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ABSTRACT damages.

Engineers design error-correction systems to try to aehiev o _
zero error (that is, a perfect matching between the trans-, TO_ keep complexity I|m|t_ed, we concenfcrate En_coh, .
mitted and the received code) while error-free transfer of in which t.he damage re'pa|r system consists of five main
genetic information from one generation to the other will DNA repair mechanisms:

stop evolution. That is, in biological systems, unlike the 1 Nucleotide excision repair (NER).

case of person-made systems, the target of error-comectio
procedures is to maintain a certain level of erreraot too
high (to ensure the sustainability of the individual) and no
too low — to ensure the sustainability of life. We suggest a

2. Base excision repair (BER).

3
two-part model for the communication of the genetic infor- 4. DNA repair by damage reverse (DR).

5

6

. Mismatch repair (MMR).

mation from one generation to the other. The DNA repair
process plays different role in each part of this model. In
this paper we will focus only on the first part of the sug-
gested model. We suggest RNA polymerase (RNAp) as the
optimization criterion for the efficiency of this first patat ~ The interaction between the different repair mechanisora fr
is, the “success” of the DNA repair process is a successfulthe fuctional point of view needs to be explored in order to

. Recombination repair.

. Translation DNA synthesis (TLS).

operation of the RNAp in spite of a lesion. build a comprehensive model to relate the initial condition
(damaged DNA) and the final states (corrected DNA, or a

1. BACKGROUND & MOTIVATION mutation).
In this paper we study the DNA repair process from an en- In this paper we suggest a simplified model for the cell’s

gineering point of view, where we look at the genetic infor- genetic information flow from generation n to generation
mation flow from one generation to another as a communi- n+1. also In particular, we suggest a novel optimization
cation system. The DNA repair process consists of small criterion for the first module of the genetic communication
machines (proteins, enzymes), which continuously transmi system which is based on its functional setting.

and receive signals from each other. The system regulates

its operation; it has feedback loops and backup paths. Pre- The paper is organized as follows: section 2 presents a
vious attempts to model this system were incomplete andconceptual model of the genetic information flow from one
cannot be used for system analysis and/or simulation. Based)eneration to the other as a communication system. Note
on the modeling of the components of the DNA repair sys- that the conceptual model consists of two parts, where the
tem by a probability Markov state diagram [16,17,18], we rest of the paper is devoted to the first part only. Section
show! that better modeling of the overall system can be 3 suggests a novel optimization criterion for the first pért o
acomplished. Our statistical signal processing approach t the model, and the relevant biological information present
DNA repair is different from the one taken previously, by from the lesion point of view. Section 4 concludes with a
e.g., John Hopfield [8], who developed an error correcting discussion on open questions and future directions.

model known as “kinetic proofreading”. While others have

focused on proofreading in the individual process, we aimto 2 THE CELL'S GENETIC INFORMATION EL OW
understand how the different kinetic parameters of each en- MODEL

zyme influence the cell overall capability to deal with DNA

- , . The main task in modern communication is reliably trans-
email:messer,bustin@eng.tau.ac.il L .. . . . .
1An approach similar to ours has been taken in the work of Haesib ~ Mitting and receiving information between different psint
al [7] which developed a stochastic model for PCR systems. on a given physical media. Living cells face task similar to



communication systems they need to successfully deliver ing the difference between two code words is the Hamming
the genetic information from one generation to the other. distance:

However, in order to survive, at least to the reproduction
point, they must continuously deal with both external and
internal hazards which threat to damage the integrity of the
cell's DNA. A “success” in terms of molecular biology may
be considered as the cell ability to reproduce, and to psiss it
genetic material to its offspring. We have suggested [18] to
model the cell’s genetic information flow from generation n
to generation n+1 by the simplified model depicted in Fig-
ure 1.

D(s1,59) = > _(s1(0) # 2(0)) )

This measure weights errors in different bits along the
code uniformly. The ability to model the genetic informa-
tion flow as a communication system suggests on using sim-
ilar performance measures as the Hamming distance. In-
deed, so far, the biological evidence points at a more generi
kind of repair mechanism that, in signal processing terms,
“acts on individual bits”, and is more dependent on the geom-
etry and type of damage rather than the DNA sequence con-
tent. However, using the Hamming distance as a measure
n oA n oA e of “success_”_ for the DNA repair process is artificial, since
Repair | Repair I the probability of repairing errors in different parts okth
genome is not the same. Errors in different parts of the
genome have different meaning and may not be weighted
n uniformly.

