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Abstract. Chemical approaches to the elucidation of DNA tem
plate biosynthesis using DNA polymerases and reverse tran
scriptases, predominantly DNA polymerase I from E. col/i and
reverse transcriptase from HIV-1, are considered. Special atten
tion is paid to the comparison of chemical modification and X-ray
structural analysis data as well as to quantitative aspects of the
interaction of DNA polymerases with templates, primers, and
nucleoside 5'-triphosphates. New versions of a catalytically com-
petent labelling method developed in the course of investigation of
these enzymes are described. The data obtained in the analysis of
replication complexes using primer analogues with photoreactive
groups are presented. The bibliography includes 98 references.

I. Introduction

Some general problems concerning the application of chemical
approaches to the study of the mechanism of template biosyn-
thesis of nucleic acids and the main results obtained in the study of
enzymes that catalyse RNA biosynthesis (transcription) by chem-
ical methods have been reviewed.! The present review is devoted
to the application of chemical methods to the study of DNA
biosynthesis, namely, its replication and reverse transcription.?
The main chemical event in this process, viz., the elongation of
the polynucleotide chain, in the case of DNA polymerases is fully
identical with that for RNA polymerases considered previously.!
A nucleoside triphosphate (pppN;) complementary to the trans-
latable element pN ; of the template (its role is played by single-
stranded DNA) phosphorylates the 3'-OH group of the 3'-termi-
nal nucleotide residue of the growing DNA chain. It is in this way
that the nucleotide residue is transferred from the triphosphate to
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the 3'-OH group of the growing polymeric chain; therefore the
enzyme represents a nucleotidyl transferase.

5 e pN; >—pN,_;—OH (3)

PPPN,l
(5) .. ésN;_2—pN,_ | —pN,—OH  (3')
(3/) ...... pﬁ,‘,z*pﬁ,;]*pﬁ,‘*pﬁwl7p§,'+2 ...... (5/) + PP,

where p is the orthophosphate residue; N; and N ; are the nucleo-
side residues in the product and the template, respectively, and iis
the ordinal number of the residue in the polynucleotide chain
starting from the 5'-end of the product and the 3'-end of the
template, respectively.

However, this is virtually the last point where the similarity
between DNA polymerases and RNA polymerases ends. RNA
polymerases interact with double-stranded DNA, which are
temporarily unwound under the action of this very enzyme to
form a non-extended unwound region (protrusion). One of the
unwound strands (on which transcription occurs) becomes
involved in the selection of a substrate in the active centre. If the
replication is accomplished by DNA-dependent DNA polymer-
ases, the double-stranded DNA is first unwound by a special
system mentioned below. DNA polymerase is not directly
involved in DNA unwinding.

Transcription begins at a predetermined site of the template
and requires preliminary binding of the enzyme in the region
where the transcription begins (the promoter region). Following
the formation of a complex with an enzyme and specific tran-
scription factors at the required region of DNA subject to tran-
scription the process is initiated, i.e., the synthesis of a
dinucleotide occurs. It should be noted that the first dinucleotide
residue retains a triphosphate group. Initiation of DNA synthesis
in living organisms always begins with the synthesis of a ribooli-
gonucleotide primer the 3'-terminal OH group of which serves as
an acceptor of deoxyribonucleotide 5'-phosphate. It is not until
this process has been completed that the synthesis of a new DNA
chain begins. The 3'-terminal deoxyribonucleotide fragment now
acts as a primer. A special enzyme, primase, in prokaryotes and
eukaryotes is responsible for the synthesis of a ribooligonucleotide
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primer; therefore the primary product is a hybrid oligonucleotide,
which has a ribooligonucleotide at its 5'-end.

The region where the direct chemical conversion takes place
contains a complex of the 3'-terminal nucleotide of the primer with
a complementary nucleotide of the template, the protruding
single-stranded fragment of the template and the selected sub-
strate. Therefore, it makes no difference whether we deal with an
exogenous primer or the terminus of a newly synthesised strand.

In the case of RNA polymerases, the product is a single-
stranded RNA fixed by complementary interactions to the strand
of the template subjected to transcription only at its 3’-end. In the
case of DNA polymerases, a duplex is formed, which is preserved
in biological systems up to the beginning of the next replication
cycle. In this context, the range of problems that can be solved by
chemical methods in respect of DNA polymerases differs from
that for RNA polymerases described in the review cited.! It is also
noteworthy that X-ray data about the spatial structure of DNA
polymerases and their complexes with templates and substrates
are now more abundant. Therefore, it is expedient to consider the
large body of experimental results concerning the chemical
(including affinity-based) modification of DNA polymerases in
relation to the X-ray data available. Much of the above can be said
of the enzymes responsible for reverse transcription, i.e., to RNA-
dependent DNA polymerases (reverse transcriptases).

While considering DNA polymerases, special mention should
be made of two groups of enzymes differing in their biological
functions. One of them is responsible for the synthesis of new
DNA molecules, which occurs via separation of strands of the
parent DNA and the formation of daughter replicas on each of the
separated strands. This results, with the accuracy of inevitable
errors, in the formation of two double-stranded structures that are
identical with the original one. However, this process requires the
participation of several additional enzymes and proteins. The
unwinding of the double helix is effected by enzymes called
helicases. They function in the branching region of the original
double helix, namely, in the replication fork. The recombination
of the two strands is prevented owing to their binding to a special
protein, most commonly referred to as the SSB (single strand
binding) protein. Continuous synthesis of a complementary chain
towards the replication fork takes place on one of the strands with
a 5' — 3’ orientation from the replication fork. This strand is
usually named the leading strand. The synthesis on the second
strand can proceed only in the direction away from the replication
fork, and a new initiation must take place at certain invervals of
time with the liberation of the template. In other words, the
synthesis of a new RNA primer, which is further elongated in the
direction away from the replication fork, takes place. Thus, the
fragments of the daughter strand with a ribonucleotide at the
5'-end (Okazaki fragments) are the products of synthesis on this
lagging strand. A hybrid DNA-RNA duplex is formed at the
primer site. Its RNA fragment must be removed from the final
replication product. This is achieved, at least partly, with a special
enzyme, RNAse H, which catalyses the hydrolysis of ribooligo-
nucleotides within this hybrid duplex. The preceding Okazaki
fragment can then be elongated with DNA polymerase to reach
the 5'-end of the second chain. As a result, the lagging daughter
strand is formed with ruptures called nicks. Linking of 5'-phos-
phate with the 3’-OH group of the preceding fragment requires yet
another enzyme, DNA ligase, which catalyses the formation of a
phosphodiester bond between these two groups. Thus, a minimum
set of replication enzymes and auxiliary proteins includes DNA
polymerase itself, helicases, the SSB protein, RNAse H, and DNA
ligase.

As a matter of fact, this set is even greater. An important
feature of the replication process is its processivity. After elonga-
tion, the ‘template-elongated primer’ system is not separated from
the enzyme. Instead, a new encoding element of the template and
the 3'-end of the elongated primer are transposed relative to the
enzyme in such a way that they appear in the active centre of the
enzyme. There is a large body of evidence that the processivity is

provided by special auxiliary proteins that consolidate the enzyme
complex with the template-primer duplex. These proteins are
called ‘clamps’.?

The second group of DNA polymerases cannot synthesise
complete dauthter replicas, but they are necessary to fill short gaps
that often appear on one of DNA strands. The classical example
of such gaps is the excision of damaged regions of one of DNA
strands by special enzymes that play an important role in restoring
injured sites (DNA repair). Therefore, DNA polymerases pertain-
ing to this group are often regarded as DNA repair enzymes,
although their functions are hardly confined to repair. DNA
polymerase I from E. coli and human DNA polymerase  are the
most well-studied enzymes of this group. The spatial structure of
these two enzymes has been established by X-ray structural
analysis.

I1. The main types of affinity reagents used for the
study of replication and reverse transcription

Application of affinity-based modification to the study of
enzymes is particularly efficient in two cases. First, when it is
necessary to determine the position of a site(s) of modification of
an enzyme by a reactive substrate or effector analogue, which
points either to a subunit or a region in the protein molecule that
interacts with the substrate or the effector. Second, when it is
necessary to determine the affinity of a substrate or a cofactor for
the protein from the data on the competition between the reagent
and the substrate (or the cofactor).* The second case will be
considered in more detail in Section V.

DNA polymerases and reverse transcriptases interact with the
template, the primer, and deoxynucleoside 5'-triphosphate (fur-
ther referred to as dNTP). In the case of DNA polymerases, the
strands of a double-stranded DNA are first unwound by helicases.
Thus, single-stranded DNA serves as a template for replication.
There is every reason to believe that reactive derivatives of DNA
modify the enzyme at the binding site of the template.

