| Y
24 708 | 83 | 16 - 5 1 3 1 -
46 69.6 0 |152] - 12 4 9 3 -
49 612 1102102} 1 7 2 4 3 -
52 69.2 |19.2| 3.8 - 5 2 6 - -
29 72 0 |138]| - 2 2 1 Jkok | fokxk

2n — species specific diploid chromosome number ; *** p > 0.001
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TABLE 8. Participation of individual chromosomes in asynchronous separation of centromere
regions in the Microtus oeconomus

N metaphases | Metaphases Chromosome with ASCR
with ASCR | Onthelst | N1 [ N2-9. [NIO|NN11-13{N14|Y
% metaphase X
24 16.7 0.13 - - 1 1 1 |-
46 24.5 0.39 - 8 1 6 3 -
49 30.6 0.59 1 T 16%** 6 g¥*k | ]
52 21.2 0.42 2 11 4 3 -
29 10.3 0.14 - 2 1 1 -
*+% 550,001

4. Conclusion

Our data show that spontaneous spectra (at the low-dose radiopollution
zone) of cytogenetic anomalies in bone marrow cells are characterized by the
species-specific traits in voles both in the predominance of cytogenetic
anomalies (centric fusion — for species with predominance of acrocentric
chromosomes, aneuploidy — for Microtus arvalis, asynchronous separation of
centromere regions — for Microtus arvalis and Microtus oeconomus) and in
evolving into anomalies of individual chromosomes.

In the Chernobyl zones animals with constitutive chromosome aberrations
did not occur.

Chronic ionizing irradiation did not lead to appearance of unusual
cytogenetic damages. In these conditions speed-up of cell proliferation in
different vole species was marked and also the increase of the frequency of the
cytogenetic anomalies, which had species-specific particularities in the
investigated vole’s species was observed.
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Abstract - Methods of conventional cytogenetics have been applied in Armenia already
for 30 years. However, cytogenetic diagnosis of complex cases stayed outside of the
possibilities of conventional karyotyping. It concerns the etiology of marker
chromosomes, structural and microstructural chromosomal anomalies, some cases of
chromosomal mosaicism. Therefore, it became important to supplement the methods of
conventional cytogenetics with the molecular-cytogenetic method FISH (fluorescence
in situ hybridization). FISH application allows one to increase essentially the quality
and reliability of results of cytogenetic diagnosis and permits one to realize additional
retrospective investigations of the patients whose karyotypes, previously analyzed by
the methods of conventional cytogenetics, continued to remain unspecified.

Keywords: prenatal diagnosis, postnatal diagnosis, FISH (fluorescence in situ
hybridization), DNA-probes, chromosomal anomalies

1. Introduction

The first laboratory of clinical cytogenetics was created in 1974 at the
Research Center of Maternal and Child Health Protection, Republic of
Armenia. In 1986, on its base, the Ministry of Health of the Republic of
Armenia organized medical-genetic service, which is successfully working
today. In the medical-genetic service of Armenia FISH (fluorescence in situ
hybridization) has been applied with our participation since 2002 " 2. FISH
application allows one to investigate complex chromosomal anomalies
(microdeletions, microtranslocations, inversion duplications > *, etc.), which
stayed outside of the possibilities of conventional karyotyping. The
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investigations were carried out in common by Department of Genetics and
Cytology of Yerevan State University, Laboratory of Cytogenetics of Research
Center of Maternal and Child Health Protection (Republic of Armenia), and
Institute of Medical Genetics (University of Zurich).

As a result, in the pre- and postnatal diagnosis there has been realized 3-
stage international standard of patients’ examination, including general clinical
examination, investigation by the methods of conventional cytogenetics and
molecular-cytogenetic analysis. Thus, application of each stage is forming the
special group of the patients for the further directed analysis.

2. Methods and Results

We have realized prenatal and postnatal analysis of 174 patients, directed at
the medical-genetic service at Research Center of Maternal and Child Health
Protection in the period 2000-2004. In 168 cases postnatal investigations were
performed and in 6 cases — prenatal investigations. Investigated patients
included the following groups: multiple inborn developmental defects — 101
cases, anomalies of sexual development — 47 cases, burdened hereditary and
obstetrical anamnesis — 20 cases. Prenatal diagnostics was performed according
to the following indications: parents with translocation, birth of previous child
with the chromosomal pathology, presence of X-linked disorders in the family.

Metaphase chromosome preparations were obtained from PHA-stimulated
lymphocyte cultures. Chromosome analysis was carried out on the G- and C-
banded metaphases. Commercial (Vysis, USA; Cytocell Technologies, U.K.)
and homemade DNA-probes were used. BAC clones of interest have been
obtained from the University of Bari, Italy. Whole Chromosome Painting
(WCP), Centromere Enumeration Probes (CEP), Locus Specific Identifier (LSI)
and Subtelomere specific (Subtel) DNA-probes were introduced in the work
(Table 1).

After counterstaining by DAPI II (Vysis, USA) slides were interpreted by
three filter-set fluorescent microscope (Zeiss, Germany) and analyzed by
software ISIS (MetaSystems). In Table 2 the results of cytogenetic
investigations are presented.

From the 168 postnatal conventional cytogenetic investigations, in 38 cases
(23%) diagnosis needed the specification by FISH. In Table 3 are presented
indications to FISH application and the results of molecular-cytogenetic
analysis.

Identification of chromosomes was performed for 24 cases. In 19 cases joint
specification of structural chromosomal anomaly has been done. For example,
the identification of marker chromosome is important for the patients with
karyotype 45,X/46,X+mar. In the dysgenic gonad the gonadoblastoma locus on

127



FISH APPLICATION IN PRE- AND POSTNATAL DIAGNOSTICS

the Y chromosome (GBY) might be oncogenic. The presence of Y chromosome
material in the karyotype of these patients may cause the development of
gonadoblastoma. The risk of this has previously been estimated as more than
30%, but more recent data suggest a lower risk 7-10%. Gonadectomy is
generally recommended for these patients > °. Thus, with the methods of
conventional cytogenetics the following karyotypes were revealed at 6 patients:
45,X/46, X delXq; 45,X/46,X.delYq; 45,X/46,X.delXp; 45,X/46,X,delXq;
45,X/46,X,r(X); 45,X/46,X delXp. Cytogenetic diagnoses have been verified by
FISH, using CEP X, CEP Y (sat. IlI), CEP Y (alpha sat.) and subtelXpXq
DNA-probes. As a result of molecular-cytogenetic investigation in the 1* and
2™ cases the karyotype was 45,X/46, X inv dupY (qll), in the 3" case
cytogenetic diagnosis was specified as 45,X/46 X,r(X), in the 4™ case
cytogenetic diagnosis turned out to be 45,X/46,XY and in 5" and 6™ cases
cytogenetic diagnoses were confirmed.

TABLE 1. List of used DNA-probes

Types of DNA- | Analyzed chromosomes and chromosomal regions

probes

WCP Y, 11, 14, 15,21,22

CEP X, X*, Ysatlll, YsatIll*, Y alphasat.*, Y alphasat, 4, 7,15

LSI SRY (Ypl11.3),4p16.3 (WHS), 5p15.2 (D5S721 D5S23Y 5q31 (EGR1),
7q11.23 (ELN), SNRPN, 21q22.13-q22.2,21q22.3*

Subtel Yp/Yq Xp/Xq, 11p/l1g, 15q, 21, 22

* Homemade DNA-probes

Specification of structural chromosomal anomalies was carried out in 28
cases. These cases included deletions, inversion duplications, translocations,
isochromosome and ring chromosomes. Specification of structural
chromosomal anomalies as well as chromosomes identification can be very
important for further medical care to the patients.

Most of the microstructure chromosomal anomalies remain uncovered with
the conventional cytogenetic methods. For instance, most XX men who lack an
Y chromosome do still have a copy of the SRY region (SRY - sex-determining
region on Y chromosome) on one of their X chromosomes’. Molecular-
cytogenetic method FISH application with DNA-probe for SRY region allows
one to reveal X;Y microtranslocations, which remained uncovered with the
methods of conventional cytogenetics. Thus, by the GTG banding method the
karyotype 46,XX was revealed at 4 patients. For specification of cytogenetic
diagnosis FISH was performed with the application of LSI SRY
(Yp11.3)/CEPX DNA-probes. As a result, in one case application of this probe
showed presence of SRY region on homologue X while in the other cases no
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signal of Yp.11.3 region was present on both X-chromosomes. Thus, for the
complete diagnostics of XX males, it is important that conventional cytogenetic

analysis should be followed by FISH to determine the presence of SRY gene.

TABLE 2. Cytogenetic investigations of the patients

Investigated groups Quantity of cases analyzed | Quantity of FISH-
by the methods of investigations
conventional cytogenetics

autosomal anomalies 100 (59.5 %) 8

numerical 84 1

structural 8 4

numerical+ structural 8 3

mosaic forms 4 2

anomalies of sex chromosomes 38 (22.6 %) 13

numerical 27 2

structural 5 4

numerical+ structural 6 7

mosaic forms 9 7

sex reverses 8 (4.8 %) 6

marker chromosomes 3(1.8%) 2

mosaic forms 2 1

chromosomal variants 13 (7.7 %) 3

normal karyotype but deviationin | 6 ( 3.6 %) 6

clinical description

prenatal investigations - 6

Sum total 168 44

TABLE 3. Results of molecular-cytogenetic diagnosis of chromosomal anomalies
L Quantity of Results of FISH-investigations

Indications — — -

for FISH- FISH-' Con}01dence Specification | Change Unspecified

analysis gwestnga- of diagnoses of diagnoses of - diagnoses
tions diagnoses

IC 5(13 %) 3 - - 2

SSCA 9 (24 %) 5 - -

IC with 19(50%) |9 6 4 -

SSCA

DLPM 5 (13 %) 4 1 - -

Sum total 38 20 (52.6 %) 12 (31.6%) 4(10.5%) | 2(53%)

IC - identification of chromosomes; SSCA - specification of structural chromosomal anomalies; DLPM -

determination of low percentage of mosaicism.
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Interphase FISH was applied in 11 cases of pre- and postnatal analysis.
FISH is effective method in prenatal cytogenetics for the detection of
aneuploidy without cells cultivation. Thus, FISH application considerably
reduces the term of prenatal diagnosis (2-3 days instead of 2-3 weeks in a case
of cultivation), which is especially important for timely decision of pregnancy
prolongation. For realization of molecular-cytogenetic analysis, small amount
of a biomaterial, which considerably reduces risk of pregnancy complication
after application of appropriate invasive procedures, is required. Interphase
FISH is important for an establishment of exact percent of mosaicism, and also
for statement of the diagnosis in case of unsatisfactory mitotic index and quality
of metaphases on the «direct» slides.

For example, prenatal diagnosis has been applied for the patient with the
following anamnesis: 2 children with Down syndrome and karyotype 47,
XX+21, early delivery with boy with multiple inborn developmental defects, 3
spontaneous abortions. At the 7* pregnancy with the term of 17 weeks of
gestation, amniocentesis was performed in transabdominal way. DNA-probe
LSI 21q22.13 - q22.2 (Vysis) has been applied. In 70% of 100 totally scored
cells there were 3 copies of chromosome 21 detected, in 30% - 2 copies and
diagnosed mosaic form of Down syndrome. Duration of cytogenetic diagnostics
starting with the amniocentesis was 3 days. Trisomy of chromosome 21 was
confirmed in 200 totally scored cells of chorionic villus samples from abortion
material.

Basing on obtained results the algorithms of DNA-probes application for
different types of chromosomal anomalies have been developed. An example of
the algorithm of DNA-probes application for the analysis of reciprocal
translocation is presented in Fig. 1.

During analysis of mosaicism there can be problems caused by artefacts and
also statistical errors, leading to the incorrect interpretation of results. Thus, we
have developed the consecutive algorithm of molecular-cytogenetic analysis of
slides for mosaicism diagnostics. This scheme allows one with the probability
99% to detect the mosaicism with the minimal correlation of cell lines 5:95%
and the artefact level until 3%. Slide analysis should start with 60 cells.

o If there is no cell with different chromosomal constitution, then with the
probability of 99% mosaicism can be excluded for the proportion of cell
lines minimum 5:95%.

« If the number of cells with different chromosomal constitution is equal to or
more than 6, then mosaicism is concluded.

« If the number of cells with different chromosomal constitution is between 0
and 6, then the number of analyzed cells should increase to 90 (Fig. 2).
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FIGURE 1 - A-probes application algorithm for reciprocal translocation (RTr)

The quantity of analyzed cells should increase stepwise until differentiation
of the case to mosaic or non-mosaic form and final diagnosis.