Moreover, while engineers design error-correction sys-
tems to try to achieve zero error (that is, a perfect matching
between the transmitted and the received code), error-free
transfer of genetic information from one generation to the
other will stop evolution. That is, in biological systemsi{u

The input signalS,, represents the cell genome at gen- like the case of person-made systems), the target of error-
eration n, and the output signal,; represents the cell correction procedures is to maintain a certain level ofrsrro
genome at generation n+1, after the replication process. Th — not too high (to ensure the sustainability of the individ-
intermediate signab,, represents the DNA just before the ual) and not too low— to ensure the sustainability of the
replication. In generalS,, # S,, because during the cell's  species [13,11,15].
life, damage is introduced to the DNA (represented by the
additive noisen;). The damage is partially corrected by In the two-steps model of Figure 1 we separate the DNA
the first DNA repair module (denoted by “DNA repair I”in  repair process into two modules, suggesting, for each one, a
the block Diagram of Figure 1). Replication errors are rep- different performance measure. Our approach is to establis
resented by the additive noise processand are partially  a performance measure from the point of view of the main
corrected by the second DNA repair module. function of the DNA repair block. The different functions of

the two blocks can be summarized as follows: The first part

This model suggests putting the various DNA repair meclsf the process of Figure 1 aims to enable the cell to live till
anisms into two groups. The firstis a general repair process reproduction, while the second part is the one in which the
which is composed of repair mechanisms as the BER, thereproduction process actually transfers the geneticrimder
NER and the DR. These mechanisms operate along the celtion to the next generation. In this paper we concentrate on
life cycle (both modules of Figure 1) and are responsible the first module of Figure 1, and we suggest an appropriate
to correct any damage to the DNA, both internal and exter- optimization criterion for its operation.
nal lesions. The second group includes the mismatch re-
pair mechanism, which is responsible to correct DNA poly-
merase mismatches, and recombination repair, TLS. Both 3 RNA POLYMERASE ASAN OPTIMIZATION
are responsible to overcome replication blocks and enable FUNCTION
completion of DNA replication (the second module of Fig-
ure 1). The two modules describe different repair processesThe survival of the individual cell requires the stabilitfy o
with different strategies and target goals. The various DNA its cell functions. Changes to its proteins can result in mal
damages are introduced by two additive noise signals whichfunctioning and even a death of the cell. This leads us to
may have different statistical models. the hypothesis that the goal of the individual is to maintain

stability in its proteins, that is- maintaining the genetic in-

In communication systems, a common tool for measur- formation used by the individual in the form of transcriptio

Fig. 1. Schematic genetic information flow in a cef,, is
the DNA of the cell at generation 1%, is the DNA pre the
replication processsS,, 11 is the DNA at generation: n+1.



to messenger RNA (mRNA) [1]. Transcription to mRNA similar manner, the transcriptom 6§, (i) as.S,, (7). Under
is a mechanism that operates along the cell life cycle, un-these notation, our hypothesis equals to the following:

til it reaches the replication stage, that is, during the firs — .

DNA repair module in Figure 1. We propose to evaluate the min(z Pr(S,(i) # Sn(7)) - W;) (2)
performance of the “DNA repair I” mechanisms, from the i

point of view of RNA polymerase (RNAp), the main player \yhere; goes over all segments of the DNA coding to mRNA,
in transcription operation. That is, we suggest that a “suc- 5 W, denotes the weight that distinguishes between the
cess” of the “DNA repair I” process equals to a successful jnnact of the mutation, lethal mutations at one end, and
operation of the RNAp in spite of the lesion. silent at the other. By quantizing each mutation to one of

) ] . ] the mentioned possible MRNA outcomes, equation (2) can
RNADp reacts in a different manner to different lesions of e simplified to :

the DNA. Not in all cases the consequences are mutations

in MRNA, and not in all cases the mutations in the mRNA min( (

are lethal. We suggest to set the RNAp as our optimization i

criterion for the first module of Figure 1, that isthe aim 3
of the first module repair mechanisms of the DNA is to min- Pr(Sn(7) € correct mRNA
imize the lethal mutations in mRNA. Weorrect+

3 Pr(S,(i) € no mRNA would be created
Moreover, we can scale the damage level a specific mMRNA

outcome may have on the cells ability to survive. One can - Whomena +
look on the following set of possible mMRNA outcomes: Pr(S,(i) € mRNA with silent mutatiof
'Wsilent+

1. correct mMRNA: the mRNA sequence if flawless.

. o . . Pr(S, (i) € mMRNA with missense mutatio
2. silent mutation in the mRNA: most amino acids are r(Sn(i) € n

encoded by several different codons. Silent mutations - Winissenset
are in a nucleotide that alters a codon without chang- Pr(S,(i) € mRNA with nonsense mutation
ing the encoded amino acid. W
: nonsense
3. blockage: a mutation to the DNA that blocks tran- ) 3)

scription, that is, no creation of mMRNA. . . .
P Where there are five possible weight;, i = 1, ..., 5,

4. missense mutation in the mRNA: the new nucleotide for each of the possible mRNA outcomes, instead of a dif-
alters the codon so as to produce an altered aminoferent weight for each lesion of the transcriptom segment.

acid in the protein product.
To validate our hypothesis we need to calculate the dif-