One of the strands in double-stranded structures corresponds
to the template, and the other one to the primer. If a complex of
two DNA fragments has both a double-stranded and a hanging
one-stranded element and the shorter fragment at their junction
has a free 3'-OH group, it is this fragment that functions as a
primer. Complex 1 is an example which can be useful for further
consideration:

5" d(TCGCAGC CGTCCA)
3" d(AGCGTC GGCAGGTTCCCAAA)

1

Apparently, it is the upper strand in this complex that plays
the role of a primer. However, the situation with ANTP analogues
is not so unambiguous. Even in the framework of a simplified
scheme implying the existence of distinctly separated binding sites
for a template, a 3'-terminal fragment of the template, and a
dNTP, a dNTP analogue will not necessarily form a complex with
the binding site of the substrate. It will be shown later (see
Section V) that ANMP and dNDP also possess affinity for the
binding site of the template. As a result, modification of an
enzyme by such an analogue will not allow the unambiguous
assignment of the modified region of the protein to the binding site
of ANTP because it may be the binding site of the template as well.

Introduction of reactive groups into dNTP can be easily
carried out at the y-phosphate’ via nucleoside 5'-trimetaphos-
phate. Using this route, derivatives containing 4-(N-2-chloro-
ethyl-N-methylamino)benzylamine,® 7 imidazole,®° and p-azido-
aniline residues '© were obtained. In the case of alkylating and
phosphorylating derivatives, the inactivation proceeded only in
the presence of a template-primer complex. This can be regarded
as evidence in favour of analogue binding in the substrate-binding
site.>~? In the case of a photoaffinity reagent (p-azidoaniline
derivative), inactivation was also observed upon irradiation in
the absence of the complex, but its presence enhanced inactiva-
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tion.' A wide variety of dNTP analogues with a photoreactive
group in the heterocyclic base have been recently synthesised.
Derivatives containing a photoreactive group at position 4 of
cytosine, at position 5 of uracil (dATTP analogues), and at positions
2 and 8 of adenine have been described and tested.!'~2° Table 1
lists the presently known dNTP containing reactive groups in their
heterocyclic bases. It is important to mention that some of these

compounds can act as substrates for DNA polymerase. This
property makes it possible to use these analogues for specific
photoaffinity-based modification of DNA polymerases.
Photoreactive analogues must possess good photochemical
characteristics that allow their irradiation at the wavelengths that
cause no photoinactivation of proteins and nucleic acids.!! At the
same time, these analogues manifest good substrate properties in

Table 1. Derivatives of ANTP containing photoreactive groups in the heterocyclic base.

Photoreactive group

Position of
the group in
the heterocycle

Substrate properties

Modification (inactivation)

N3

SCHzﬁC6H4N3-p

CH,—CH,;—NH-— (Ii —CsF4N3-p

(FaB) ©

CH= CHCHQNHCiC(,F4N37)

(AIFAB)
O,N
CH,—CH,—NH—C

(NAB) © N;

(CHz)gNHCCHQON = CHC6F4N3-[7
I

ﬁ(CHg)zON = CHC(,F4N3-[7

NH(ljl(CHz)4(|3|NH —N=CHC¢F4N3-p

CH= CHCHzNHCC6F4N3-p
I
O

N3

02N

HC=CH—CH2—NH—(|i4Q
O

N3

CH=CH—C(,H4—/C\—CF3
N=N

Ade-8

Ade-2

Cyt-4

Cyt-4

Cyt-4

Cyt-4

Cyt-4

Cyt-4

Cyt-5

Ura-5

Ura-5

Ura-5
(ddUTP)

Competitive inhibitor with
respect to dTTP 1?

Substrate of DNA polymerase
from human o-primase

instead of dTTP 2!

Substrate of reverse transcriptase
from HIV-I instead of dCTP '3
and dTTP !¢

Substrate of DNA polymerase
from o-primase of calf thymus '°
Substrate of reverse transcriptase
from HIV-1 instead of dCTP
and dTTP '°

Substrate of reverse transcriptase
from HIV-1 instead of dCTP
and dTTP '°

Substrate of reverse transcriptase
from HIV-1 instead of dTTP !°

Substrate of reverse transcriptase
from HIV-1 instead of dCTP
and dTTP !¢

Substrate of DNA polymerase
from a-primase of calf thymus 23
Substrate of reverse transcriptase
from HIV-1 14

Substrate of reverse transcriptase
from HIV-1 instead of dTTP '®

Substrate of reverse transcriptase
from HIV-1 instead of dTTP 20

Modification of 1le765 and Tyr766 in DNA polymerase 1
from E. coli in the absence of a template — primer duplex !7

Inactivation of the Klenow fragment in the absence
of a template — primer duplex '8

Inhibition of modification in the presence of
poly(dA)—oligo(dT) '#

Labelling of Asp73218

Modification of the 165, 59, and 49 kDa subunits
(the human complex) 23

Modification of the 165 and 49 kDa subunits
(the human complex, competent labelling) 23
Modification of the 150, 59, and 48 kDa subunits
(the calf thymus complex) >3

Modification of p66 and p51 14

Modification of p66 (competent labelling) 14

Decrease in substrate properties and enhancement

of terminating properties

Decrease in substrate properties and
enhancement of terminating properties

Decrease in substrate properties and
enhancement of terminating properties

Decrease in substrate properties and
enhancement of terminating properties
Decrease in substrate properties and

enhancement of terminating properties

Modification of p66 and p51
Modification of p66 (competent labelling) 4

Modification of DNA polymerase I from E. coli in
the absence of a template — primer duplex 2*

Modification of p66 and p51

Modification of p66
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reactions catalysed by DNA polymerase a from human pla-
centa,?! reverse transcriptase from HIV,'3~1¢ and DNA polymer-
ase B.'2 These substrates can act as terminators by preventing
further elongation of o primer after being incorporated into its 3'-
end. In other cases, the presence of a modified residue at the 3 -end
does not prevent the addition of the next unit, ie., further
elongation of the chain. These derivatives can be used for
conducting the polymerase chain reaction (PCR), which yields a
duplex with a large number of reactive groups.?> The correspond-
ing characteristics of reactive dNTP derivatives are listed in
Table 1.

Despite the apparent similarity of analogues containing reac-
tive groups at the same positions, their properties as affinity
reagents may vary substantially. Thus three dATP analogues
containing 4-N3C6H4CHQS, 4-N3C6H4SS, and 2-N02-4-
N3CsH3S groups at position 2 of adenine have been described.!®
It was found that only the first of them could inactivate the
Klenow fragment of DNA polymerase I upon irradiation (see
Section III.1). It should be noted that inactivation does not
require the presence of a template —primer duplex. Modification
reaches saturation when one residue is incorporated into the
enzyme. Although the modifying reagent is based on dATP, its
competitive substrate is dTTP. Moreover, this modification is
inhibited by the poly(dA)-oligo(dT) duplex, which may attest to
the binding of the analogue in the template region of the enzyme.!®

Among other nucleotide analogues having a reactive group in
their carbohydrate fragment, 2,3’ -epoxyATP has been studied in
more detail. In the presence of the duplex 1, the enzyme was
inactivated in accordance with the classical law of affinity-based
modification;*its K4 was 21 pM and the inactivation rate constant
was 0.021 s—!. The 2',3'-epoxyAMP residue was incorporated
into the primer simultaneously with inactivation. Naturally, the
residue incorporated played the role of a terminator. It was
shown 23 that the duplex carrying this residue at its terminus did
not modify the enzyme; its inhibitory effect is due to the enhanced
stability of a triple complex with the enzyme.

Sometimes, DNA derivatives designed for modification of
DNA-binding sites of an enzyme can be obtained by direct
introduction of a reactive group into the DNA molecule or its
fragment. Thus the decanucleotide d(pT).pC(pT); modified at the
N(3) atom of the cytosine residue with cis-aquahydroxodiam-
mineplatinum, i.e., containing the cis-{(NH3)>Pt([N(3)-dC](OH)}
fragment, was used as an affinity reagent for the matrix site of
DNA polymerase o from human placenta and the Klenow frag-
ment of DNA polymerase 1.2°~28 Incubation of this decanucleo-
tide with the enzyme results in gradual inactivation of the latter.
This inactivation is competitively inhibited by deoxyoligonucleo-
tides of various lengths and structures.