As a result of postnatal molecular-cytogenetic analysis, we can conclude
that:

1. In 20 cases (52.6 %) the diagnosis, which was done by the methods of
conventional cytogenetics, was completely confirmed by FISH analysis.

2. In 12 cases (31.6 %) the diagnosis turned out to be incomplete and
specified by FISH.

3. In 4 cases (10.5 %) cytogenetic diagnosis has been changed entirely. In 2
(5.3 %) cases additional analysis by FISH did not reveal the origin of
marker chromosomes. These cases require further investigations.
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FIGURE 2 - Consistent molecular-cytogenetic investigations. p=0.99; p=0.05; part=0.03

The results of our molecular-cytogenetic investigations were checked in the
Institute of Medical Genetics, University of Zurich. Some cases of
chromosomal pathology, representing scientific interest, were exclusively
selected and included in the European Cytogeneticists Association Register of
Unbalanced Chromosomal Aberrations.

3. Conclusion

On the basis of cytogenetic investigation of large group of patients we can
conclude that in the quarter of cases of complex chromosomal anomalies the
cytogenetic diagnosis, obtained on the base of conventional karyotyping,
needed further specification. Only in the half of these cases FISH-investigations
confirm results obtained based on conventional cytogenetics. In the other cases
diagnosis was specified or changed. The data obtained as a result of
introduction of molecular-cytogenetic method FISH are important for the
medical-genetic service of Armenia.
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Abstract - Cytogenetics findings have been demonstrated to be powerful indicators in
predicting clinical course and outcome in leukemia patients and in guiding their
management. DNA probes library has been created at our Department for FISH
(Fluorescence In Situ Hybridization) diagnostics. This technique of molecular
cytogenetics plays an important role in the detection of chromosomal loci containing
genes involved in leukemogenesis. Conventional and molecular cytogenetic
investigations of more than 400 samples of patients with leukemia were performed.
The most of them were patients with CML (chronic myeloid leukemia). In the majority
of patients with CML Philadelphia chromosome was identified and FISH was applied to
monitor the response to therapy. In some CML cases complex translocations and
additional aberrations were observed. In 19 patients with acute myeloid leukemia
numerical abnormalities were revealed using interphase FISH with centromere specific
probes. These abnormalities included various aneuploidies and near-tetraploidy. FISH
results were compared with data obtained by conventional cytogenetic analysis. The
presented research is a part of conventional practice of leukemia diagnostics in
Armenia.

Keywords: leukemia, cytogenetic, FISH
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1. Introduction

Since discovering of Philadelphia chromosome (Ph chromosome) by Nowel
and Hungerford (1960) in leukemic cells from chronic myeloid leukemia
patients', extensive cytogenetic analyses of hematological neoplasia have
demonstrated an association of recurrent chromosomal aberrations with clinical
and biological diversity of leukemia and provided insight into the genetic
changes that underlie leukemogenesis and treatment strategies®”. In 1997 the
WHO (World Health Organization) confirmed a new classification of
neoplastic diseases of myeloid and lymphoid tissue, where along with
morphological and clinical features of disease were included also genetic and
immunophenotypical characteristics®. Improvements in cytogenetic techniques
have yielded significant comprehension as to importance of cytogenetic
abnormalities in the pathophysiology and prognosis of hematologic
malignancies’.

Introduction and development of cytogenetic investigation of leukemia in
Armenia has its goal to detect chromosomal abnormalities, reveal breakpoints
and candidate genes involved in aberrations, predict disease, realize the choice
of optimal therapy and further to monitor treatment response, detecting disease
progression and secondary leukemia.

2. Material and methods

During 4 years of our study more than 400 samples of patients with
different types of leukemia were analyzed by cytogenetic methods. For analysis
bone marrow samples were cultivated in medium RPMI 1640 with 15% fetal
calf bovine serum. Dividing cells were arrested due to incubation in colcemid
for 10-12 hours or/and 1.5 hours with final concentration 0.02ug/ml. Then the
harvest of cultures, preparation of slides to get chromosome spreading and,
finally, staining of chromosomes by different banding techniques were realized.
Every step has its role to obtain good quality of chromosome. Karyotype
analysis was realized using IKAROS software (MetaSystem).

The following step of our investigation, in cases where it is necessary after
conventional karyotyping, was the molecular cytogenetic study by Fluorescence
in Situ Hybridization (FISH) that permits immediate visualization of genes on
chromosomes and interphase nuclei.

All steps of FISH technique were performed using different standard
protocols®”. In cases when commercial probe is inaccessible, we prepared DNA
probes by labeling extracted BAC/PAC DNA and whole chromosome DNA,
provided by the University of Bari, Italy®. After pretreatment of slides by pepsin
DNA probe application, the denaturation and hybridization of slide and probe
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were carried out. Then slide posthybridization washing with following
detection, if necessary, was done. Analysis of FISH results using ISIS software
(MetaSystems) was further realized.

3. Results and Discussion

Summary of conventional cytogenetic study of patients with leukemia is
presented in Table 1.

TABLE 1. Summary of conventional cytogenetic study of patients with leukemia

Diseases Number of Cytogenetic finding
cases
Chronic 110 patients, t(9;22)(q34:q11), extra Ph, +8,
myeloid 41 of them 2-7 | i(17)(ql0), t(3;21),
leukemia times repeat t(11;14)(p13-15;q11),

t(3;8)(p22;q22),
t(1;22;9)(p32;934:;q11),
1(6;9;22)(q12;q34;q11), t(2;9;22)

Acute myeloid | 90 patients t(8;22)(q21,q11), del(14)(q22),
leukemia (AML) | 60 ALL cases | t/del(3q), del(11)(q23), del(19q),

and acute 30 AML cases | aneuploidy, hyper- and
lymphoblastic hypoploidy
leukemia (ALL)

Most of the studied cases were patients with chronic myeloid leukemia
(CML). Primary analyses were done for 110 patients and for 41 patients were
performed repeated studies (two and more times). Along with classical Ph
chromosome in three cases there were revealed rare complex translocations
involved in addition to chromosomes 9 and 22 also chromosomes 1, 6, 2. Five
cases were Ph-negative. At some patients other aberrations were also found like
t(3;8)(p22;q22), +8, i(17)(q10), t(3;21), t(11;14)(p13-15;q11) that are described
as additional or primary abnormalities.

Ninety patients with acute leukemia were analyzed by cytogenetic analysis.
We revealed some numerical and structural aberrations like t(8;22)(q21,q11),
del(14)(q22), t/del(3q), del(11)(q23),del(19q), aneuploidy, hyper- and
hypoploidy.
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To apply FISH for investigation of leukemias in Armenia, the DNA probes
library has been created at the Department of Genetics and Cytology °. At
present the DNA probe library contains more than 50 different DNA probes.
Due to high cost of FISH we used the selective DNA probes application (Fig.1).
In cases.with preliminary karyotyping the FISH is done to detect breakpoints
and to describe complex aberration. For example, the above-mentioned
complex chromosomal rearrangements in CML cases were analyzed by LSI
(locus specific) FISH, WCP (whole chromosome painting), M-FISH
(multicolor-FISH) and MCB (multicolor chromosome banding) FISH
techniques.

The investigation of karyotype abnormalities in tumor depends on ability to
arrest dividing neoplastic cells in metaphase, to achieve acceptable spreading
and fixation of the chromosome. However, the chromosomes of neoplastic cells
often seem to have a predisposition to poor morphology and indistinct banding’.
In these cases it is very advisable to carry out interphase FISH technique to
reveal numerical abnormalities by application of centromere probe and to
demonstrate the presence/absence of specific gene sequence and/or fusion gene.

Numerical aberrations of 19 patients with AML without primary
karyotyping have been studied by interphase FISH. The centromere specific
DNA probes for chromosomes 7, 8, 10, 11, X, Y were prepared by labeling of
DNA from pZ7,5; pZ8,4; pZ210-1,3; pRB11, alpha X and alpha Y using Nick-
translation. We revealed different numerical aberration of tested chromosome
which can have prognostic significance®>® (Table 2). In one case, e.g. there
were found trisomy and tetrasomy of tested chromosomes in variable ratio.

FISH application

With Karvelvping Without Karvolvping
¥ ¥
LSI FISH, WCP, M- Internbase FISH
FISH, MCB FISH ¥
L7 “Centremere” FISH
Comgplex aberration LSI FISH
or/and breakpoint study Detection of BCR/ABL

FICURE 1 - Principle of FISH application
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Presumably, the patient has near-tetraploidy that rarely occurs in AML,
usually in aged men, and has poor prognosis10, 11.

TABLE 2. Results of investigation of
numerical aberration at patients with acute
myeloid leukemia by FISH

Number of | Abnormalities

patients

Near-tetraploidy
Monosomy 7
Monosomy 8
Trisomy 8
Monosomy 10
Monosomy 11
Loss Y

W W W N[ |

As mentioned above, most of our studied patients were CML cases. In some
primary cases with questioning karyotyping results and in all repeated samples,
FISH analysis by application of LSI BCR/ABL DNA probe was performed.
Introduction of treatment with Imatinib mesylate (Formerly STI571, Glivec,
Gliveec, Novartis Pharmaceuticals, Basel Switzerland) that is selective inhibitor
of ABL and its derivative BCR-ABL, the tyrosine kinase involved in the
pathogenesis of CML, made the study of this fusion gene very important during
disease therapy '%.

In the framework of our investigation we carry out monitoring of BCR/ABL
by interphase FISH at 41 patients. Data are not presented.

4. Conclusion

In summary, the development of cytogenetic investigation of leukemia in
Armenia is important factor to improve and realize the disease diagnosis and
classification, to choose treatment strategy and for monitoring of treatment
response and determination of prognosis. More than 400 samples from
leukemia patients were observed. Complex cytogenetic study (karyotyping and
FISH) permits one to find and describe chromosomal aberrations that can help
to discover gene-candidate involved in leukemogenesis and reveal the disease
progression in earlier stages.
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Abstract - The interrelation between GSTMI1 polymorphism and chromosomal
aberrations in peripheral blood lymphocytes and lung tissues of SCLC patients was
analyzed. As a result of the carried out cytogenetic research, the statistically significant
excess of the group average level of cells with micronuclei in peripheral blood
lymphocytes and nontumour lung tissue of patients with mutant GSTM1(-) genotype
was shown in comparison with GSTM1(+). The number of micronuclei in tumour lung
tissue significantly exceeded this parameter in nontumour one and thus, did not depend
on deletion in GST gene.

Keywords: squamous cell lung cancer; lung cells; peripheral blood lymphocytes;
genetic polymorphism; GSTM1; micronuclei

1. Introduction

Economic and social consequences of stable growth of oncologic diseases
and death from them practically in all age groups of the population make the
development and perfection of early diagnostics methods and the prediction of
cancer urgent. At present the solution of these problems is associated with
molecular-genetic research, which allows revealing of the genes involved in
carcinogenesis process.

The basic external factors causing development of oncopathology including
lung cancer are environmental contamination with various chemical and
radioactive compounds. Carcinogens cause genetic damages of cells the level of
which depends to a considerable extent on individual sensitivity of somatic
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cells to these genotoxic agents and is determined, first of all, by the activity of
cell repair and elimination systems, as well as by functioning of antioxidant
enzymes. The key role among them belongs to glutathiontransferases (GST),
which participate in detoxication of reactive metabolites activated by
cytochrom P450 in the second phase of xenobiotic enzymatic
biotransformation. Glutathiontransferases of the class p (GSTMI1) and the class
0 (GSTT1) are the most investigated from these enzymes. The presence of
homozygous deletion (null genotype) even if for one of these genes, is
associated with the increase of disease risk with various forms of cancer,
including squamous cell lung cancer (SCLC) (Bartsch, 1996). As a result of
lowered metabolite detoxication in biotransformation reactions, the damage
probability of “critical genes”, participating in regulation of cell growth, repair
processes, cell death as well as directly involved in carcinogenesis development
is increased (Raunio et al., 1995).

The degree of sensitivity to genotoxic agents is determined, most likely, by
the activity balance of various glutathione S-transferases so long as they are
polymorphous and have overlapped substrate specificity (Knudson, 1985). In
this case lack of functioning of one gene can be compensated by the activity of
other GST, therefore research of GST polymorphism requires a complex
approach using the data on several genes at the same time.

The analysis of data on relation between inherited functional deficiency of
glutathione S-transferases (GSTMI and GSTT1) and genetic damages also
verify direct involvement of this enzyme in the metabolic pathways providing
cell protection against chemical and radioactive carcinogens inducing DNA
damages (Karahalil B. et al., 2002). The study on cytogenetic manifestation of
unfavorable genotype and the opportunity to identify people subgroups on this
basis with high risk of oncologic pathology in general and lung cancer, in
particular, is of great interest.