5. nonsense mutation in the mRNA: the new nucleotide ferent probabilities for each of the possible mRNA outcomes
changes a codon that specified an amino acid to oneFor each lesion in the DNA there are several repair mech-
of the STOP codons. Therefore, translation of the anisms that can fix it. This fact leaves us with numerous
MRNA transcribed from this mutant gene will stop repair probabilities, that is, different repair probatigt for
prematurely. The earlier in the gene that this occurs, aimost each and every lesion. For this reason we decided
the more truncated the protein product and the moreto examine the DNA repair mechanisms from the lesions
likely that it will be unable to function. point of view. This approach, together with the novel sug-

gested optimization criterion, will also suggest on theiint

The effect of the last two mRNA outcomes depends also 9N connection between the different DNA repair mechanisms.

the effect the mutation will have on the created proteirt, tha
is, it depends on the “reading frame” of the specific protein

translated from the MRNA. Our study of the repair mechanisms from the lesion point

of view, yields the following questions: What harms the

. . . . - DNA and creates the lesion? What effect does the lesion
Consider a mechanism whose input IS a specmf: level of have on the repair enzymes? What are the possible repair

damage to the DNA.' cgused by a.spec@c q:i_maglng agentoutcomes? How does RNAp react to the lesion? In order to

such as U\/~I|ght,. oxidation, aIkyIat.u.)n ets”(l,) is a small answer these questions we have summarized the related bi-

segment of5,, which, under a specific damaging agent, and ological information [21,23,12,10,6,26,3,9,2,24,25%20,

a specific probability for damage, can be d:irrlaged only ONCe4 75 14] in table 1.

We will mark the transcriptom of,, (i) as S, (i) and in a



Table 1. Damages inflicted upon the DNA and the transcription meishaneaction to these lesions.

Damaging lesion BER | NER | TCR | Damage| RNAp: block,pass RNAp Effect on
agent Reverse efficiency Mutagencicity Protein
oxidation 8-oxoguanine + + + — bypass high eff. A 50% Ainstead of C
C 50% 37% missense
UV light, AP site + + ? — bypass moderate A 5% Alinstead of C
pollutants eff. deletion~ 15% | 74% missense
hydrolytic uracil + — — — bypass high eff. primeraly A Ainstead of G
deamination 68% missense
UV light CPD + + + + blocks high eff. — -
alkylation | Og - methylguanine| — + — — bypass high eff. primeraly U U instead of C
62.5% missense
deamination| 5,6-Dihydrouracil + — — — bypass high eff. primeraly A A instead of G
& oxidation (brief pausing) 63% missense
UV light 6-4 photo. - + + — blocks high eff. - -
oxidation TG — thymine =+ + + - bypass50% ? ?
glycol (of the time)
alkylation 7-Methylguanine + — — — bypass high eff. ? ?
Psoralen and HMT — + - — blocks high eff. — —
uv
SSB- single — — ? — bypass variable deletion of frameshift
strand breaks eff. exact gap size
alkylation 3-Methyladenine | + ? — — bypass moderate ? ?

Table 1 describes several main lesions (column 2) and it Therefore, higher probability for repairing it by the csll’
includes both the biological information regarding theaiep ~ repair mechanisms is anticipated, trying to avoid such out-
pathways of these lesions (columns 3 to 6), and the reactioncomes. Our goal is to test this assumption in addition to our
of the transcription mechanism to the lesion (the last three primary assumption, that RNAp is the optimization crite-
columns). The reaction of the transcription mechanism in- rion for the efficiency of the first module of the DNA repair.
cludes two main aspects: the reaction of RNAp to the lesion, In order to do so, we need to calculate the probabilities of
and the effect of such a reaction on the final protein output. mMRNA outcomes under different damaging agents. View-

ing similar relations between the probabilities of the dif-

The information in table 1 allows us to build a Markov ferent mRNA outcomes for different damaging agents, will
diagram for each lesion, describing the different possible suggest an optimization according to RNAp. That is, if for
repair pathways of that lesion. Given the additional bio- most damaging agents a specific MRNA outcome has rel-
chemical information: initial concentrations, diffusico- atively low probability, suggests that this specific outeom
efficients, rate laws and rate constants, will allow us te cal strongly threats the survival of the cell. Such a conclusion
culate the probabilities of the different mRNA outcomes. will validate our initial assumption.

An example for such a Markov diagram, for the case of
Cyclobutane Pyrimidine Dimers (CPDs) inflicted upon the
DNA sequence as a result of UV light, is given in Figure
2[m1]. Acknowledgment

The authors would like to thank Prof. Zvi Livneh from the
Weizmann institute and Mr. Ram Sever for our fruitful dis-

4. SUMMARY .
cussions.

One may wonder about the appropriate way to weight the
different events. Is “no mRNA creation” more crucial for
the cells survival than “missense mutation in the mRNA"?
Is “silent mutation in the mRNA” crucial in any way? Our
initial assumption is that low probability of a certain out-
come suggests a higher threat on the survival of the cell.
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