Since both the template and the primer have sufficiently
extended contacts with the enzyme, when used as the affinity
reagents (DNA analogues), it is especially desirable to obtain a
series of derivatives with a reactive group at different predeter-
mined positions of DNA. Two main approaches to the synthesis
of these derivatives have been developed. One of them is based on
the introduction of a reactive group during the synthesis of the
corresponding oligonucleotide. Naturally, this approach can be
used only for derivatives with a reactive group in their hetero-
cycles. One can also synthesise DNA or an oligonucleotide
derivative containing a group where the reactive residue will be
introduced in the final stage of the synthesis. As an example, we
can mention the synthesis of a series of primer analogues with a
photoreactive group at different positions relative to the 3'-end of
the growing chain.?® Thus a thymidine analogue containing a
(CH»)sNHCOCEF;3 residue at position 5 of uracil was introduced
instead of thymidine into a specific position of the primer during
the synthesis.?® After removal of the trifluoroacetyl group by mild
alkaline hydrolysis, the primer was treated with 5-azido-2-nitro-
benzoic acid N-hydroxysuccinimide ester. Then the modified
primer was hybridised with DNA from phage M13 used as a
template and elongated by one unit with DNA polymerase from

phage T4 using [0-3?P]ddATP as a substrate. The final procedure
sharply diminishes the risk of cleavage of the 3'-terminal residue
due to 3’ — 5 exonuclease activity inherent in the enzyme and
allows simultaneous introduction of the radioactive label into the
primer. This step is essential for the affinity-based modification
with this compound. Using this approach, primers with a photo-
reactive arylazide group at positions 3, 9, 13, 18, 22, 27, and 46
relative to the 3'-terminal fragment have been obtained.2® When
the corresponding template —primer duplex is used, the reactive
residues can be introduced into the specific positions of the primer
by the enzymic method using dNTP analogues bearing a reactive
group as DNA polymerase substrates.!? 415,23

The second approach to the synthesis of DNA with a
predetermined position of the label can be exemplified by the
synthesis of a series of derivatives of oligonucleotide primers with
different positions of the fluorescent label relative to the 3’-end of
the primer. A set of such derivatives were obtained 3° from one
oligonucleotide with a thymidine analogue U" at a definite
position; this analogue contained the fluorescent 5-dimethylami-
nonaphthalene-1-sulfonyl group at position 5 instead of the
methyl group. The starting duplex had the structure 2.

5’ d(TCGCAGCCGU*C)
3 (AGCGTCGGCA GGTTCCCAAA)

2

The structure of the template allowed the elongation of the
primer in the presence of DNA polymerase, by one unit (com-
pound 3) with dCTP, by three units (compound 4) with
dCTP + dATP, and by six units (compound 5) with
dCTP + dATP + dGTP. The fluorescent label was translocated
at a certain distance from the enzyme active centre.
5" (TCGCAGCCGUCC)
3’ d(AGCGTCGGCA GGTTCCCAAA)
3

5" (TCGCAGCCGU*CCAA)

3’ d(AGCGTCGGCA GGTTCCCAAA)
4

5" d(TCGCAGCCGU*CCAAGGG)
3" d(AGCGTCGGCA GGTTCCCAAA)

5

In some experiments, it was possible to use a hairpin structure
with a hanging single-stranded fragment instead of a template —-
primer duplex. Such a structure mimics the template—primer
duplex and the short fragment of the hairpin stem can be
elongated in the presence of DNA polymerase. When photo-
reactive ANTP are used for elongation, a photoreactive stem
mimicking the photoreactive duplex can be obtained.

This approach was used in particular for the synthesis of a
hairpin containing several residues of bromodeoxyuridine (com-
pound 6).3!

A
S C CAGGCCGTC—OH _a,
- A GTCCGGCAGTTTAATACCTCT-S'

c

A
_ . €  CCAGGCCGTCAAABBAB
T A GTCCGGCAGTTTAATACCTCT-S
c
6

; is the radiolabelled dAMP residue,

B is 5-bromodeoxyuridine;

(a) DNA polymerase, [¢-3?P]JdATP + BrdUTP (BrdUTP is 5-bromo-
deoxyuridine triphosphate).

This hairpin structure has been used for photoaffinity-based
modification of DNA polymerase y (mitochondrial DNA poly-
merase) from frog (Xenopus) and DNA polymerase € from calf
thymus.3?
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I11. Study of the interaction of DNA polymerases
with templates, primers, and nucleoside
5'-triphosphates using group-specific and affinity-
based chemical modification. Structural aspects

1. DNA polymerase I from E. coli and the Klenow fragment
This enzyme is made up of one polypeptide chain (M. is 103 kDa,
928 amino acid residues) and forms three domains. The N-termi-
nal domain (1-330) comprises an active centre for 3’ — 5
exonuclease activity and catalyses stepwise hydrolysis of nucleo-
tides from the 5'-end. The central domain (residues 331—514)
contains an active centre for 5’ — 3’ exonuclease activity and
catalyses the cleavage of the 3'-terminal nucleotide from the
growing polynucleotide chain. It is noteworthy that this cleavage
is directed predominantly against the residue that is not comple-
mentary to the template and thus prevents preservation of an
erroneously incorporated monomer. The 515—928 domain con-
tains the DNA polymerase centre itself.?* Mild treatment of the
enzyme with a protease (subtilisin) results in the splitting of the
5" - 3’ exonuclease domain to form the so-called Klenow frag-
ment, which retains only two activities and which is now the
subject of the most active studies.?*

X-Ray structural analyses of the Klenow fragment and of its
complexes with a model DNA duplex and with dCTP have been
carried out with a resolution of 3.9 A (Fig. 1).3%3¢ This figure
clearly demonstrates the presence of both domains. The N-termi-
nal 5’ — 3’ exonuclease domain is formed by seven a-helices 4 -G
and four B-structures / —4. The C-terminal polymerase domain of
the Klenow fragment is formed by three subdomains, which have
been termed the ‘palm’, the ‘fingers’, and the ‘thumb’ by anatomic
analogy with the right hand (Fig. 1). The ‘palm‘ domain consists

of six B-structures 7—9 and 72— /4, the ‘thumb’ domain comprises
four a-helices H— K, and the ‘fingers’ domain is made up of five a-
helices L — P. The regions of the other two subdomains that are the
most remote from the ‘palm’ come together to form a cleft where
DNA binding takes place. The bottom of this cleft contains
carboxy groups of two aspartic acid residues (Asp705, Asp882)
and one glutamic acid residue (Glu883) (Fig. 2), which are
supposed to coordinate the triphosphate group of the substrate
through Mg?* ions. Magnesium ions play an important role in the
main catalytic process, being responsible for the transfer of the
monophosphate residue to the 3'-OH group of the primer. Similar
triads of dicarboxylic acid residues were also detected in other
DNA polymerases the spatial structures of which have been
studied. Special mention should be made of DNA polymerase f3;
its structure in the complex with a dCTP and dATP was estab-
lished with high resolution both in the presence and in the absence
of a template —primer complex.37-3% The most detailed informa-
tion about the contact sites of the template — primer complex with
the enzyme was obtained by Modak er al.® These authors
performed direct photo-cross-linking of two [5'-32P]-labelled
oligonucleotides, containing 25 and 37 monomeric units the 3'-
termini of which formed a hairpin structure with the enzyme. The
stem of the hairpin mimicked the template —primer complex. The
main modification involved the peptide fragment corresponding
to the DNA polymerase fragment 759—775 at 11e765, Tyr766,
Ser769, and Phe771 residues in the O helix of the ‘fingers’ domain.

To obtain information about the binding site for the substrate,
a series of investigations were carried out using reactive deriva-
tives of ANTP. These studies began with direct photo-cross-
linking of the enzyme with dTTP by irradiation of the enzyme—-
substrate complex with light at A = 254 nm.*° It was shown that
photoaddition occurred at the His881 residue. As can be seen from

palm (7-9, 12— 14)
fingers (L— P)

Figure 1.

His881

A scheme of the three-dimensional structure of the Klenow fragment of DNA polymerase I from E. coli. The a-helical regions of the

polypeptide are shown as cylinders; the B-pleated sheet, as ribbons, with arrows indicating the direction of the chain in the folds from the N- to the C-end.
The arrows indicate the amino acid residues detected by affinity-based modification.
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Fig. 1, this residue is localised between the 12th and 13th B-
structures of the ‘palm’ subdomain. When the Klenow fragment
was modified with 8-azido-dAMP, photoaddition occurred pre-
dominantly at Tyr776 localised in the a-helix of the ‘fingers’
subdomain.!” It is interesting to note that the same tyrosine
residue was modified upon irradiation of the enzyme in the
complex with the template and the primer analogue 7.4!

3 (AGCGTCGGCAGGTTCCCAAA)
5' d(TCGCAGCCGU™)

7

U* is the residue of the dTMP analogue containing a 5-azido-2-nitro-
benzoyl group linked via a spacer, (CH»)3;NH, at position 5.

This coincidence shows that Tyr766 is localised directly in the
catalytic centre. Evidence in favour of the presence of a tyrosine
residue in the catalytic centre can also be derived from the results
of chemical modification of the Klenow fragment by N-acetylimi-
dazole, a specific reagent for the OH group of tyrosine. This
modification was accompanied by a loss of the enzymic activity.
The enzyme could be protected from inactivation only in the
presence of a complete template—primer—dNTP complex. The
latter must be complementary to the template used.*#2

Even this example shows that chemical modification data do
not fit into a simplified pattern of statistical distribution of
substrate binding sites. Comparison of these data with the spatial
structure of DNA polymerase obtained from X-ray analysis
shows that the distance between the Tyr766 residue modified by
8-azido-d AMP and the His881 residue modified by dTTP is rather
large (9 A). This suggests that the orientation of the latter is
different in different nucleotides, at least in the binary enzy-
me—dNTP complex.