In this connection the interrelation between GST polymorphism and
chromosomal aberrations in peripheral blood lymphocytes and lung tissues of
SCLC patients was analyzed. '

2. Materials and Methods

The frequencies of GSTM1 and GSTT1 gene polymorphic alleles were
investigated using a polymerase chain reaction (PCR) in 19 lung cancer patients
undergoing treatment at Minsk Oncology Center. DNA was extracted from
peripheral blood lymphocytes by the routine phenol-chloroform method
(Mathew, 1984).
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Sample typing for GSTM1 and GSTT1 genes was carried out by multiplex
PCR described by M. Arand (Arand et al., 1996) using three oligonucleotide

primer pairs (Table 1).

TABLE 1. Primer Sequences used in work

Primer designation  Sequence Product length
GSTMI (F) GAACTCCCTG AAAAGCTAAA 215bp
GSTMI (S) GTTGGGCTCA AATATACGGT

GSTT1 (F) TTCCTTACTG GTCCTCACAT 480 bp
GSTT1 (S) TCACCGGATS ATGGCCAGCA

Albumin (F) GCCCTCTGCT AACAAGTCCT AC 350 bp
Albumin (S) GCCCTAAAAA GAAAATCGCC AATC

Homozygotes and heterozygotes in terms of the normal allele “+” for
GSTMI1 and GSTTI genes were determined on electrophoregrams by the
presence of the amplification product 215 bp in size (GSTM1) and the fragment
of 480 bp (GSTT1). Amplification of albumin gene fragment was used as the
internal control. Heterozygotes 0 / + were not identified in our experiments.

For cytogenetic research the interphase analysis of somatic cells without
cultivation was used. The frequency of cells with micronuclei (MN) was
estimated in peripheral blood lymphocytes on blood smears and in lung cells on
postoperative smear-impressions from tumour and nontumour tissues of lung
cancer patients.

3. Results and discussion

The data of genotyping are presented in Fig. 1 and in Table 2.

Albumin
GSTM1

M 32 33 34 35 36 37 38 39 40 41
FIGURE 1 - Multiplex PCR analysis of the GST polymorphisms (fragment)
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Genotype GSTM1 (-) was found in 43 % of the examined patients, which
corresponds to its occurrence in the control group. Genotype GSTT1 (-) was
found only in one patient, therefore these data are not discussed.

TABLE 2. The frequency of GSTMI in SCLC patients and in the control group

0,
Genotypes Gel‘lotypc frequency, %
patients control
GSTM1 (-) 429 39.6
GSTM1 (+) 57.1 60.4

The analysis of the data in terms of age has shown that lung cancer took
place later in non-smoking patients (on the average, at 64 years of age) than in
smoking ones (at 58 years). Thus, tumour occurrence in patients with GSTM1
(-) was registered on the average at 52 years, whereas in people with a normal
genotype — at 61 years. Non-smoking patients with GSTM1 (+) genotypes have
shown the highest resistance to the influence of genotoxic agents, their age at
the moment of the tumour detection was 66 years.

Mutations in detoxication genes are known to be accompanied by the
change in the cytogenetic parameter level in somatic cells. In our research the
comparative cytogenetic analysis of the mutational process and cellular-lethal
effect in SCLC people with various GSTMI1 genotypes has shown the
distinction in the average levels of the examined parameters in both the control
group and the group of oncologic patients (Table 3). These differences were
not so obvious in oncologic patients, which seems to be associated with an
additional effect of factors of the disease itself.

TABLE 3. Cytogenetic analysis of peripheral blood lymphocytes of SCLC patients with various
GSTMI genotypes

Number of cells , x +Sx, %

Genotypes apoptotic with micronuclei
SCLC patients
GSTM1 (+) 11.91+0.40 0.26+0.06
GSTMI (-) 10.22+0.38* 0.34+0.07
The control
GSTMI (+) 8.26+1.00 0.13+0.13
GSTMI (-) 16.53+1.13* 0.65+0.24*

Note:* Significant difference in GSTM1 (+)genotype carriers (P <0.05)

A significantly increased level of apoptotic cells in healthy people with
GSTM1 (-) genotype in comparison with patients with the same genotype
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(Table 4), probably, points to initial deviations in cell elimination in oncologic
patients. A significant excess of the number of cells with degenerative changes
in healthy people with a mutant genotype as against healthy individuals with a
normal genotype indicates activization of the elimination system in cells of
people with GSTM1 (-) genotype as a result of their higher sensitivity to
genotoxic agents.

The obtained data of the cytogenetic analysis were estimated in view of the
smoking factor and GSTM1 polymorphism as the different ratio of mutant and
non-mutant genotypes was observed in smoking and non-smoking patients.
The null genotype in non-smoking patients was observed twice more often
(57.1 %) than in smoking ones (28.5 %), and, apparently, was one of the causes
of cancer occurrence just in non-smoking people.

The level of cells with MN in smoking patients practically did not depend
on a genotype as it did not differ significantly in carriers of GSTMI1 (+)-
0.26+0.08 % and GSTM1 (-) — 0.19+0.07 % genotypes. The frequency of cells
with degenerative changes in smoking patients with a null genotype (8.69+0.46
%) was significantly higher than in GSTM1 (+) patients — 6.80+0.40 %, which,
probably, point to the high sensitivity of these patients to mutagenic factors, in
particular to smoking.

TABLE 4. Cytogenetic status of smoking and non-smoking SCLC patients depending on a
genotype

Number of cells, x +Sx, %

Genotypes apoptotic with micronuclei
Non-smoking SCLC patients
GSTM1 (+) 19.78+0.79 0.28+0.10
GSTM1 (-) 12.30+0.65* 0.55+0.15
Smoking SCLC patients
GSTM1 (+) 6.80+0.40 0.26+0.08
GSTMI (-) 8.69+0.46* 0.19+0.07

Note:* Significant difference in GSTM1 (+)genotype carriers (P <0.05)

As to non-smoking SCLC patients the level of cells with MN in patients
with GSTM1 (-) genotype was 2 times as high (0.55+£0.15%) as in GSTM1 (+)
patients (0.28+0.10%) although distinctions were insignificant. The number of
apoptotic cells in a null genotype carriers (12.30+£0.65 %) was statistically
significantly reduced in comparison with the frequency of this parameter in
patients with a normal genotype (19.78+0.79 %). It may be assumed that one of
the reasons of the increased level of chromosomal aberrations in non-smoking
people is carrying of genotype GSTM1 (-). Just these individuals make group
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of risk in oncologic diseases, whereas for smoking people the presence of such
a genotype plays a smaller role.

The results of research seem to point to a modifying role of the smoking
status and GSTM1 genotype in the activity of DNA repair processes. Similar
data were obtained by F. Marcon (Marcon et al., 2003) with application of other
methods. The authors associate the low number cells with chromosome
aberrations in smoking patients and GSTMI1 (-) carriers with higher enzyme
expression, involved in repair of DNA damages.

As a result of the carried out cytogenetic research, the statistically
significant excess of the group average level of cells with micronuclei in
nontumour lung tissue of patients with mutant GSTM1 (-) genotype was shown
in comparison with GSTM1 (+). The number of micronuclei in tumour lung
tissue significantly exceeded this parameter in nontumour one and thus, did not
depend on deletion in GST gene (Fig. 2).

S 9 9
2 © o -

o
N
;

The level of cells with MN, ¢

o

GSTM1(+) GSTM1(-)

Bperipheral blood lymphocytes Mnontumour tissue Otumour tissue

FIGURE 2 - The level of cells with MN in different tissues of SCLC patients with
different genotype

4. Conclusions

The comparative analysis of the data obtained by various methods, shows
that the data of the cytogenetic analysis are confirmed and supplemented with
molecular research. The obtained results have shown the possible relation
between the GST genotype and the level of chromosome aberrations in normal
tissue of lung cancer patients. Obviously, such effects can be explained by the
unequal ability of people with various GST genotypes to biotransformation by
their metabolic specificity and, hence, by different expression of enzymes,
involved in repair of DNA-damages.
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Abstract - Target theory was the first successful attempt to describe biological
phenomena in the language of theoretical physics. Its basic assumptions are still valid,
and their validity can be proven with the help of modern techniques of molecular
biology. The theory has also practical implications, e.g. the determination of molecular
weights of enzymes which cannot be easily separated to allow standard molecular
analysis. For the description of heavy charged particle action the original concept had to
be broadened which led to the development of “microdosimetry”. Track structure
analysis takes into account the spatial distribution of energy deposition at a nanometer
scale and thus allowed an understanding of the action of heavy charged particles which
is important for the assessment of radiation risk to humans as well as to subminiature
electronic circuits. New developments in radiation biology as, e.g., the “bystander
effect” do not call the basic principles into question but ask for a rethinking about the
nature of targets and the possible effects following radiation interactions.

Keywords: target theory, track structure, microdosimetry

1. Introduction

Very soon after Rontgen’s discovery of X-rays in 1895 their medical
potential was realized, both for diagnostic and for therapeutic purposes. It took
a considerably longer time to develop a theoretical framework for the
quantitative understanding of biological radiation effects. The target theory
constitutes the first attempt to explain biological phenomena in a similar way as
the physicists deal with their experiments. It marks thus the birth of
“Theoretical Biology” in analogy to “Theoretical Physics” which celebrated

" Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 229-242.
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triumphal successes at the turn from the 19" to the 20" century. In effect, the
then newly developed “‘quantum theory” provided the key for an explanation of
the interaction of ionizing radiation with biological entities. Right from the
beginning, the aim was not a merely formal description of dose-effect curves in
the form of “curve fitting” but rather to use radiation as a tool to explore the
properties of biological systems and the way they work. Radiation biology has
thus laid the foundation for the developments of modern biology, particularly to
molecular genetics.

The historical landmarks have been described elsewhere (Kiefer, 2001).
Target theory started with the first formulations by Dessauer (1922) and
Crowther (1924), was taken up and refined by Timofeeff-Ressovsky, Delbriick
and Zimmer, particularly in their famous ‘“green pamphlet” (1935) whose
influence reached as far as Francis Crick, one of the founder fathers of modern
molecular biology. But the ideas of these early attempts should not only be seen
with an historical perspective as they are still important parts of even
contemporary quantitative radiation biology (see also Zimmer, 1961 for some
special applications). It seems thus worthwhile to follow some of the further
developments in order to see what kind of new insights were gained.

2. Target theory and consequences

Target theory in its original form is based on two simple principles:

1. Radiation interaction with matter is of quantal nature, i. e. discrete and
hence not continuous. This implies that local energy absorption cannot be
infinitesimally small. The interaction events are called “hits”.

2. A certain number of hits received in the biological target will lead to its
inactivation.

The mathematical formalism of target theory is quite simple: If N is the
number of undamaged targets after an exposure of Nj targets to a radiation dose
D, € the deposited energy per hit, m the target mass and k the number of hits
necessary for target inactivation one has

k-1

The number of hits follows a Poison distribution indicating that the mean
number is small. Fig. 1 gives examples of multiple hit curves.
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FIGURE 1 - Examples of theoretical survival curves after radiation action. Shown are multi-hit-
single target and single-hit-multi-target types. Note that curves for a single hit but multiple targets
are closer together than curves for a single target but multiple hits

A modification is the assumption that a site contains several sensitive
targets which all have to be hit to inactivate the whole site. In the case of a
single hit per target and n targets one has the formula

N=Nj[1-(1-emD/E)" ] ...ccccveernnnn. 2)

There are also examples for this expression in Fig. 1. One sees an important
difference: the number of necessary hits has a much stronger influence on the
survival curve than the number of targets.

Expression (2) has been very popular over a long time as many survival
curves (mainly with microorganisms) could be rather easily fitted. Sometimes
the targets were identified with intracellular sites, e.g. chromosomes. All this
broke down when it was realized that survival curve shapes can be changed by
various experimental conditions. Consequently m was termed just
“extrapolation number” as it is obtained if the terminal exponential part of the
survival curve is back-extrapolated to the ordinate (Alper, Elkind and Gillies,
1960). When the interest of radiobiology shifted to mammalian cells it was
realized that the multi-target type of curves were not appropriate to describe
their survival. The currently popular version is the “linear-quadratic” expression
which was originally based on microdosimetric considerations (see below). It is
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not the place here to follow the history of dose-effect curve expressions but just
to demonstrate the impact which the initial approach had on the further
developments.