In addition to dNTP analogues, other reagents, such as
pyridoxal 5-phosphate (which often behaves as a nucleotide
analogue) and 5'-p-fluorosulfonylbenzoyl adenosine (the size of
the FSO,Bz-fragment of which is close to that of the triphosphate
group), were used for modification of DNA polymerase (the
Klenow fragment). In the former case, the modification affected
Lys758,*3 in the latter case, Arg682.4* It should be noted that the
latter modification was performed in the presence of a templa-
te—primer complex modelling the complex of the Klenow frag-
ment with the template — primer and dNTP.

If one assumes that the residues thus revealed are directly
related to the active centre of the enzyme, it would be reasonable
to suppose that the positively charged residues of both Lys758 and
Arg682 will interact with the triphosphate fragment of dNTP.
However, this interpretation, too, is inconsistent with the enzyme
structure obtained from X-ray analysis. Indeed, Lys758 is local-
ised in the O helix pertaining to the ‘fingers’ domain, while Arg682
is located in the ‘thumb’ domain, i.e., in the opposite side of the
cleft (Fig. 1). At the same time, the triad of amino dicarboxylic
acid residues localised in the ‘palm’ domain is the most probable
participant in the binding of the triphosphate fragment. More-
over, these assumptions are at variance with the results obtained
by photo-modification of the Klenow fragment with 2-(4-azido-
phenacylthio)-dATP.'® It was found'® that the modification
affected the Asp732 residue localised in the helix N.

When conducting a simultaneous analysis of the X-ray and
chemical or affinity-based modification data, one should bear in
mind that these results may not be adequate from the theoretical
standpoint. X-Ray analysis is carried out on crystalline prepara-
tions and gives an optimised structure. It is obvious, however, that
the conformation of the protein backbone may fluctuate to some
extent, and the crystal conformation deduced from X-ray analysis
will not necessarily be optimum for the binding of dANTP or its
triphosphate fragment. In an even greater degree this applies to
the results of chemical modification. It was found* that the
thermodynamically optimum structure of an affinity reagent —en-
zyme complex will hardly provide the optimum mutual orienta-
tion of the reactive fragment and the amino acid residue of the
target. The use of the molecular mechanics method for the analysis

of the process occurring in the duplex formed by complementary
oligonucleotides one of which carries the N-2-chlorothylamino
group showed 40 that the energetically optimum conformations do
not provide sufficient approximation of the heterocycle to be
alkylated and the intermediate ethyleneimmonium cation that
formed from the original alkylating group. To provide the
transition from the thermodynamically optimum to the kinetically
optimum structure, it is necessary to overcome a certain energetic
barrier. The term ‘store-conformationt’ has been introduced to
describe energetically minimised structures able to pass (easily but
not freely) to a kinetically optimum conformation.*® Therefore, a
small inconsistency between the X-ray and chemical data, which
does not exceed several Angstrém, can only reflect the conforma-
tional differences between the structure of the enzyme with the
optimum arrangement of the substrate and of the modifying
agent.

It was shown#” that the treatment of the Klenow fragment
with [7-“Clphenylglyoxal, which specifically reacts with the
arginine residues, inactivates the enzyme. Incorporation of four
residues of the reagent into the protein gives a 95% inactivation.
Since each arginine residue can react with two phenylglyoxal
molecules, this implies that the inactivation occurs upon modifi-
cation of two arginine residues. Only the template — primer com-
plex can protect the enzyme from inactivation by phenylglyoxal.
The main site of modification is Arg841. This residue is localised
in the Q helix near Tyr766, Lys758, and His881, which, as
mentioned previously, take part in the interaction with ANTP or
their analogues. The position of amino acid residues within the
three-dimensional structure of the Klenow fragment of DNA
polymerase I from E. coli revealed by affinity-based modification
is shown in Fig. 1. The triad of dicarboxylic amino acid residues is
marked by black circles in Fig. 2.
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Figure 2. The position of the triad of dicarboxylic amino acids in a three-
dimensional structure of the Klenow fragment of DNA polymerase I from
E. coli.
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An unexpected result was obtained in the study of the
structure of the Klenow fragment of DNA polymerase 1. It was
found that the active centre where the elongation of the primer
takes place and the site of the 3’ — 5’ exonuclease activity are at a
large (about 30 A) distance from one another. According to the
generally accepted and well-rationalised experimentally viewpoint
concerning the centre of the 3’ — 5" exonuclease activity, the newly
attached 3'-terminal fragment must undergo ‘testing’ in the
exonuclease centre after each elongation act. This requires the
translocation of the terminal fragment of the primer by several
units. This problem was studied using a template — primer duplex 8
with covalently cross-linked chains as a model.*®

3’ AQCAAAAAGGCCTT

5' ToCTTTTT
8

Here, the amino groups of the two cytosine residues are linked
through an ethylene bridge. Such a cross-linking is achieved by
introducing a cytidine analogue (instead of cytidine) containing a
highly reactive three-membered ethyleneimine ring at position 4
into a matrix oligonucleotide. This analogue easily alkylates an
opposite amino group of the primer chain. It was found that only
the 5th (starting from the cross-linking site) dTMP residue of the
primer can be split off by exonuclease. Splitting of the 4th residue
is strongly hindered (the rate constant for this reaction is two
orders of magnitude lower than that for the Sth residue). At the
same time, this shortened cross-linked primer, the 3'-OH group of
which is at a distance of four nucleotides from the cross-linking
site, is still a good substrate for elongation. Hence, the difficulty in
separating the strands affects only one of the enzyme activities.
This result can be regarded as an experimental proof that the
3'-terminal fragment of the strand that is synthesised should be
translocated at a large distance for correction.*®

Some data about the contact sites of the enzyme and nucleic
acid components were obtained with the use of fluorescent
methods. A series of duplexes 2—5 were used to study the contact
sites of a template—primer duplex with the enzyme.’® These
duplexes contained a dTMP analogue with the fluorescent
S-dimethylaminonaphthalene-1-sulfonyl group (instead of the
methyl group) at position 5 introduced into a predetermined
position of the primer component. Thus the fluorescent label
was set aside at a certain distance (which was different for different
duplexes) from the enzyme active centre. The fluorescence lifetime
and the inner rotation correlation time measured for all the
samples showed that at least six primer residues interact with the
enzyme. The label becomes more remote from the 3'-end of the
primer, some changes in its fluorescent properties were observed,
which reflect the changes in both the label accessibility for the
solvent and its closeness with the protein.

Introduction of fluoresecent labels into the protein, DNA, and
dNTP was used to calculate the distances between the specific site
in the enzyme, DNA, and dNTP using the Forster theory based on
the resonance energy transfer. 4-Amino-7-nitrobenzo-2,1,3-oxa-
diazole can be introduced into the Klenow fragment as an energy
acceptor at Cys907 through the CH,C(O)OCH,CH; spacer. A
similar acceptor can be introduced into position 5 of uracil
through the trimethylene spacer, and a DNA fragment can be
synthesised on the basis of the thymidine fragment thus obtained.
The fluorescent 5-aminonaphthalene-1-sulfonate group can be
introduced as an energy donor into position 5 of uracil through
the SCH,C(O)NHCH,CH,, spacer. This can serve as a basis for
obtaining a mononucleotide, a nucleoside triphosphate, and a
DNA fragment carrying a donor group. This study made it
possible to determine the distances between dNMP, dNTP,
DNA, and Cys907 as well as the distance between DNA and
dANMP.#

Studies of the active centres of other DNA polymerases by
affinity-based modification are still in their infancy. Human DNA
polymerase P for which high resolution X-ray data are now
available seems to be a tempting object of investigation.?”-3% An
attempt was made to localise the dNTP-binding site by modifica-
tion with 8-azido-ATP and 5-azido-dUTP.’® However, these
experiments were carried out in the absence of the template—-
primer complex. This may account for the modification of the
8 kDa subdomain involved in the interaction with single-stranded
DNA .30 Recently, catalytically competent labelling of DNA
polymerase B was performed using FAB-dCTP.!? Given that the
site(s) of modification are established, they can be more reliably
associated with the dNTP-binding site.

2. Reverse transcriptases

Enzymes responsible for reverse transcription, i.e., catalysing
template biosynthesis of DNA on RNA templates, are character-
istic of a large group of viruses called retroviruses. Some inves-
tigations based on the use of chemical methods were carried out
with reverse transcriptases of the avian myeloblastosis virus
(AMYV) and the Moloney murine leukemia virus (MuLV). Identi-
fication of reverse transcriptase in the human immunodeficiency
virus (HIV-1) has given a strong impetus to intensive studies of
these enzymes. Reverse transcriptase is regarded as a promising
target in the fight against AIDS; therefore this section will largely
deal with the HIV-1 enzyme.

Normally, reverse transcriptase is made up of two subunits
designated according to their molecular weights (in kDa) as p66
(555 amino acid residues) and p51 (446 amino acid residues). The
smaller subunit (p51) represents a shortened subunit of p66 devoid
of the fragment 447—555.51-53 This enzyme catalyses several
reactions. Its functioning begins with reverse transcription of
genomic viral RNA expressed in the virion by two molecules,
9750 nucleotides each.>* Like all other DNA polymerases, this
enzyme requires the presence of a primer. Host-cell tRNA is a
natural primer and human tRNADS3 is a primer for the HIV-1
enzyme. In a definite (final) stage of reverse transcription, which
results in the formation of a minus-replica of DNA, the enzyme
begins to function as an ordinary DNA polymerase by forming a
plus-strand of DNA from the information contained in the minus-
strand. The formation of the minus-strand is accompanied by
gradual destruction of the genomic viral RNA under the action of
another activity inherent in the enzyme, namely, that of RNA-
se H. It is this enzymic activity that is present in the 447—555
domain, which is absent from the p51 subunit.>> In principle,
homodimers made up of identical subunits can be obtained under
special conditions instead of the p66/p51 heterodimer.

X-Ray structural analysis of the heterodimer revealed >° that
the p66 subunit consisted of several subdomains. They form a
structure similar to that of the Klenow fragment of DNA
polymerase I represented by the ‘fingers’, ‘palm’, and ‘thumb’
subdomains. The residues corresponding to these subdomains,
which are linked to the C-terminal subdomain responsible for the
RNAse H activity through a linker subdomain, were identified in
the primary sequence of reverse transcriptase.>® The ‘palm’ sub-
domain contains three Asp residues (110, 185, 186) that seem to
play the same role as the corresponding triads in DNA polymer-
ases I and B.

The first three domains form a polymerase domain which, like
the Klenow fragment, has a cleft for the binding of the templa-
te—primer duplex. However, unlike the Klenow fragment, the
polymerase domain is formed by the N-terminal part of the
polypeptide chain but not by its C-terminal part.>’

The contact site of the duplex with the enzyme was studied in
most detail using footprinting with the "OH radicals.”® Several
probes were prepared on an artificial template — primer duplex (its
central part is shown below) by elongation of the primer with the
corresponding dNTPs and one ddNTP.
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...d(AAACCCTTCTGGTTCCCCTTTCCCC....) (3') (78 units)
d(GGGG...) (5") (35 units)
ddAGGGG....
ddGAAAGGGG....
ddCAAGGGGAAAGGGG....
ddTGGGAAGACCAAGGGGAAAGGGG....

Using this approach, a series of duplexes with the terminating
fragment at a distance of 1, 4, 10, and 19 units from the original
fragment were obtained. For example, the 10-nucleotide-shift was
achieved by adding dATP, dGTP, and ddCTP to the duplex—-
enzyme mixture. Since the incorporation of the terminator occurs
in the active centre of the enzyme, complexes with the duplex at the
same position relative to the active centre but with different
nucleotide environment were formed in all the cases studied. In
all these cases the enzyme protected the sites from +3to —15on
the template strand and the primer residues from — 1 to — 15 (the
numbering is given relative to the terminator incorporation site).
At the same time, the sites from —9 to — 11 of the template and the
sites from — 8 to — 10 of the primer are not protected. In addition,
a pair with a strongly enhanced sensitivity to modification
neighbours (with respect to the 5'-end of the primer) the sequence
protected from the "OH radicals (Fig. 3). The dark area designates
the regions in the primer and the template between positions + 3
and — 15 protected by the enzyme from free radicals. The hyper-
sensitive spot is the site of enhanced cleavage of the template chain
induced by changes in the template structure owing to the
interaction of the HIV-1 reverse transcriptase heterodimer with
the RNAse H domain. The region of the duplex where this
conformational change takes place is near the contact site for
RNAse H. Itis therefore probable that it is the RNAse H domain
that induces a conformational transition in this region of the
duplex. Similar, although not identical results were obtained in
enzymic footprinting studies. Irrespective of the site where the
synthesis is stopped by the terminator, the template residues from
+7to —23 and the primer residues from — 1 to —25 are protected
from DNAse I. This site becomes accessible for the DNAse attack
at the junction of the regions forming the polymerase and RNAse
H centres (nucleotides —20 of both the template and the
primer).*®

hypersensitive

site
+3 —15
template
- 3/
TTHTTTAITHIIL
primer

-—
direction of

polymerisation

Figure 3. A scheme of footprinting with the hydroxyl radicals of the
template and the primer chains.

One of the most intriguing properties of reverse transcriptases
is the use of definite host-cell tRNAs as primers for reverse
transcription. The 3'-terminal sequences of these tRNAs are
always complementary to the site of the primer binding with
genomic RNA. However, some other domains of this tRNA are
also involved in the binding with both genomic RNA and the
enzyme itself. Studies with trans-Pt[(NH3).Cl,] as a bifunctional
cross-linking reagent® revealed that the anticodon loop of
tRNALYS3 appears to be linked to reverse transcriptase of
HIV-1. Using the same reagent, it was shown that cross-linking
of the anticodon loop with reverse transcriptase of HIV-1 also
takes place when tRNA is synthesised by transcription of the
encoding gene by RNA polymerase from phage T7, which does
not contain modified heterocycles, viz., 5-methoxycarbonyl-

methyl-2-thiouracil and N-(2-methylthiopurin-6-yl)threonine.
This implies that this interaction is not due to the presence of
specifically modified heterocycles in the anticodon loop.°!

In order to identify tRNALYS fragments that make contact
with the enzyme, tRNA analogues with specifically incorporated
4-thiouridine residues were used.®? In most cases, irradiation of
the enzyme —tRNA complex with light at 2 = 365 nm resulted in
the cross-linking of tRNA with the protein. It was found that in
the case of tRNAs containing a photoactive residue at positions
—1and + 16, i.e., within the acceptor stem and the dihydrouridil
loop, the cross-linking occurred exclusively with the p66 subunit.
If the thiouridine residue was at position 36 (the anticodon loop),
the cross-linking occurred with both subunits, although the
reaction with p66 was predominant. When the thiouridine residue
was at position 43 (the anticodon stem), no photo-cross-linking of
tRNA with the enzyme took place. These results give an idea of
which regions in the tRNA primer are in a direct contact with the
enzyme.

Chemical modification with reagents specifically interacting
with single-stranded sites of nucleic acids, viz., dimethyl sulfate,
N-cyclohexyl-N '-[2-(N "-methylmorpholinium)ethyl]-carbodii-
mide, diethyl pyrocarbonate,®® made it possible to carry out a
detailed analysis of the interaction of the primer binding site
(PBS) of genomic RNA of HIV-1 and tRNALYs. The absence of
or a drastic decrease in the level of modification of some
particular sites of genomic RNA suggest their involvement in
the formation of complementary nucleotide pairs. It was found
that 18 nucleotide residues at the 3'-end of tRNA form a double
helix with the 179-196 site of genomic RNA. The results
obtained with the use of simpler unnatural systems, e.g., poly(-
rA)—oligo(dT) duplexes, indicate that reverse transcription does
not require such a complicated and specific primer. Never-
theless, the 3'-end of this primer not only corresponds to a
definite site in viral genomic RNA, i.e., fulfils the function of a
primer, but also forms a complex with other fragments of tRNA
and the template. The hexanucleotide fragment 33-39 of this
primer, which forms an anticodon loop, is linked to the
complementary 162—167 site of the template with a fall-out of
one minor nucleotide from the two-helical site of the loop. The
40—47 site forms duplexes with the 140—143 and 158160 sites
of viral RNA .93

Thus, the use of chemical methods for the study of reverse
transcriptase of HIV-1 has made it possible to identify the regions
of the template and the product located on the enzyme in the
vicinity of its catalytic centre as well as the sites of the natural
primer interacting with the enzyme and genomic RNA. The
regions interacting with the primer were also established for
genomic RNA.