The physical foundation of target theory is still true, sites are hit according
to a Poisson distribution but the biological assumptions are much too rigid. It is
postulated that the physical event of energy absorption (the “hit”) determines
unequivocally the further fate. This view has been completely shattered by the
discovery of repair processes, which govern present-day interest in cellular
radiation biology. The ‘“shoulder” in the survival curves can no longer be
interpreted in term of multiple hits or targets but they must be ascribed to the
dependence of repair capacity on the number of lesions formed as a result of
radiation exposure.

Also, biological units are generally not inactivated by a fixed number of
hits. This is even true if the survival curve is of the “single-hit” type, i.e. strictly
exponential. The literal meaning would be that only a unit without any hit is
able to survive. Exponential curves can be interpreted also in a different way
(Kiefer, 1971): If one assumes that a hit leads with a probability q to
inactivation the survival can be expressed as

r R .
N=N,][e™"*(1-q) (mDre) /it
0

= NP s (3)-

A “single-hit” curve can hence be interpreted as the unit being able to
survive even with many hits although every one received lowers the survival
probability.

“Hits” in the original concept described interaction processes in a rather
abstract form. They could not be measured and certainly not be seen. This
situation has now changed in some respect. Radiation absorption leads to the
formation of double strand breaks (DSB) in the DNA of the affected cells
which are the most important biologically significant lesions. With the help of
immunofluorescence techniques it is now possible to make them visible and
determine their distributions down to X-ray doses of a few mGy (Rothkamm
and Loebrich, 2003). Fig. 2 shows an example from their work. The number of
DSB per cell nucleus follows very nicely the predicted Poisson distribution. It
must be pointed out at this stage, however, that this is typical only for sparsely
ionizing radiations like X- or gamma-rays, the situation is different with
densely ionizing particles as discussed later.
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FIGURE 2 - Number of fluorescent foci as markers of DNA double strand breaks in nuclei of
human cells after exposure to 200 mGy X-rays (Rothkamm and Lobrich 2003). The line shows
Poisson probabilities for a mean yield of 7 foci/cell. Courtesy of M. Lébrich

3. Radiation as analytical tool: determination of molecular masses

While the success of target theory to explain cellular radiation action was
only rather limited it-developed to a useful tool for the analysis of molecular
masses. There are, of course, quite a number of standard techniques for their
determination (ultracentrifugation, electrophoresis etc.) but they require the
isolation or separation of the molecules and it cannot be excluded that the
manipulation alters the conformation and even the size compared to the
functional environment. This is, for instance, the case with membrane bound
enzymes. If they can be inactivated by radiation the dose dependence is a
function of their size in situ.

In the case of single hit processes which are found experimentally in most
cases equation (1) reduces to

which can be directly applied. Kempner and Schlegel (1979) compared
molecular weights obtained by sedimentation and radiation analysis and found a
linear dependence over two orders of magnitude as summarized in Fig. 3. The
topic was followed up in a number of more recent papers (Kempner, 1988,
1993, 1999). It was also shown that radiation target analysis is more reliable
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than centrifugation methods as it is insensitive to changes in pH that may alter
sedimentation behavior (Osborne et al., 2000).
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(kg/mol)
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o

—
o
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Analytically determined molecular mass (kg/mol)
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o

FIGURE 3 - Relationship between analytically determined molecular weights and those measured
by radiation inactivation (data from Kempner and Schlegel, 1979)

4. Radiation quality

The original target analysis was concerned with sparsely ionizing radiations.
In this case ionization events are stochastically distributed if the exposed sites
are not too small and the doses not too low. This is the situation described in the
previous section so that the method is applicable with X- or gamma-rays. If one
deals with densely ionizing particles like o—particles or neutrons one has to take
into account that they are able to deposit comparatively high amounts of energy
even by single traversals. This is described quantitatively by the “linear energy
transfer” (LET) which gives the “energy deposited locally per unit pathlength”.
The common unit is “keV/um”. The term “locally” refers to track structure
which will be discussed below.

With densely ionizing particles ionizations are concentrated largely in their
path, contrary to e.g. X-rays they leave tracks in matter. To be strictly correct
this is also the case with the electrons which are liberated by photon radiations
but here ionizations are much further apart. A direct consequence of high LET-
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values is that for a given dose the number of particles per unit area (the
“fluence”) decreases as dose D and fluence @ are linearly related through the
LET L:

D=L"® )

In the case of smaller (e.g. subcellular) sites there is no longer an evenly
distributed energy deposition because it is governed by the probability p to be
hit by the particle. It depends both on the site area and the fluence but it is still
Poissonian:

P(n) = e*® (a®)"/n! (6)

where p(n) is the probability of n hits to a site of area a.

The energy deposited per mass (the dose) varies thus from site to site and
thus loses its unequivocal meaning in smaller sites. In order to take this into
account a new quantity was introduced, the “specific energy” z (also defined as
energy deposited per mass) as the microscopic counterpart to the macroscopic
dose. Specific energy is a stochastic variable characterized by a distribution
p(z). Dose can now be defined in a more stringent way as the expectation of
specific energy:

Energy deposition in small sites, their variation and quantitative description
as well as the interpretation of biological effects is the realm of a new sub-
branch of radiation science, namely “microdosimetry” (Rossi and Zaider,
1996).

The inactivation of a biological target depends on z. In the case of single
inactivation events one has with z, the specific energy per single traversal.

This is an exponential relationship on fluence and, because of eq. (5). also
on dose. The factor attached to the fluence is usually called the “action cross
section”, or in this case, the “inactivation cross section” as it has the dimension
of an area. If one denotes it with o one sees that

0=a(1-€2V&) . (8)

In other words, the inactivation cross section increases exponentially with
the energy deposited by a single particle traversal and reaches a saturation value
equal to the geometrical cross section of the site. The specific energy deposited
by a single traversal z, is proportional to LET
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with v as the site volume and p the density. One can thus conclude that with

very high ionization density biological targets can be inactivated by a single
particle traversal.

N=NoL| pm)e=/e
n

...=Np l_rl (e’zl/ 8)ne'a‘l’(a(b)n/n!
n
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FIGURE 4 - Inactivation cross section for haploid yeast cells after exposure to heavy ions of
different LET and energies below 3 MeV/u. Data from Kiefer et al. (1983)

The validity of the theoretical approach described was tested experimentally
by measuring the inactivation of haploid yeast exposed to low energy heavy
ions. Results are shown in Fig. 4.

One sees that the experimental points can be fitted by the theoretical
expression according to eq. (8). It has to be pointed out, however, that this holds
true only in the case of low energy ions. If particles of higher energy are also
included one obtains the relationship shown in Fig.5. It is obvious that the
unequivocal dependence on LET breaks down. The reason is that ion tracks
cannot be considered as ultrathin “pencil beams” but possess lateral extensions
formed by secondary electrons which contribute to inactivation. The “LET”
approach is thus only applicable in the case of negligible energy depositions at
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some distance from the track core. This is the meaning of “locally deposited” in
the definition given above.
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FIGURE S - As in figure 4 but including all ion energies up to 12 MeV/u. Data from Kiefer e? al.
(1983)

5. Track structure

At the point of collision electrons are ejected into different directions and
with different velocities and angles. They form an “ionization cone” whose
radius depends on ion velocity.

Track structure has been studied extensively, both theoretically and by
experimental measurements. Fig. 6 depicts the track of a heavy charged particle
in a very simplified schematic way: The impinging ion liberates electrons with
energies which depend on ion velocity, their number increases essentially as a
function of the ion’s effective charge. As a first approximation the situation can
be described by classical collision dynamics (Kiefer and Straaten, 1986). This
yields the following expressions:

1. Energy density p{x). This is the energy per mass deposited as a function
of distance x from the track center

pc(x)=l.25(10'4)%*—§l/x2 .................... (11)

z* is ion effective charge and B ion velocity relative to that of light in vacuo.
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2. Penumbra radius x,: This is the maximum radial range of secondary

electrons.
E is ion energy, m its mass. E/m is proportional to ion velocity.

Xp=6.16(10-2)(B/m)!7 ....oorrvveee (12)

numbra
eter

FIGURE 6 - Simplified scheme of an ion track

If track structure is taken into account the inactivation of a site by particles
is more complex. As energy depositions by secondary electrons are possible at
considerable distances from the track core the inactivation cross section may be
larger than its geometrical cross section. Whether this occurs depends on the
electron density in the penumbra (i.e. on ion charge) and also the penumbra
extension (i.e. on ion velocity). The increase in inactivation cross section is,
therefore, expected to be most expressed with ions of high charge and high
velocity. This leads to a consequence which is contrary to conventional
expectations as seen in Fig 5: At high LET-values which are obtainable only by
very heavy ions one finds an increase of the inactivation cross section with
decreasing LET. This so-called hook structure is simply the reflection of the
fact that in this region the increase in ion velocity (larger penumbra radius,
smaller LET) is more important than the LET.
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FIGURE 7 - Inactivation cross section for haploid yeast cells after exposure to various heavy ions
and its dependence on their energy

Fig. 7 shows inactivation cross section versus ion energy for various ions.
The increase is obviously more marked with heavier ions, underlining what was
said above. To give a more quantitative comparison the area of “extended”
penumbras are also shown. They were calculated as circles where the radius is
the sum of the estimated site radius and the penumbra radius according to eq.
12. With lighter ions the experimental action cross section is always smaller
than that of the extended penumbra, and the difference is less for heavier ions
as expected. A very interesting case, however, is seen with heavy ions at lower
energies (lead and uranium): The inactivation cross sections are clearly and
significantly higher than that of the extended penumbra. This result could not
be explained when it was first noticed, it is tempting to attribute it to the
“bystander effect”. Although this has until now only been demonstrated for
protons and alpha particles there is no reason to assume that it would not also
occur with heavier ions.

6. Conclusions

Quantitative radiation biology has gone a long way. It started successfully
nearly a century ago with the invention of the target theory whose principles
still form the comerstones of any attempt to explain and understand irradiation
action to microscopic sites. The applicability is not limited to biological effects
although they are still in the center of interest but target theory and its further
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development can also be used to understand e.g. damage by space radiation to
subminiature electronic circuits in satellites. New developments in radiation
biology, e.g. the bystander effect (see e.g. Prise et al., 2005 for a recent review),
do not invalidate the basic principles but will help to remind us not to think in
too simplified ways. For a long time targets were only identified with DNA
where “lethal lesions” lead immediately to cell death. We know today that
biological processes are much more complex and indirect effects and the
influence of neighboring cells as well as signal transduction have to be taken
into account. Nevertheless, all kinds of radiation action start with the absorption
of quantum or particle energy in a sensitive site, and this very basic mechanism
still follows the “old” principles of target theory.

On the other hand the approaches described in this paper to understand in a
quantitative way the action of heavy charged particles on biological entities will
be equally useful in the context of heavy ion radiotherapy and in radiation risk
assessment for astronauts in space.
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Abstract - Analysis of radiation-induced chromosomal aberrations has long been a
powerful tool to understand the mechanisms of radiation action in living cells. Early
cytogenetics was based on observations of solid-stained chromosomes, although
banding techniques were soon developed for karyotyping human cells. Banding is a
complex, error-prone, and time-consuming methodology, especially when applied to
radiation-induced aberrations that, unlike genetic syndromes, are randomly induced in
the genome and in the cellular population. The “color revolution” occurred in the 1980s
with the introduction of fluorescence in situ hybridization (FISH). The first great
improvement provided by FISH-painting was the opportunity to analyze symmetrical,
transmissible aberrations (such as translocations and inversions) simply and rapidly,
whereas dicentrics had long been the main endpoint analyzed by solid staining. Multi-
color painting demonstrated that radiation-induced rearrangements are much more
complex than previously thought, and even low doses of densely ionizing radiation
produce mostly complex-type exchanges. The impact of multi-color painting on the
understanding of radiation-induced genetic effects will be discussed here.

Keywords: Chromosomal aberrations; FISH; densely ionizing radiation

1. Introduction

When in 1935 Timofeeff-Ressovsky introduced the concept of genetic
target of radiation (Timofeeff-Ressovsky ez al., 1935), it soon became clear that
analysis of chromosomes could be used as a powerful tool to test target theory.
The work on plant and insect chromosomes performed in those years (reviewed
in Lea, 1946) is of paramount importance for understanding the mechanisms of

' Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 243-252.
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radiation action. The microscopic observations on structural rearrangements
occurring in chromosomes exposed to ionizing radiation were explained
assuming that interphase chromosomes were physically broken by electron or
ion tracks. In most cases, the broken ends would rejoin correctly to restitute the
original chromosome (eurepair). However, if two chromosome breaks are close
enough together in time and space, exchanges can occur to form the structural
rearrangements visible at mitosis (misrepair). Finally, a subset of initial breaks
may not rejoin at all. producing terminal deletions (unrepair). The induction of
chromosome breaks will be proportional to the number of tracks, i.e. to the
dose, whilst if two interacting breaks are induced by separate tracks, exchanges
are proportional to the square of the dose.

This simple picture is known as classical or breakage-and-reunion theory.
Several observations of great interest in radiobiology were readily interpreted
within this framework. For instance, if a given dose D is delivered in a longer
time by protracted irradiation (low dose rate) or by giving two or more smaller
doses separated in time (fractiondtion), the same number of breaks produced by
an acute dose D will be induced in the cells, but breaks occurring early in the
protracted or fractionated exposure may restitute and thus be unavailable for
interaction to form an exchange with breaks occurring late in the chronic
treatment. Therefore, less exchanges will be produced at low dose rate or after
fractionation (Sax, 1939). Early observation on increased effectiveness of high-
LET radiation compared to photons (Zimmer and Timofeeff-Ressovsky, 1939)
could also be explained. In fact, single tracks of densely ionizing radiation can
produce two or more chromosome breaks in close proximity, which can interact
to form exchanges. Most of the exchanges produced by heavy charged particles
will be formed along the ion track (intra-track), while the interactions of breaks
produced by independent electrons is necessary for the formation of exchanges
induced by photons (inter-track). Therefore, linear dose-response curves for the
induction of exchanges will be observed after exposure to densely ionizing
radiation, and the effectiveness will be highly increased as compared to sparsely
ionizing radiation especially at low doses, where photons are relatively
ineffective in forming exchanges (Lea, 1946).

The classical theory has been challenged by several other models. The most
significant alternative models are perhaps the exchange hypothesis (Revell,
1974), where it is assumed that all aberrations are produced by pairwise
interactions or initial lesions, that are not true breaks, and the molecular theory
(Chadwick and Leenhouts, 1981), where it is assumed that exchanges are
produced by the interaction of breaks with unbroken chromosomes. With the
introduction of fluorescence in situ hybridization, about twenty years ago,
radiation cytogenetics found the tools to clarify this issue.
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2. FISH

Studies in radiation cytogenetics have been performed for over half century
using Giemsa-staining. Although G-banding (Drets and Shaw, 1971) was in
principle able to reveal all kinds of symmetrical and asymmetrical
rearrangements in the human genome, the method can hardly be applied in
large experiments, is extremely time-consuming, and error-prone (Savage,
1977). In fact, dicentrics, that are easily visualized by solid Giemsa staining,
were virtually the only aberration analyzed in human cells until the middle
eighties, when the Lawrence Livermore National Laboratory introduced the
technique of fluorescence in situ hybridization (FISH) with whole chromosome
probes (Pinkel ez al., 1986). The basic idea underlying the method is to label
DNA probes originating from a single chromosome. with a fluorescent probe,
and then hybridize the labeled probe to the chromosomes attached to a
microscope slide.

Soon after the introduction of FISH, cytogenetists were attracted by the
possibility to score reciprocal translocations. Symmetrical interchanges are
more stable than dicentrics, and can therefore provide useful indications for
retrospective biodosimetry. In fact, FISH translocations could be measured in
A-bomb survivors and the results correlated with the calculated dose absorbed
by the subjects over 40 years before (Lucas et al., 1992; Nakano et al., 2001).

FISH could be also used to elucidate mechanisms of formation of
chromosomal aberrations. For instance, the Revell’s exchange theory predicts
pairwise lesion interaction only, and therefore a multi-color DNA fragment
with material from three different chromosomes cannot occur. However, these
3-color chromosomes were soon observed by FISH (Lucas ‘and Sachs, 1993),
supporting the classical theory.

FISH could also be used to paint prematurely condensed chromosomes
(PCC), that had been used to characterize initial chromosome damage
(reviewed in Cornforth and Bedford, 1993). FISH-painting of PCC fixed at
different times after exposure could provide insights on the kinetics of
formation of chromosomal aberrations. Both in human fibroblasts (Brown et
al., 1993) and lymphocytes (Durante et al., 1996) exchange formation starts
within a few minutes from irradiation, but interchanges first appear in
incomplete forms, and are then completed within a few hours when the second
broken ends also misrejoin. The view of “floating broken ends” seeking
partners for enzyme-mediated rejoining can be easily modeled (Wu et al,
1996), and is perfectly coherent with the classical theory.
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3. Multi-fluor FISH

One further striking observation soon noted by FISH was that many
exchanges were “complex” (Lucas and Sachs, 1993; Savage and Simpson,
1994). Complexes are defined as those exchanges involving more than two
breaks in at least two chromosomes (Savage, 2002), and can be basically
divided into insertions and non-reciprocal exchanges. Exchanges involving
several breaks and chromosome arms had been described in Giemsa-stained
samples (Savage, 1976), but they were thought to be relatively rare as compared
to two-way symmetrical or asymmetrical exchanges. The abundance of
complex-type exchanges became clear when, toward the end of the last century,
the number of colors in FISH-painting could be increased. In fact, the
interferometer-based spectral karyotyping (SKY) system (Schrok et al., 1996)
and the filter-based multi-fluor FISH (mFISH) approach (Speicher et al., 1996)
made possible analyzing full karyotypes, where each chromosome pair has a
different color. Radiation-induced complex-type exchanges were soon observed
using mFISH (Greuclich et al., 2000), and then described in detail by Cornforth
(2001). Again, the classical breakage-and-reunion theory explains the existence
of these events, whereas other models unavoidably fail (Sachs etz al., 2000).
However, the current models, based on computer simulation, tend to
underestimate the number of chromosomes that can be involved in exchanges
(Vazquez et al., 2002). Another important improvement to the classical model
is the origin of the curvature in the dose-response curve for the induction of
interchanges. It is now clear that most of the curvature in the dose-response
curve for the induction of dicentrics is caused by the occurrence of complex-
type exchanges at high doses, thus suggesting that most simple interchanges are
induced in intra-track mode (Loucas and Cornforth, 2001). However, other
authors contend that the presence of a B-term in the dose-response curve for
dicentrics even at low doses indicates that simple exchanges are not linear with
dose (Edwards et al., 1999).

Whilst complexes are generally induced by sparsely ionizing radiation at
doses > 2 Gy only, even single tracks of densely ionizing radiation can produce
complex rearrangements. In fact, mFISH studies with o-particles (Anderson et
al., 2002), and heavy ions (Durante et al., 2002) point to a very high RBE of
high-LET radiation in the induction of complexes at low doses. Transmissible
complexes have also been observed in vivo in lymphocytes from subjects
exposed to high doses of Pu o-particles many years before the test (Anderson et
al., 2005; Hande et al., 2005), and in radiotherapy patients treated with
accelerated carbon ions (Yamada et al., 2000).
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4. Multi-color banding

FISH studies with whole-chromosome probes are ideal tools for scoring
interchanges, but intra-chromosomal rearrangements will escape the analysis.
Arm-specific DNA probes have been used to detect pericentric inversions
(Natarajan et al., 1996). Intra-arm rearrangements can be detected using high-
resolution multi-color banding (mBAND), where single chromosome pairs are
painted in 23 different combinatorial colors (Chudoba et al., 1999).

Theoretical models based on the classical theory predict that the ratio inter-
intra-<chromosomal exchanges (F-ratio) decreases by increasing radiation LET
(Brenner and Sachs, 1994). The variation of the F-ratio with radiation quality,
as well as of other aberration ratios, is strongly dependent on the nuclear
architecture in interphase and on the movement of the chromosome domains.
Evidence of a decreased F-ratio has been provided by mBAND analysis of
former radiation workers overexposed to either o-particles or y-rays (Hande et
al., 2003). However, in vitro results generally failed to detect significant
changes, and point to an excess of interchanges compared to intrachanges
(Johannes et al., 2004).

Multicolor banding can also be observed in the whole genome when gibbon
DNA probes labeled with three different fluorochromes are hybridized to
human chromosomes. Due to the extensive DNA homology between apes and
man, and to the many rearrangements that occurred during evolution, the
hybridization results in approximately 90 visible bands in the human karyotype
in five different colors. The method is known as cross-species color
segmenting, or rainbow FISH (RxFISH) (Muller et al., 1997). Although the
resolution is much lower than in G-banding or mBAND, it allows a
simultaneous analysis of intra- and inter-changes in the whole genome. The
‘method has been recently applied to human lymphocytes exposed to Fe-ions or
y-rays and harvested 144 h after stimulation to in vitro growth (Durante et al.,
2006).

5. Nuclear architecture

FISH-painting has been used to elucidate the position of the chromosome
domains in interphase. FISH has clearly shown that chromosomes are
compartmentalized into discrete territories, and the topology of the nucleus
influence gene expression and regulation (reviewed in Cremer and Cremer,
2001). The 3D position of the genes strongly affects cell function in a
developmental and tissue-specific way during the cell-cycle. Gene regulation by
conformational changes in the chromatin is now referred to as “‘chromosomics”
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(Claussen, 2005). The topology of the interphase nucleus has obviously large
impact on the formation of chromosomal aberrations.

First, the classical theory will predict that rearrangements occur more easily
for genes in close proximity. Using interphase FISH, Nikiforova et al. (2000)
elegantly showed that the RET and H4 genes are often juxtaposed in thyroid
cells, but not in mammary human cells. Papillary thyroid cancer is
characterized by inversion in chromosome 10 leading to a recombination
between RET and H4. This experiment clearly shows that “proximity matters *
(Savage, 2000) in the formation of specific chromosomal aberrations that can
lead to cancer. Close proximity in interphase of oncogenes whose
rearrangement is necessary for B-cell lymphoma (Roix et al., 2003) or chronic
myeloid leukemia (Kozubek et al., 1997) has been reported.

Second, DNA double-strand breaks can move in the interphase nucleus and
interact with other open ends, eventually leading to misrepair. Movements of
DNA breaks can be now visualized by immunostaining of the histone H2AX,
which is phosphorylated in the site of the DNA breaks. Using this method, Aten
et al. (2004) have shown that DNA breaks move within minutes form their
formation, and can cluster in specific areas where they are apparently repaired,
in a process involving Mrell. Again, this mechanism is coherent with the
breakage-first hypothesis.

Finally, early FISH results pointed to large variations in individual
sensitivity of different chromosomes to radiation breakage, i.e. to a nonrandom
involvement of different chromosomes in exchanges (e.g. Knehr et al., 1994).
However, these observations were probably mainly caused by technical
difficulties. In fact, multi-fluor FISH analysis demonstrate that only small
deviations from randomness are observed in exchanges induced by either
sparsely (Comnforth et al., 2002) or densely (Durante et al., 2002) ionizing
radiation. The deviations from random behavior (Arsuaga et al., 2004) reflect
the nuclear architecture: gene-rich chromosomes are mainly located in the
centre of the nucleus (Cremer and Cremer, 2001), and will then be on average
closer to each other than randomness would predict. Some chromosomes will
then preferentially exchange their genetic material with the neighbors,
notwithstanding a considerable randomness of chromosome-chromosome
juxtapositions.

6. Conclusions

In the past 20 years, the introduction of FISH-painting has certainly changed
cytogenetics. Multi-color painting of the whole genome, or of some specific
genes or subchromosomal domains, is commonly used today to elucidate basic
questions in molecular biology and radiation biophysics. It is somehow
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surprising that these new techniques have substantially confirmed the classical
theory of radiation action that was developed over 70 years ago using
technologies that no one would even consider today. The “color” revolution did
not lead to a conceptual revolution with respect to the ideas elegantly expressed
so many years ago by Timofeeff-Ressovsky, Zimmer, Sax, and Lea. The basic
frame of the breakage-first theory, although challenged so many times, remains
substantially valid. Multi-color painting of the human chromosomes is now
substantially contributing to human genomics, disease and cancer genetics,
chromosome evolution and the relationship of nuclear structure to function
(Trask, 2002). As to radiation effects in chromosomes, the search for
biomarkers of radiation quality and risk is still ongoing and particularly
promising. Transmission of radiation-induced aberrations, and the appearance
of delayed chromosomal instability (Sieber et al., 2003) are indeed responsible
for late effects. The shift from early events, so well described by the classical
theory, to the late consequences of the chromosomal rearrangements may lead
in future years to a better understanding of the carcinogenic pathway and
suggest novel therapeutic approaches.:
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Abstract - This paper discusses the recent moves to protect non-human species as
distinct from Man, from the effects of ionizing radiation. The position is put, that much
of the concern surrounding low dose exposures is due to irrational fear and is not based
on scientific data. If anything the data show protective or negligible effects at low doses
not deleterious effects. The paper looks at the consequences of the situation and
explores possible reasons for the deep seated fear of radiation which has led to the
political need to address what may not be a problem.
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Initially radiation protection was anthropocentric, there being two main
rationales for this. The first was that man was the only thing in the environment
worth protecting. The second was that if man were adequately protected, then
everything else in the environment would be too.