The information obtained from the analysis of functionally
important protein regions by chemical methods was more scarce
and sometimes controversial. Of undoubted interest are the results
obtained with affinity reagents and related to the distribution of
modification sites between the subunits. Direct photo-cross-link-
ing of dTTP with the enzyme occurs only on the p66 subunit.®*

The same results were obtained by photoaftinity labelling of
the enzyme in the template (18-, 21-meric oligomers) —primer (12
units) complexes elongated with 4-thiouridine triphosphate ® and
with poly(dA)— oligo(dT) used as the primer —template and 2’,3'-
dideoxy-(5E)-[4-(3-trifluoromethyl-3 H-diazirin-3-yl)styrylJUTP
as a dTTP analogue.?® Direct photo-cross-linking was per-
formed®® for the duplex formed by a 40-meric 5'-terminal frag-
ment of genomic RNA and a 20-meric DNA primer. In this case,
the primer was added exclusively to the p66 subunit. At the same
time, after elongation of the primer to 40 nucleotides, the cross-
linking occurred also with the p51 subunit. Presumably, this
indicates the presence of a common pocket, which binds the
primer and which is formed by both subunits of the enzyme.®® In
any case, it is obvious that the p51 subunit begins to interact with
the primer at a sufficiently large distance from the enzyme active
centre.
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Similar results were obtained by Lavrik es al.%’ In these
studies, the enzyme was irradiated with light at A = 266 nm in
the presence of [3?P]d(pT)io with or without a complementary
template [poly(rA)] added; radioactivity was found only in the p66
subunit. At the same time, when the d(pT);o derivative containing
a photoreactive residue of 2-nitro-5-azidobenzamide or B-alany-
lamidoethidium linked by a phosphamide bond with the 5'-
terminal phosphate was used, the photoinduced binding occurred
with the both subunits. This can be interpreted as a result of
remoteness of the photoreactive group from the enzyme active
centre where the opposite 3'-terminal residue of the nucleotide has
to belocalised. At the same time, introduction of a dCTP analogue
residue with a photoreactive azidoperfluorobenzoyl group linked
with C(5) of cytosine through the spacer CH=CH —CH,—NH
(AIFAB-dCTP), or with the amino group of cytosine through the
spacer CH, — CH> — NH(FAB-dCTP) to the 3'-end of the primer
also results in cross-linking of the primer with both subunits upon
irradiation.!#

This change in the distribution pattern upon introduction of a
relatively small fragment separating the photoreactive group and
the primer shows that the p51 subunit is located near the catalytic
site of p66. X-Ray data for an HIV-1 reverse transcriptase — DNA
complex together with computer simulation suggest the involve-
ment of the p51 subunit in the interaction between revertase and
the template — primer complex.>% 57- 68

Studies of reverse transciptase of the avian myeloblastosis
virus, which is also made up of two subunits, show their non-
equivalence. This enzyme is used as a natural primer for tRNATP,
It was found % that tRNAT™ oxidised with periodate at the
3'-terminal cis-diol group inactivates the enzyme. When the
modification is not brought to completion, all the tRNAT™
appears to be bound with only one of the two subunits designated
as a. The latter is probably a p66 analogue of the HIV-1 enzyme
because it contains all the activities inherent in this enzyme
including that of RNAse H.

Some studies provide evidence about the sites or regions of
reverse transcriptase of HIV-1 that either interact with affinity
reagents or are essential for manifestation of catalytic functions.
In the above experiment with direct photo-cross-linking of the
enzyme with dTPP, the main modification point was determined
to be a Lys73 residue localised in the ‘fingers’ subdomain.®! In
contrast, in the template (1821 units)—primer (12 units) com-
plex elongated with 4-thiouridine triphosphate, photoaffinity-
based labelling was restricted to the peptide fragment
313-423.92 This fragment corresponded to the lower part of the
‘thumb’ subdomain and the linker domain. It was found also that
modification with phenylglyoxal, which is specific for arginine,
results in complete inactivation of the enzyme.” The presence of a
template — primer complex prevents the inactivation; the Arg277
residue appears to be protected from modification. This residue is
also present in the ‘thumb’ subdomain, but at its opposite end
(relative to the peptide), and is modified with 4-thiouridine.

To establish the binding site for the primer, (pdT)is was
directly cross-linked with a homodimer made up of two p66
subunits.”! Analysis of tryptic hydrolysates revealed that a
peptide 288307 localised in the upper part of the ‘thumb’
subdomain is the main binding site for oligo(dT). Fragments
Leu289—Thr290 and Leu295—Thr296 were identified as the most
probable sites of modification. This region also comprises a
polynucleotide-binding domain for the homodimer of reverse
transcriptase of HIV-1.72

It should be noted that some photoactivated groups in the
primer modify both the protein and the template DNA, which
results in the cross-linking of the primer and template chains. This
phenomenon was observed in enzyme —template — primer systems
of reverse transcriptase of HIV-1 and of a DNA polymerase a
complex with primase when primers with a FAB-dCTP residue
were used.!3- 1421

IV. Catalytically competent labelling of DNA
polymerases

The method of catalytically competent labelling of template
enzymes was first actively applied to the study of DNA-dependent
RNA polymerases. The main principle of this method consists in
chemical modification of the enzyme by some unlabelled reactive
analogue followed by elongation of a covalently attached sub-
strate with a second substrate bearing a radioactive label. In this
case only those residues of the first substrate analogue will contain
the radioactive label the orientation of which allows them to take
part in subsequent catalysis due to covalent binding. These
residues are usually referred to as ‘catalytically competent’.!>73
For the first time, this principle was applied to DNA polymer-
ase 1.74 Oligothymidylate analogues with an alkylating group
linked to the 5'-terminal phosphate were used as affinity reagents
(Fig. 4). Affinity-based modification of DNA polymerase I was
carried out by covalent binding of a reactive thymidylate analogue
in the presence of a poly(dA) template. After covalent binding, a
radioactive label was introduced by elongation of oligothymidy-
late with [o->?P]dTTP. This approach made use of the catalytic
competence of the oligonucleotide primer covalently attached at
its 5'-end. The most intense labelling was observed in the peptide
Asn832 —His928 located in the polymerase region of the enzyme.
As the 3'-OH group of the primer must be in the active centre of
the enzyme during catalytically competent labelling, more detailed
localisation of the binding site at the 5'-end of the primer might
allow establishing of the orientation of the primer relative to the
enzyme. The orientation of the primer complex with DNA
polymerases is currently a matter of vivid discussions.38-7>
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I
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X—pTpTpTpT = OHC
n=23,4.

Figure 4. A scheme of highly efficient affinity-based modification of
DNA polymerase I from E. coli: f)is the radiolabelled phosphorus atom;
X—-pTpTpTpT is the affinity reagent; X is the affinity reagent residue
covalently bound with the enzyme; E is the enzyme.

An analogous approach was used® in a study of the
contribution of revertase subunits to the interaction with the
template— primer complex. It is interesting to note that covalent
binding of the primer at its 5'-end did not prevent subsequent
attachment of at least four thymidine residues to the growing
chain. Therefore, one should not rule out the possibility of
translocation of the enzyme relative to the template—primer
duplex. This system appears to be an interesting model for
translocation studies. The same result was obtained for primase
from E. coli’® where the covalent attachment of adenosine
trimetaphosphate followed by elongation with [¢-3?P]GTP was
used for competent labelling. Elongation with [0-3?P]GTP,
together with other dNTP, yielded tetra- and pentanucleotides.
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In this case, too, the covalent binding did not prevent several
elongation acts to be accomplished.

A new version of catalytically competent labelling was carried
out using photoreactive analogues of ANTP with arylazido groups
linked with a heterocyclic base of the nucleotide through spacers.
In contrast with the above-described versions of catalytically
competent labelling where immobilisation was carried out at the
5'-end of a monomer or an oligonucleotide, the triphosphate
group of dANTP does not take part in substrate immobilisation
on the enzyme and thus remains unmodified. Hence, it can
participate in the reaction with the 3’-OH group of the primer
added.

This possibility was studied using a series of photoreactive
analogues the substrate activity of which had been tested before-
hand (see Table 1, Refs 11, 12, 14—16, 23). It was found that in all
the cases studied the dNTP analogues covalently linked to DNA
polymerase through a heterocyclic base could interact with the
template — primer complex. In the presence of [*>P] phosphate at
the 5'-end of the primer, this resulted in competent labelling of the
binding site of the ANTP analogue. In other studies, a non-labelled
template—primer complex was added to a DNA polymerase
conjugate with a dNTP analogue followed by addition of
[0-32P]dNTP corresponding to the template. In this case labelling
of the conjugate also took place. Thus, the template—primer
complex immobilised through a heterocyclic base can participate
in the elongation of the primer.!2 421,23

According to some data, binding of such reagents can increase
the selectivity of modification. Modification of HIV-1 reverse
transcriptase with a template—primer complex carrying a FAB-
dCTP or AIFAB-dCTP residue at the 3'-end of the primer is
described in Section III.'* In these studies, the photoreactive
group was introduced into the primer enzymically, i.e., with the
help of a free substrate. This resulted in modification of both
subunits. In analogous experiments, the same photoreactive
groups were introduced into the primer with the help of preimmo-
bilised analogues of dNTP. In this case, modification was more
selective and affected only the p66 subunit. In the case of NAB-
dUTP, the use of this approach did not increase the selectivity.
The label was detected in the subunits both after preliminary
immobilisation and without it.!> This provides additional evi-
dence for the close localisation of the p51 subunit and the active
centres of the p66 subunit.

That the triphosphate group of an immobilised dNTP retains
substrate activity may be of considerable interest in the study of an
enzyme centre involved in the catalysis of the nucleotidyl-
transferase reaction. It is therefore important to preserve at a
maximum the ability of the immobilised dNTP to take part in the
elongation of the primer. One of the approaches has been checked
for the example of FAB-dCTP and reverse transcriptase of
HIV-1.12 To this end, photoaddition of the reagent was carried
out in the presence of a template—primer complex with the
corresponding dideoxynucleotide at the 3’-end of the primer
component. A fragment of this system is shown below:

(5') dA-dG- -dA-dA-dT-dG.....(3") (template)

pppdC-FAB ddT-dT-dA-dC......(5') (primer).