Attitudes have now changed, to the extent that man should now be regarded
as part of his environment, and if the environment fails so does man. Depletion
of the ozone layer and accumulation of greenhouse gases are contributing to
accelerating climate change. There is concern that loss of environment may
equate with loss of man.

As a result there is now a growing lobby that feels that the environment
itself should be protected. This approach is fraught with difficulty, as what is
the environment that is being protected? Generally man is already managing the
environment, through agriculture and industry. There is also more overt control

' Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A.Cigna and
M. Durante. Springer, 2006. P. 169-174.
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through, for example mosquito spraying. Ethically man seems to have no
problems with trying to completely eliminate bacteria and viruses that are
pathogenic to man.

This paper will discuss whether the desire to protect the environment from
radiation is a logical step in environmental protection, or whether adequate
protection already exists, and concern for the environment is primarily driven
by another form of expression of fear of radiation.

Science may be defined as a combination of facts and the interpretation of
those facts. This may be illustrated using the painting of George and the
Dragon, by Raphael (Musee du Louvre Paris 1505/6). The main character in the
picture is a youthful Saint George, mounted on a stallion. He is plunging a lance
into a fearsome dragon, which is pinned and writhing beneath the lance. In the
background of the picture is a beautiful but pensive looking maiden.

These are the facts, which may be interpreted as follows. The brave knight
is rescuing the fair maiden from the dangerous and devouring dragon. This is a
perfectly acceptable interpretation, but there are others. The dragon could
symbolically represent knowledge, something the maiden wishes to acquire.
The knight then represents the forces of male domination, preventing women
from empowering themselves through knowledge. Yet another interpretation
could be Freudian, with the dragon representing the id or unconscious mind,
constantly battling the conscious mind, with the maiden representing the
supervisory super ego.

The point is that one set of facts (the reality of the picture) can have many
different layers of meaning (the interpretation of the picture).

Facts are indisputable, interpretations are disputable. A problem in an
emotive area such as radiation is differentiating between fact and opinion, with
opinion often being given the same credence as fact. This is demonstrated by
the underlying assumptions of the Linear No Threshold Hypothesis, which
tends to be accepted as fact rather than interpretation. Radiation and
environmental issues merge muddled areas of interpretation and definition.

The environment means different things to different people. Should the
environment be regarded as the habitat, or the animals and plants that exist
within that habitat? If we can protect the animals and plants through
intervention strategies, is there any need for concern about the habitat? Or
should we protect the habitat and not worry too much about individual animal
populations? Is biodiversity needed?

All of these questions require answers that are a combination of facts and
opinion, and introduce a sense of the unknown. This can be demonstrated by
another famous painting, this time by Valesquez (Las Meninas, 1656-57,
Museo del Prado, Madrid). In this painting, the foreground on the left is
dominated by the back of a painter’s canvas. The painter stands in front of the
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canvas, looking out of the painting. Grouped around him are members of the
Royal family and their entourage. The question is, who or what is the subject of
the painting? It is unknown, and it is this insoluble question that provides some
of the allure of the painting. The unknown in radiation protection though links
in to generalized human fears of death, because of the public perceptions of
nuclear weapons as weapons of mass destruction. During the cold war, it was
this idea of mutually assured destruction (The MAD policy) that maintained a
balance of power but imprinted on the collective psyche a fear of nuclear issues.
It is this residual memory that in many minds makes radiation automatically
bad, and as a consequence, anyone supporting the use of nuclear power or
energy a mistaken or misguided individual. Within this framework of fear and
mistrust it remains difficult for individuals to assess the scientific truth of the
matter. It requires considerable self analysis to recognize intrinsic bias, that is
the bias that forms our own personal opinions. It is always much easier to
determine extrinsic bias, that is the bias that the individual perceives as coming
from others. Differences perceived between intrinsic and extrinsic bias lead to a
conflict of ideas, but without objective scientific analysis this leads simply to a
polarization of positions.

But radiation is often one area where science itself fails us. In low dose
radiation there are many assumptions but little science. Low doses may be
arbitrarily defined as low (<100 mSv) or very low (<10 mSv). An average X-
Ray examination is 0.1 Sv-20 mSv. The Linear No Threshold Hypothesis is
based on an imaginary extrapolation from high dose high dose rate data. The
prevailing paradigm is that low level radiation effects can be predicted from
high level effects. It assumes a direct relationship between cause and effect that
is mathematically predictable, that is, that all radiation exposure should be
treated the same way, with the use of “correction factors” commonly known as
fudge factors.

This assumption tends not to be true for biological systems, where cause is
not directly related to effect. These non linear biological systems can best be
described using complexity or chaos theory. Non linear systems may be defined
as systems which are not characterisable by linear or first order equations, but
which are governed by any variety of complex, reciprocal relationships or
feedback loops. Central to complexity theory is Poincare’s conception of
deterministic chaos. Systems have emergent properties that cannot be
understood by reductionist analysis into lower order components. Within the
system apparently dichotomous opposites are neither antagonistic nor fixed, but
are stages in a transformational dynamic process.

Paracelsus, a fifteenth century alchemist had deduced the practical
applications of this when he declared”All substances are poisons. There is none,
which is not. The right dose differentiates a poison or a remedy”. This remains
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a fundamental truth in toxicology, but tends to be ignored in radiation
protection, because it would give validity to arguments of radiation hormesis.
For much the same reason bystander effects, genetic instability and adaptive
response arguments are not given great credence. The uncertainty of low dose
radiation effects is submerged into the administrative certainty of a Linear No
Threshold response. The assumptions that modern radiobiology challenge, and
that are implicit in the LNT model, are that the probability of a radiation
induced mutation remains constant per unit dose irrespective of dose or dose
rate. It is also assumed that after radiation induces a carcinogenic process that
this process is independent and evolves similarly whatever the number of
lesions present neighbouring cells and tissues.

The LNT relationship is often applied incorrectly to large numbers of
people by multiplying the effects of trivial doses by large populations. An
example is to “calculate” the number of deaths induced if millions of people (or
animals) were exposed to a few micro-sieverts. There are many examples of
this scientific scaremongering in the literature. These “guesstimates” are
published in part because epidemiology cannot detect statistically significant
risks at low doses even on large cohorts or populations.

The conclusions of a joint French Committee of Medicine and Science
(2005) were that the LNT should not be used without precaution for assessing
by extrapolation the risks associated with low doses (<10 mSv). The report
further suggested that empirical evidence suggested there was an
overestimation of risks at low doses.

This seems to be corroborated by a recent United Nations report on the
health effects of Chernobyl, (IAEA publication 2005) which suggests that
psychological fear of radiation caused most of the effects. No assessment was
made as to whether the fear was escalated by newspaper scare stories. On the
other hand, the BEIR VII report just published (Committee on the Biological
Effects of Ionising Radiation Report VII, 2005), retains the conservative view
that at present, we do not understand the mechanisms of non-targeted low dose
effects, nor do we understand the relationship between effects at low doses and
risks of exposure to these doses and that it is therefore best to adhere to the
LNT hypothesis as an operating tool allowing a framework for radiation
protection. This conclusion was a grave disappointment to many working in the
low dose radiobiology field, whose evidence over the last 15 years shows
conclusively that low dose and high dose effects are very different and that
mechanisms operating at low doses can modulate the damage induced by the
biophysical energy deposition. This concern is strongly voiced by the US
Department of Energy in a critical letter to the Chairman of the BEIR VII
committee (Orbach, 2005).

175



LOW DOSE RADIATION EFFECTS

On a contemporary note, avian flu is now receiving the same kind of
alarmist press coverage. There is now a suggestion that the effects of radiation
on the environment should be more closely regulated. The question is why. All
reasons emanating from man have to be anthropocentric - it is impossible for a
fly to have the perspective of an elephant. The only logical reason is that we’re
happy with the amount and type of biodiversity existing on the planet, and don’t
wish to see it altered. This is getting very close to a fear of the unknown, of
change. Logically, radiation could cause new and exotic species to bloom as it
alters the environmental balance. Equally, we are all aware that the balance of
the environment is constantly shifting, and that nothing can remain constant
over time.

It is also logically apparent that it is the initial construction of factories and
plant that destroys the local environment. By the time the plant comes into
operation, much of any environmental damage has already been done.

It is obvious that man himself, and by extension his activities, is the major
polluter of the environment. To concentrate exclusively on one of man’s myriad
activities as being the most important in terms of global pollution, because of an
illogical fear of that activity, is illogical and counterproductive. It is
counterproductive because it allows far greater environmental damage from less
regulated industries — everyone remembers Chernobyl but nobody remembers
the far larger tragedy of Bhopal.

However attacking the views of others is not constructive. It is not the
purpose of this paper to say that radiation has no negative environmental
effects. Rather it is an attempt to put the hazards of radiation in perspective. If
the environment is to be protected, it should be protected equally from all types
of environmental hazard. The only way to do this is using an additive or
integrative risk model. Within this model, a threshold maximum permissible
environmental burden is set for a designated land use, for example amenity or
residential or industrial. It is possible to set different thresholds for different
land uses. The trade off is between many small polluters or one large polluter.
Instead of radiation being treated as a unique polluter, it is treated as one of
many polluters. Instead of having maximum permissible discharges for
radiation, for arsenic, for lead and for many other chemicals, there is a blanket
maximum pollution burden, or threshold. This can be fully utilised by radiation,
or arsenic, or by any other pollutant. Once the threshold is reached from any
single or combination of sources, then no more discharges of any pollutant are
allowable.

The difficulty with this method is in agreeing comparable endpoints in
measuring toxicity, or damage to the environment. The advantage of this
method is that it allows a permissible level of environmental stress only, and
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can be further refined by allowing for synergistic interactions as well as
additive ones.

To treat radiation as an environmental hazard that can be viewed in isolation
is giving in to the unconscious dragons of the mind. Saint George, representing
the conscious mind, protected by his armour of logic and rational thought, must
do battle with the dragon. His objective though is not to kill the dragon, but to
wrestle it from the unconscious to the conscious, where it can be critically
examined. It is our belief that a critical examination of radiation will reveal that
legislation for environmental radiation protection should not be isolated, but
should be part of a systemic environmental legislative programme.
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Abstract - This review covers radiation genetic risk in man, expressed in terms of
various genetic diseases, on the basis of the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) Reports.
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1. Introduction

Assessment of radiation genetic effects in human populations is still an open
problem. This problem first urgently arose after the atomic bombing of
Hiroshima and Nagasaki in 1945. This tragedy motivated scientists from many
laboratories all over the world to start studies on the mechanisms of radiation
genetic effects in humans or animal models.

Radiation genetic risk is usually determined as the probability of various
hereditary diseases occurring in the progeny as a result of radiation-induced
mutations in germline parents’ cells. ’

The United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) was established by the General Assembly of the United
Nations in 1955 in order to periodically (every S years) summarise the results of
studies in this field performed all over the world. The main output of the
Committee includes the reports of the General Assembly of the United Nations
and comprehensive scientific supplements to these reports. They include
analytical surveys of the worldwide achievements in the field of the biological
effects of natural and man-made radiation sources.

This paper presents a summary of the methodological basis for the
assessment of radiation genetic effects, and also describes the development of
the concepts of genetic hazard to men exposed to ionizing radiation.

t Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 219-227.
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2. Methodology of genetic risk assessment

The basic principles of radiation genetic risk assessment, based on
numerous experimental studies on Drosophilae, mice, primates, as well as on
human data available at that time, were summarised in the first UNSCEAR
1958 Report, in the US BEAR 1956 Report, and in the British Medical
Research Council (MRC) report in 1956. Some of these principles are
summarised below:

« both spontaneous and induced mutations are generally harmful;

« even low doses of ionizing radiation can be associated to a certain genetic
risk;

« the number of radiation-induced mutations is proportional to the dose,
therefore linear extrapolation from high to low doses is applicable.

Since the methods for human genetic risk assessment were mainly based on
the experiments on mice and partially on primates, the Committee made the
following provisional assumptions:

« the number of genetic lesions, produced by a certain type of radiation under
certain conditions, in human germ cells is assumed to be similar to that in
the germ cells of the animal model;

« biological factors (such as sex, development stage, and age of the embryo
cells) and p hysical p arameters (radiation q uality and d ose rate) a ffect the
extent of damage both in man and in experimental animals, from which the
extrapolation is made, in the same way;

« a linear relationship between the frequency of genetic effects and the dose is
assumed for low doses/dose rates of sparsely ionizing radiations.

There are two basic approaches for quantitative assessment of human
radiation genetic risk: the doubling dose (or relative mutation risk) method, and
the direct (or absolute risk) method.

Doubling dose is the amount of radiation producing the same number of
mutations as spontaneously occurring over one generation. The doubling dose
method is normally used to estimate the risk in populations exposed to chronic
irradiation over several generations. Hence, genetic risk assessment based on
this method takes into account the laws of population genetics.

When applying the doubling dose method, it should be kept in mind that
natural mutagenesis in human populations has been evolutionarily established
on a balanced level, which depends on both the rate of spontaneous
mutagenesis, and the rate of induced mutations. The rate of natural selection in
modern human populations is greatly reduced, resulting in a high natural human
genetic variability level.
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In order to employ the doubling dose method it is first necessary to
determine the doubling dose (DD) on the basis of experimental data on the
frequency of spontaneous and induced mutations. Then, the expected increase
in the population equilibrium level is estimated, as the product of the
spontaneous mutation frequency (P), the relative mutation risk (1/DD), and the
dose absorbed by the population. Finally, the increase in the first generation
mutagenesis level is calculated using the above-mentioned equilibrium value.

As noted previously (Shevchenko, 2000), all the human genetic anomalies
are divided into Mendelian, chromosomal, and multifactorial diseases.
Theoretically, the doubling dose method can be used for risk assessment of
different kinds of mutations independently of whether they are classified as
either dominant or recessive mutations, or as chromosomal aberrations.
However, it best applies to simple dominantly inherited traits, whose
equilibrium frequency is presumably proportional to the mutation frequency.

The direct methods are used to estimate absolute genetic risks expected in
the progeny on the basis of e xperimental d ata on s pontaneous and r adiation-
induced mutations. In spite of the apparent simplicity, there are more
difficulties to use this approach in practice as compared to the doubling dose
method, because of gaps in knowledge about the human genome structure and
frequencies of radiation-induced mutations. As early as the direct methods were
started to develop, it was apparent that it was not always possible to overcome
the contradiction between the assessments of mutation frequencies and the
observed phenotypic manifestations. That is why, for many years, UNSCEAR
experts used both methods knowing that either of them had some advantages
and shortcomings.

As early as 1962 the UNSCEAR reported the doubling dose of 1 Gy for
low-LET ionizing radiations for low dose rates. This value was confirmed in
the subsequent Committee Reports up to now. In the case of acute exposures
the doubling dose was estimated to reach 0.3-0.4 Gy.

Before 1972 the “man/mouse” model (using the data on spontaneous human
variability and on radiation-induced mutations in mice) was mainly used to
assess radiation genetic risks in humans. Then for more than 20 years the
UNSCEAR Reports used primarily the “mouse/mouse” model (the analysis of
spontaneous and induced mutations in mice). The extrapolation methods
developed by the Committee and based on the empirical conversion coefficients
and d ata from e xperiments on mice w ere utilised to a ssess radiation risks in
humans.

Over recent years, this approach has been revised based on the new
extensive data on spontaneous human mutagenesis. Besides, there are some
more obstacles to the extrapolation of the risk assessment from mice to man.
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Taking this into account, in 2001 the Committee chose the ‘“human/mouse”
model as the major approach for radiation risk assessment in man.

3. Analysis of radiation genetic risk assessment in humans using the
UNSCEAR 1977-2001 Reports

The methodology of radiation genetic risk assessment was developed by the
1970s, therefore we choose the UNSCEAR Reports dated from 1977, 1982,
1986, 1993 and 2001 (UNSCEAR, 1977, 1982, 1986, 1993, 2001) for a
comparison.

First of all we analysed the estimates of natural human genetic variability
from the above-mentioned reports (Table 1). It is seen that the frequencies of
dominant and sex-linked diseases are rather conservative, ranging from 10,000
to 16,500 cases per 1 million new-borns over the 20-year period of time. The
number of expected autosomal recessive diseases rose from 1,100 to 7,500.
Chromosome diseases have the most conservative estimates — about 4000 over
that period. Multifactorial diseases make a major contribution to the growth of
natural human genetic variability (in sum from 90,000 to 710,000 cases). These
types of diseases account for the overall increase in the assessment of natural
genetic variability from 105,000 cases in 1977 to 738,000 in 2001 per 1 million
new-borns.

TABLE 1. Assessment of natural mutagenesis in human populations per 1 million new-borns
from the UNSCEAR 1977, 1982, 1986, 1993 and 2001 Reports

Disease types UNSCEAR UNSCEAR UNSCEAR UNSCEAR UNSCEAR
1977 * 1982 ° 1986 1993 " 2001
Autosomal dominant and sex-linked 10000 10000 10000 10000 16500
Autosomal recessive 1100 2500 2500 2500 7500
Chromosomal 4000 3400 3800 4000 4000
Chronic multifactorial 90000 90000 60000 650000 650000
Congenital 60000 60000 60000
Total 105100 105900 676300 726500 738000

* data on British Columbia
** data on Hungary and British Columbia

It is necessary to emphasise that this growth is related to the expansion of
our knowledge in this field rather than to increasing natural mutagenesis in
human populations. It is possible that the mutation frequency in human
populations is rising because o f e nvironmental m utagenic factors, b ut further
studies are required to find out the real reasons.
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The expected estimate of radiation genetic risk for that period appears to be
rather conservative against the background of a 7-fold growth of natural human
genetic variability (Table 2). Both absolute and relative estimates of maximum
genetic risk are given in the UNSCEAR 1977 Report — 6,300 severe genetic
diseases expected in the first generation per 1 million new-borns at a dose of 1
Gy at a low-dose rate, which amounts to 6.0% of natural human genetic
variability. The major portion of this risk estimate was shown to result from a
high expected frequency of unbalanced products of reciprocal translocations
and other types of chromosomal aberrations (3,800 cases). Further studies did
not confirm the high expected risk from these chromosomal aberrations.

TABLE 2. Assessment of genetic risks in human populations exposed to low-LET radiation at
dose of 1 Gy at low dose rate per 1 million first-generation new-borns from the UNSCEAR 1977,
1982, 1986, 1993 and 2001 Reports

Disease types UNSCEAR UNSCEAR UNSCEAR UNSCEAR UNSCEAR
1977* 1982* 1986 1993 2001
Autosomal dominant and 2000 1500 1500 1500 750-1500
sex-linked
Autosomal recessive low low low 5 low
Chromosomal 3800 240 240 240 included in
other types
Chronic multifactorial 500 450 not estimated  not estimated  ~ 250-1200
Congenital not estimated  not estimated  ~ 2000
Total 6300 2190 1800 1745 30004700
Percentage from current 6.0 2.1 03 0.2 0.41-0.64
estimate

of natural variability

The estimate of chronic multifactorial diseases and congenital anomalies
has been considerably changed now. The risk of these diseases was estimated to
be as high as 450-500 cases per 1 million new-borns at a dose of 1 Gy in the
UNSCEAR 1977 and 1982 Reports. This estimate was based on the assumption
that the mutation component for these types of diseases is as high as 5%. Since
then, and until year 2001, no calculations of the risk estimates were performed
for these diseases. The UNSCEAR 2001 Report used the concept of potential
recovery capacity factor (PRCF), mainly designed by Prof. K.
Sankaranarayanan (2000), in order to estimate these risks. This concept was
developed using the results of analysis of microdeletion syndrome in humans
and mice. Multi-locus mutations, which frequently result from microdeletions,
do not always produce a phenotypic manifestation. Apparently, mutations in a
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small portion only of the genome can show up phenotypically, and therefore a
special correction coefficient is required to convert the frequency of mutations
on the DNA level into the probability of a mutant phenotype. Certain correction
coefficients were determined using this concept. The value of this coefficient
for chronic multifactorial diseases was estimated to be in the range of 0.02-
0.09. The PRCF concept allowed the risk values for all disease types to be
derived (Table 3). It should be mentioned that the UNSCEAR 2001 Report uses
the minimum values of the PCRF coefficients, which can increase, as new
experimental data become available. Overall, the UNSCEAR 2001 Report gave
the highest values of risk estimates in recent years (Fig. 1).
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FIGURE 1 - Comparison of general estimates o f radiation genetic risk (by all genetic disease
types) in human populations exposed to low-LET radiation at dose of 1 Gy at low dose rate per 1
million first-generation new-borns

These estimates are accepted as most adequate, since this Report takes
proper account of a broad spectrum of genetic diseases. Besides, the risk
estimate for each genetic disease type is more comprehensive and accurate than
in the previous Reports.
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TABLE 3. Assessment of genetic risks in human populations chronic exposed to low-LET
radiation at low doses (doubling dose — 1 Gy)

Disease types Natural genetic variability,  Risks per 1 Gy per 1 million new-borns

per 1 million new-borns First-generation ~ Second-generation

Mendelian

Autosomal dominant and sex-

linked 16500 ~750 - 1500* ~ 1300 - 2500*

Autosomal recessive 7500 0 0

Chromosomal 4000 Included in Included in other types
other types

Multifactorial

Chronic multifactorial 650000 ~250-1200 ~250-1200

Congenital 60000 ~ 2000 ~ 2000

Total 738000 ~ 3000 - 4700 ~ 3550 - 5700

Genetic risks per 1 Gy ~0.41-0.64 ~048-0.77

(Percentage from natural genetic

variability)

* Including chromosomal diseases

Radiation exposure of one parental generation results in genetic effects to be
observed in several next generations. So far we considered the effects expected
in the first generation (in the offspring from exposed parents). Radiation genetic
risk for the second generation is estimated to be 1150-3200 additional cases of
hereditary anomalies, which amounts to 0.16-0.43% of the natural background
of hereditary diseases. The effect expected in the second generation reaches
approximately 56% of the effect in the first generation. The effect induced in
the parental generation is gradually decreasing as further generations pass by.
This decrease, as shown in our previous paper (Shevchenko and Pomerantseva,
1985), can be described by an exponential or power function. Assuming an
exponential dependence, it is easy to calculate that the integral genetic effect in
10 generations after a single radiation exposure of the first generation will be as
high as 220% of the effect expected in the first generation. This effect over 10
generations is estimated to be about 6600-10340 cases of hereditary anomalies
(0.9-1.4% of the natural genetic variability).

Which mutation t ypes will persist for a long time in a population a fter a
single radiation exposure? Multifactorial diseases (88.08%) and congenital
anomalies (8.12%) prevail in natural mutagenesis, while the other types of
genetic anomalies account for less than 4%. This proportion describes the
balanced overall yield of spontaneous mutations. Assuming a parental
generation is exposed to radiation, the effect induced in the first generation is
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classified into three types of genetic diseases: 25.0-31.9% - autosomal dominant
and sex-linked anomalies, 8.3-25.5% - multifactorial diseases and 42.6-66.7% -
congenital anomalies. The second generation will have a higher fraction of
dominant diseases. We believe that the proportion of multifactorial diseases
will increase in the further generations. The diseases related with chromosomal
damage and expected in the first and second generations are classified to the
groups of autosomal dominant diseases and congenital anomalies.

So far radiation-induced mutations and their possible phenotypes have been
considered assuming that they occurred in individuals with healthy genotypes
and without other mutations. Actually, each of 73.8% individuals normally has
a severe mutation (sometimes even two or three), which can be crucial to
human vitality. Therefore, in real populations, in 73.8% cases radiation-induced
mutations occur in individuals who already harbour genetic deviations. This
situation (gene interaction), as known from classical genetics, can often result
in an increase in negative effects at the phenotype level. This fact can
significantly affect the PRCF factor. It has been so far assumed that a mutation
(most often a microdeletion) occurs in a normal genotype, and consequently the
gene interaction factor is relatively low. If a microdeletion is induced in a
mutant g enotype, then the probability of a severe genetic anomaly increases,
and, as a result, the PRCF correction factor should be increased.