The duplex used could not undergo elongation due to the
absence of the OH-group at the 3’-end of the primer. In other
features, it fully mimicked the functional duplex. After irradia-
tion, the dideoxy analogue of the primer was replaced with an
excess of an ordinary 32P-labelled primer. The level of catalytically
competent binding of the enzyme in the presence of a template and
a primer was determined by the amount of the label bound with
the enzyme. It was found that the level of labelling of the p66
subunit increased substantially (severalfold) in comparison with
that observed upon photo-cross-linking of the same analogue in
the absence of the other components. It is interesting to note that
analogous experiments with human DNA polymerase 3 did not
reveal any increase in the level of FAB-dCTP binding with the

enzyme. This may indicate a lesser dependence of the interaction
of ANTP with the active centre of this enzyme on the template.!?
The primer (both covalently attached to the 3'-end by catalytically
competent elongation and containing a photoreactive group in the
3'-terminal unit after covalent attachment) can be further elon-
gated with an [o-3?P]JdNTP.!'> 4 This approach can also be used
for the analysis of the translocation mechanism of DNA polymer-
ases.

V. Study of interactions of DNA polymerases with
templates, primers and nucleoside 5'-triphosphates
by affinity-based chemical modification.
Quantitative aspects

As mentioned above, affinity-based modification of biopolymers,
i.e., modification by reagents with a specific structure that is
recognised by a biopolymer and carrying a reactive group, is
widely used for selective modification of those groups of a
biopolymer that are localised at the site of its interaction with
the ligand. In other words, affinity-based modification is used as a
tool for the study of the structural organisation of active centres of
enzymes. The kinetics of affinity-based modification can be
studied by measuring either the degree of the reagent binding
with the biopolymer or a decrease in the biopolymer activity in the
course of the reaction. Kinetic data provide information about the
reagent affinity for the biopolymer. The measurements performed
in the presence of a ligand competing with the reagent for the
binding to the enzyme active centre allow one to determine the
affinity for the competing ligand. The methods used to estimate
the dissociation rate constants (Kq) for the ligands competing with
affinity reagents have been generalised in the reviews.* 77 In the
simplest form, the affinity-based modification of an enzyme (E) by
a reagent (X) in the presence of a competing ligand (Y) can be
represented as follows:

Kx
E + X = EX,
k
EX — EZ,

Ky
E +Y == EY,

where EX is the enzyme —reagent complex; EZ is the modification
product; EY is the enzyme—Y complex; & is the rate constant for
the conversion of EX into EZ; Kx is the rate constant for the
dissociation of the EX complex, and Ky is the rate constant for the
dissociation of the EY complex.

At a sufficiently large excess of the affinity reagent X,
modification occurs as a first-order reaction. The values of
apparent rate constants for the modification (kapp) at various
concentrations of the reagent and the competing ligand can be
determined from the dependence of the degree of modification or
the residual activity of DNA polymerase on the time of its
incubation with a reactive analogue of an oligonucleotide. The
dependence of k,pp on the initial concentration of the reagent X,
and the concentration of the competing ligand Y can be written as
equation (1):

1 1 Kx
Fa KRG+ Yo/ Ky)] @
where kapp, is the apparent rate constant for the modification, k is
the rate constant for the conversion of EX into EZ, Kx is the rate
constant for the dissociation of the EX complex, and Ky is the rate
constant for the dissociation of the EY complex.
Using this anamorphosis, it is not difficult to obtain the
constant Ky from the dependence of k.pp, 0n Yo at constant Xo.
This method was used to study the interaction of DNA
polymerases with templates, primers, and deoxynucleoside 5'-tri-
phosphates. The affinity reagent (pdT)p{(NH3)Pt[N(3)-
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Figure 5. Dependence of AG® for the complex of the Klenow fragment
with oligocytidylate (7), oligothymidylate (2), oligoguanylate (3), and
oligoadenylate (4), and for the complex of DNA polymerase o from
human placenta with oligothymidylate (5) on the length of the oligo-
nucleotide.

dC]J(OH)}(pdT); was used to study the binding site of the
template. Its reaction with the enzyme was followed by monitor-
ing the changes in the activity of DNA polymerase.”* A broad
array of oligonucleotides of various lengths and composition were
used as competitive inhibitors. The values of the dissociation
constants for the DNA polymerase o complex and the Klenow
fragment with oligonucleotides and the corresponding standard
free energies of binding (AG®) were established.?®7%:7% The
dependence of AGY on the length n was determined for a series of
homooligonucleotides (Fig. 5). This dependence is linear up to
about n = 20. This suggests that the length of the region in which
the template binds with the enzyme is about 20 nucleotide
residues. For decathymidylates this dependence is described by
equation (2).

AG® = —6.0 — 0.32n (kcal mol—1). 2

This means that the contribution of each nucleotide unit is
0.32 kcal mol~!. For other types of nucleotide units these values
are different. Thus for the most hydrophilic pdC, this value is
—0.28 kcal mol—!, whereas for more hydrophobic pdA and pdG
it is —0.40 kcal mol—! (see Ref. 74). The linear dependence (2)
makes it possible to calculate the value of AGY for the interaction
of DNA polymerase with an oligonucleotide with a random
sequence of the monomers (Table 2). The calculated values are
in good agreement with those obtained experimentally.

Table 2. Ky values for the complexes of the Klenow fragment of DNA
polymerase I from E. coli with oligonucleotides of various lengths and
structures.?®

Oligonucleotide Kq /pM
calculated experimental

d(pTpApApTpApCpGpA) 0.140 0.170
d(pCpTpGpCpGpTpTpApC) 0.120 0.130
d(pApApTpCpApTpGpGpTpCpApT) 0.013 0.015
d(pCpA)s 0.070 0.060
d(pGpA)s 0.024 0.015
d(pGpA); 0.400 0.450
d(pGpT)s 0.011 0.009

The correlation between the nature of the oligonucleotide and
its role in the interaction with the enzyme suggests that this
interaction is hydrophobic rather than electrostatic. It is interest-
ing to note that according to direct photo-cross-linking data, the
759 —774 region of the Klenow fragment, which interacts directly
with the DNA duplex, does not contain charged amino acid

residues,® but has eight highly hydrophobic residues (Ile760,
Phe762, Leu764, 11e765, Tyr766, Met768, Phe771, and Leu773).

This finding was confirmed in experiments with oligothymi-
dylates esterified (ethylated) at internucleotide phosphates, i.e.,
devoid of the negative charge.?® The dissociation constants (Kq)
for the complex of human placenta DNA polymerase o with the
octanucleotide d(Tp),T and the octanucleotide
d[Tp(C2Hs)TplsTp(C2Hs)T ethylated at four internucleotide
phosphates are 0.4 and 0.33-0.39 uM, respectively (depending
on the configuration of the chiral phosphorus atoms). In other
words, elimination of four charges in the oligonucleotide molecule
does not affect its affinity for the enzyme. At the same time, on
complete esterification of the octanucleotide d[Tp(C,Hs)];T the
affinity drops by one order of magnitude (Kgq = 2.8 uM).2¢

It is noteworthy that this dependence is not extrapolated to
zero at n = 0. This implies that the free energy AG° of the
interaction of the enzyme with orthophosphate is —6.0 kcal -
mol~!. This was also confirmed by direct experiments where
enzyme inactivation by the reagent was inhibited in the presence of
orthophosphate. Moreover, neutral triethyl phosphate
(AG® = —4.5 kcal mol—!) acted as a competitive inhibitor of the
inactivation reaction. This fact illustrates the role of hydrogen
bonds in the interaction of the phosphate fragment with DNA.
The experimental data altogether allow a conclusion to be made
about the significant contribution of only one internucleotide
phosphate in the formation of a template—DNA polymerase
complex.

In studies of the interaction of DNA polymerase with a primer
to form a complex, the Michaelis constant, K,,, was used to
characterise the primer affinity for the complex. In preliminary
affinity-based modification experiments, it was shown that K,
differed slightly from the dissociation constant of the primer
complex. A series of experiments was performed aimed at the
enzyme inactivation by 2,3’-anhydroATP.%0 This was shown 8° to
inactivate the enzyme in the presence of a template—primer
[(poly(dT)—oligo(dA)] complex, the rate of inactivation being
dependent on the concentration of this complex. Since the latter
depends on the concentration of the primer, one may calculate the
value of the dissociation constant for the primer complex. The
equation used for calculation (3) was obtained on the assump-
tion 8 that the primer and 2’,3'-anhydroATP bind independently
with the dissociation constants Ky and Kx, respectively, but the
reaction proceeds only when both the primer and the reagent are
present simultaneously:

L (L Kx/Xo) (1 + Ky /Y) 3)
kapy k ’

app

Table 3 gives the values for several oligodeoxyadenylates and
human placenta DNA polymerase a. As is seen, the differences
between these constants are small. This suggests that the Michaelis
constant can be used as a measure of the primer affinity. For the
Klenow fragment this coincidence is even better. Therefore, the
main regularities of the interaction of DNA polymerases with the

Table 3. The K4 and Ky, values for the complexes of human DNA
polymerase o and the Klenow fragment of DNA polymerase I from
E. coli with primers.