4. Conclusion

In conclusion it should be emphasised that further evolution of the methods
of radiation risk assessment in man will apparently be related to the analysis of
such genetic disorders as dominant mutations and inheritable cancers, which
risks have not been assessed yet. These categories of genetic disorders will
certainly increase the overall expected genetic risk from radiation. In the future,
the progress in molecular genetics will expand the spectrum of Mendelian
diseases, which in turn can also increase the expected risk. As new data on the
phenotypic manifestation of the genetic diseases related to radiation-induced
microdeletions become available, the PRCF value will be corrected. In the near
future, extensive researches are predicted into this field of radiation genetics.
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Abstract - Chromosomal aberration analysis is the most sensitive biological method to
indicate exposure to ionising radiation. This paper will distinguish between the
detection and the measurement of low doses by aberration analysis and show how to
quantify their limits. Worked examples will be presented using the lymphocyte
dicentric assay and data typical of Co-60 gamma rays. The principles illustrated can be
applied to other aberration types and other radiation qualities. Two situations will be
considered: conventional by eye scoring of 1,000 metaphases from a suspected low
exposure patient and scoring more metaphases with computer assisted microscopy. Low
dose quantification is ultimately limited by the uncertainty on the assumed background
level of dicentrics. With conventional scoring the Poisson uncertainty on the patient's
observed dicentric frequency is the major component to the uncertainty on low dose
estimates. With increased scoring, assisted by computer, this is reduced but the standard
error on the linear calibration coefficient becomes more important. The optimum is
reached where both components contribute equally to the overall uncertainty. A dose
estimate may be considered as a measurement when its lower 95% confidence limit
falls above zero. A dose can be regarded as having been detected when the dicentric
frequency is above an assumed background but the lower 95% confidence limit
includes zero. Conventional scoring of 1,000 metaphases will permit a measurement
lower limit of about 100 mGy of gamma radiation. This can be reduced by scoring
many more cells (~10,000) to about 70 mGy. Further improvement is unlikely due to
the background 'noise’ in the assay.

Keywords: biological dosimetry, dicentric, low dose detection

* Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 253-258.

* Note: A full text version of this prescntation is in press (Lloyd et al., International Journal of
Low Radiation). Therefore for the purpose of this conference proceedings an Extended Abstract
is provided.
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1. Introduction

Chromosomal aberration analysis is the most sensitive biological method
available to indicate a person’s overexposure to ionising radiation. For many
years this has been done by detecting dicentric aberrations in cultured
lymphocytes taken from a small blood sample. Other techniques, applied also to
lymphocytes, include assays for micronuclei or translocations although in
practice these tend to be used less frequently. For convenience the remarks in
this paper will be confined to the dicentric assay although the principles also
can be applied to the others.

Fortunately most actual or suspected accidental exposures to radiation
involve small doses. These therefore comprise the major part of the case load
referred to biodosimetry laboratories. Whilst low doses may incur low risks to
health, and possibly zero risk in some peoples’ opinion, they are nevertheless
classed as overexposures in the administrative sense. The recommended
occupational and public dose limits are set very low (ICRP-60) and so there is
often pressure on biodosimetry laboratories to quantify exposures at levels
below the capability of the dicentric assay.

Thus the question is frequently asked: ‘What is the low dose detection limit
by biodosimetry?’

This is a simple question to ask but the reply needs much consideration.
This paper explores some of the issues involved.

2. Low dose quantification

The first point to consider is whether the questioner really means low dose
detection or measurement and the difference between these is dependent on the
statistical uncertainties associated with establishing the dicentric frequency and
interpreting it in terms of absorbed radiation dose.

The usual simple approach is to calculate the mean observed dicentric
frequency with upper and lower confidence limits. These values are then
converted to doses by reference to an in vitro dose response calibration curve.
This curve consists of a background level (c) with linear (o) and square law ()
coefficients. All of these coefficients carry uncertainties expressed as standard
errors. So, what is the lowest dose that can be reasonably measured and what is
the lowest that can be detected? How does one set about deriving such values?

In most situations the Poisson uncertainty on the observation made from
typically 1,000 of the patient's lymphocytes is much greater than the uncertainty
on the calibration coefficients ¢ and a and so the calibration's contribution to
uncertainty on the dose estimate is overlooked. Moreover, at low doses the
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contribution to the yield from the coefficient B is so small that it and its
standard error can be safely ignored.

The question of whether a dose has been measured or detected depends on
its confidence limits and, as 95% limits are the generally accepted practice,
these have been chosen for the illustrations used here. It is suggested that an
exposure can be regarded as having been defected whenever the dose estimate
is positive but its lower confidence limit is zero or less. If the lower limit is
above zero it is suggested that the dose estimate may be regarded as a
measurement. This is illustrated in table 1 which shows, for a typical
linear/quadratic dose response equation for cobalt-60 (where Y = the yield of
dicentrics per cell and D = dose in Gy):

Y=0.001 + 0.02D +0.06D?

that for scoring 1,000 cells, the lower limit of measurement occurs when 4
dicentrics are seen and this corresponds to a dose of about 100 mGy. The
observations of 2 and 3 dicentrics lead to smaller detected doses but their lower
confidence limits are zero or less. A limit less than zero, implying a negative
value in Gy, is of course a scientific absurdity and therefore is shown in the
table as zero.

TABLE 1. Dose estimates and their 95% confidence limits in Gy for various numbers of
dicentrics scored in 1,000 cells with an assumed background of 1/1,000 cells. The yield equation
is Y=0.001 + 0.02D + 0.06D>. Yields and resultant doses regarded as measurements are shown in
bold

Observed no. of Lower Limit Mean Dose Upper Limit
dicentrics
0 - 0 0.10
1 0 0 0.16
2 0 0.04 0.20
3 0 0.08 0.23
4 0.0004 0.11 0.26
5 0.03 0.14 0.29

The scoring of 1,000 cells is typical of the analysis effort that can be
deployed on a case investigation by a microscopist seated at a conventional
microscope. However computer assisted microscopy is now a reality and
automatic metaphase finding has been available for many years (Finnon et al.,
1986). Currently the metaphase images are passed to an operator for review
although the prospects for a fully hands-off "dicentric hunter" seem promising
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(Roy et al., 2003). If, in the near future, a laboratory could deploy such a
machine for biological dosimetry it would enable many more cells to be scored
and intuitively this could reduce the minimum measurable or detectable limits.

2.1. BACKGROUND NOISE

If automation can remove the economic constraints on the number of cells
scored consideration has to be given to what is an optimal number to analyse.
Using the same parameters as in table 1 but increasing the scoringto, asan
extreme example, one million cells the lowest measurable dose is reduced to
3.3 mGy (95% conf. limits: 0.1 and 6.4 mGy). However this is giving a
deceptive impression of accuracy because the background level of dicentrics is
not well known.

In the absence of a pre-accident control sample from the patient it is
necessary to assume a generic value based on historical data from appropriate
control subjects. The background dicentric level is normally assumed to be
around 1/1,000 cells (IAEA, 2001) and this is represented by the control
coefficient (0.001) in the yield equation shown above. However there is some
inter-laboratory variability in published control frequencies (Lloyd et al., 1980)
and in practice it could lie in the range 1/500 to 1/2,000.

An observation of 2000 dicentrics observed in one million cells would
correspond to zero dose at the higher background frequency whilst at the lower
end of the frequency range (/2000 cells) it leads to a measured dose of 63 mGy
(conf. limits; 60 and 66 mGy). Given that for the patient being examined, the
personal ‘noise’ is unknown, 63 mGy is really not much different from the 100
mGy lowest measurable dose shown in table 1. Thus scoring one million cells is
far too many and will lead to a spurious impression of low dose detection
accuracy.

2.2. THE OPTIMUM NUMBER OF CELLS TO SCORE

What is the cut-off p oint between s coring more cells to improve the real
measurable lower limit rather than simply getting the spurious sensitivity as
discussed above? The answer depends on the accuracy with which a yield may
be converted to dose, i.e. the accuracy of the linear calibration coefficient (ct).
The 95% confidence limits shown in table 1 are based solely on the uncertainty
that is associated with the patient's data; they take no account of the uncertainty
in the calibration coefficients. However with more cells scored the uncertainty
on the observation is substantially decreased and it is no longer justified to
ignore the calibration errors. An examination of the published gamma-ray
calibration curves from the leading laboratories shows that good curves have
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uncertainty on the linear coefficient of about 20% (1 standard error). In order to
achieve this a substantial effort has to be made to produce a lot of calibration
data below 0.5 Gy (IAEA, 2001). Since this is the limiting accuracy on a
conversion to dose then little is gained by measuring a patient's dicentric
frequency to better than 20 %, that is scoring about 25 dicentrics.

Table 2 shows a calculation for scoring 10,000 cells. The background value
and calibration coefficients are as used previously in table 1. The minimum
measurable dose, 67 mGy, occurs when the observation is 26 dicentrics and the
standard error on this (V26) is about 20%. Thus in this example scoring 10,000
cells by machine is about the cut-off beyond which further scoring produces a
progressively diminishing improvement in accuracy.

TABLE 2. Dose estimates and 95% confidence limits for various numbers of dicentrics scored in
10,000 cells with an assumed background of 1/1,000 cells. The yield equation is Y=0.001 +
(0.020 + 0.003)D + (0.060 + 0.002)D?. Confidence limits include uncertainties in the calibration
curve. The yield and resultant dose estimate regarded as measurement are shown in bold

Observed no. of Lower limit Mean Dose Upper limit
dicentrics :
22 0 0.053 0.109
24 0 0.060 0.113
26 0.006 0.067 0.117

3. Conclusions

This paper has addressed the question of the ability of the dicentric assay to
discriminate low doses of radiation. It is suggested that the lowest measurable
dose is that value where its lower confidence limit is above zero. Lower derived
dose values associated with dicentric frequencies in excess of background, but
where the lower confidence limitis zero or less, can be considered as b eing
detected but not measured.

The worked examples have used background dicentric frequencies and
gamma ray calibration yield coefficients typical of several leading laboratories.
Any individual laboratory may of course substitute its own data into the
calculations to derive its own ability to discriminate low doses. Similarly one
may substitute yield coefficients for other qualities of radiation.

It is concluded that by the traditional method of scoring 1,000 metaphases
the lowest measurable y-ray dose is around 100 mGy. In this situation the
uncertainty on the dose estimate is driven by the Poisson uncertainty on the
observed number of dicentrics and the need to assume a generic background
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frequency. The uncertainty on a good dose response curve is relatively so small
that it can be ignored.

As more cells are scored, with the aid of automated microscopes, the
sensitivity of the technique is improved but, perhaps surprisingly, not greatly.
This is because as the statistics on the individual dicentric frequency improve it
is no longer justified to ignore the calibration uncertainty. Freed from the
economic constraints of microscopist time, it is suggested that the optimum
number of cells to analyse is about 10,000 at which point the uncertainties from
the sample and from the linear yield coefficient contribute more-or-less equally
to the overall error on the dose estimate. Substantially more cells than this leads
to no real improvement because of dicentric background 'noise'. The optimum
use of automation might permit the lowest measurable dose of 100 mGy of y-
rays achievable by conventional scoring to reduce to around 70 mGy.
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Abstract - On the decree of the Russian Federation Government N 948 of 22
September 1993 the National Radiation and Epidemiological Registry was established.
This is a legal entity on the base of the Medical Radiological Research Center of
Russian Academy of Medical Sciences. Two main tasks were imposed upon the
Registry: 1) objective estimation of radiation risks of cancer and non-cancer diseases
following exposure to low dose radiation (up to 0.2 Sv); and 2) producing
recommendations for health-care system and medical aid for minimization of delayed
consequences of the Chernobyl accident. National registry comprises personal
information on 615,000 people exposed to ionizing radiation, a far larger number than
in the atomic bomb survivor registry. In this paper, basic information on radiation-
epidemiologic analysis related to emergency accident workers and the population of
Russian territories contaminated with radionuclides is summarized.

Keywords: Chernobyl accident; radiation risk; leukemia; thyroid cancer; non-cancer
diseases

1. The National Registry today

The National Radiation and Epidemiological Registry (NRER) was set up in
Obninsk on the base of the Medical Radiological Research Center of Russian

t Radiation Risk Estimates in Normal and Emergency Situations / Eds. A.A. Cigna and
M. Durante. Springer, 2006. P. 143-148.
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Academy of Medical Sciences on the decree of the Russian Federation
Government N 948 0f22 September 1993. NRER is a successor of the All-
Union Distributed Registry operating in the USSR since June 1986.

At present, the National Registry includes personalized medical and
dosimetric data for 615,000 citizens of the Russian Federation exposed to
radiation as a result of the Chernobyl accident. In particular, the registry
includes 190,000 e mergency w orkers and 3 60,000 p eople living in the w orst
contaminated regions of Russia, namely the Bryansk, Kaluga, Tula and Oryol
oblasts. This registry is a unique medical information system committed to
large-scale radiation epidemiological studies and developing recommendations
for public health care to minimize the consequences of radiation exposure.'
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