Primer DNA polymerase o Klenow fragment
Kq /uM Km /uM K4 /uM Km /uM

d(pA)2 70 - 120 -
d(pA)s 9 32 30 34
d(pA)s 10 20 15 16
d(pA); 1.8 6.5 - —
d(pA)s 1.5 4.7 7 8
d(pA)io 0.33 0.44 1.2 1.3
d(pA)i2 0.2 0.37 - —
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primer were analysed preferentially for the poly(dA)-oligo(dT)
system using the K, values.”®8! The latter were determined
conventionally from the dependence of the rate of the primer
elongation on its concentration. The dependence of —logKy, on
the primer length (the number n of the nucleotide residues) was
found to be linear up to n = 9—12. The Ky, values for a series of
oligothymidylates ethylated at internucleotide phosphates were
compared. It was shown that the primer affinity for the enzyme — -
template complex strongly depends on the presence of a charged
phosphate group at the 3'-terminal nucleotide residue. Ethylation
of all the other internucleotide phosphates has practically no effect
on Ku,. The presence of the OH group at the 3'-end of the primer is
a crucial factor. The oligonucleotide d(pT)op(ddT), which carries
a2',3’-dideoxythymidylate residue at its 3’-end and is devoid of the
OH group, is a noncompetitive inhibitor of the primer. In these
experiments with variable concentrations of the template, the
oligonucleotide d(pT)op(ddT) behaved as a typical competitive
inhibitor. This result testifies to its binding to the matrix site of the
enzyme.81-82

The dependence of —logKy, on the length of the primer is
extrapolated to ~ 4 at n = 1. This suggests that the mononucleo-
tide, too, can serve as a primer for DNA polymerase. This was
demonstrated in direct experiments on human placenta DNA
polymerase o where poly(dT) was used as a template, dJATP as a
substrate, and [PH]JdAMP as a primer. As was shown by reversed
phase chromatography of the reaction mixture, the dinucleotide
d(pA), was predominantly formed together with smaller ana-
logues of longer oligomers. The substantial predominance of the
dimer over longer oligomers attests to the distributive character of
the synthesis. Similar results were obtained when [PH]dATP was
used as a primer. This implies in fact that DNA polymerases can
initiate DNA synthesis in vitro, although as has already been
mentioned, in all cases studied the initiation of DNA synthesis in
vivo begins with the synthesis of a ribooligonucleotide primer.®!
These results are in favour of general regularities in the interaction
of a DNA duplex with prokaryotic and eukaryotic DNA polymer-
ases and fit well into a nonspecific sequence-independent model of
DNA recognition. Indeed, the contribution of hydrophobic inter-
actions of bases is crucial for single-stranded sites, whereas the
interaction of the sugar — phosphate backbone is a critical factor in
the case of DNA duplexes. It is noteworthy that the number of
electrostatic interactions of both template and primer chains with
the enzyme is limited. X-Ray data for the complexes of the
Klenow fragment of DNA polymerase I with DNA 3¢ and of
DNA polymerase B with DNA 38 are consistent with the conclu-
sion about the limited number of contacts between the charged
amino acid residues and DNA. For example, only one charged
residue, viz., Arg254, was found in DNA polymerase B. Presum-
ably, this residue forms a hydrogen bond with the phosphate of a
3'-terminal ANMP newly introduced into the primer.38 Simulation
of the interaction of a DNA duplex with reverse transcriptase of
HIV-1 carried out on the basis of X-ray data also revealed a
limited number of electrostatic contacts, viz., one or two lysine
residues in the binding site of the 3'-end of the primer and several
(but no more than 5-6) residues in the template region.%® These
data are consonant with the idea about the electrostatic nature of
the DNA-binding site of DNA polymerases and the presence of a
strong electrostatic field in this region.®3 This structure may be
necessary for primary diffusion of DNA; however, the number of
genuine ‘strong’ contacts can be restricted in order to provide the
‘mobility’ of DNA during the translocation and dissociation of
the products.

The mechanism of interaction of ANTP with DNA polymer-
ases was analysed by affinity-based modification of enzymes with
v-P-imidazolides of deoxynucleoside 5'-triphosphates and P-imi-
dazolides of deoxynucleoside 5'-monophosphates.”-84-85 Tt is
noteworthy that these reagents inactivated DNA polymerases
only in the presence of both the template and the primer and only
when the template was complementary to the reagent base. This
suggests that the reagents bind to the site where the substrate is

selected for subsequent transfer of the nucleotide residue to the
3'-terminal hydroxy group of the primer. Quantitative estimation
of nucleotide binding with a different number of phosphate groups
was carried out on the basis of the protective effect of poly(dA)
and oligo(dT);s on enzyme inactivation by dTMP-imidazolide.
The values of dissociation constants for the complexes of ANMP,
dNDP, and dNTP with human DNA polymerase o determined by
this method are given in Table 4.85 According to these data, the Ky
values for different ANMP and dNDP are very similar, which
suggests that B-phosphate hardly contributes much to the for-
mation of ANTP complexes with DNA polymerase.

Table 4. K4 Values for the complexes of human DNA polymerase o with
nucleotides in the presence of a template [poly(dA)] and a primer
[d(pT)1s].54

K4 (K; or Kim)/uM

Base dNMP dNDP dNTP NTP y-methylamide
dNTP

C 15 11 7(15) 3 —

T 9 (28) 7 0.06(3.1)  0.05 0.03

G 7(6) 6.0 0.3(0.64) 0.3

A 3(7.8) — 0.8 0.7 0.3

The affinity of ANMP for the enzyme increases in the follow-
ing order: dCMP < dTMP < dGMP < dAMP. There was a
linear correlation between AG® for dNMP binding and the
retention time of the corresponding nucleosides on a reversed-
phase adsorbent. Hence, the a-phosphate group of various ANMP
makes an equal contribution to the total efficiency of complex
formation with the enzyme. The difference in the affinity of both
dNMP and dNDP for the active centre of DNA polymerase is
largely due to the difference in the efficiency of hydrophobic
interactions of their bases with the enzyme and does not reflect
their complementariness to the template. At the same time, the
situation is quite different for triphosphates. The base of dTTP is
complementary to that of the template in the enzyme — poly(dA)—
oligo(dT) complex and this nucleotide possesses the highest
affinity for the complex. The affinity of all of the ANTP is higher
than that of di- and mono-phosphates. This leads to a conclusion
that the integrity of the triphosphate group of dNTP is required to
enable the complementary interaction of nucleotides with the
template.

Similar results were obtained for the Klenow fragment.®¢ It
should be emphasised, however, that the integrity of the triphos-
phate group is also important for the formation of a nonspecific
complex between dNTP and DNA polymerases; this follows from
the above data, especially for dATP and dGTP. The conclusion
about the essential role of the triphosphate group for the recog-
nition of dNT was confirmed by X-ray data, according to which
the catalytic centres of DNA polymerases contain three carboxy
groups that determine the Mg? " -mediated orientation of the
triphosphate fragment of dNTP.37-87

VI. Chemical methods for the study of replicative
complexes

As mentioned earlier, the functioning of the enzymes catalysing
replication occurs within complicated multisubunit structures.
The two main problems currently arising in this respect are
concerned with the detection of contacts between the polynucleo-
tide components and individual polypeptides of the complex, on
the one hand, and between individual polypeptides, on the other
hand.

In this context, replicating DNA polymerase from E. coli
(DNA polymerase I1I), which actually represents a replicative
complex, has been studied in most detail. This enzyme is made up
of ten subunits, viz., o, &, B, T, 7, 8, &, %, V, and 0.%8 Partial
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dissociation of the total complex usually takes place during its
isolation; therefore, studies are carried out with intermediate
incomplete complexes, viz., complex 111, which includes a, €, and
0 subunits; complex I11’, which contains additionally the subunit
7, and complex IIT*, which contains all subunits except for f.
Complex III represents the nucleus of the total DNA polymerase.
It comprises DNA polymerase o, 3',5'-exonuclease ¢, and the
subunit 0 the function of which has not been finally established.
These subunits are responsible for the two most important
functions, i.e., the binding of complex III" at the initiation site
including the 3'-end of the primer bound with the template, and
subsequent migration of the enzyme along the template without
any dissociation of the enzyme — template complex.

In order to determine the subunits to which DNA binds in the
course of elongation, a series of primers with a photoreactive
group at different positions relative to the 3'-end of the growing
chain were synthesised and assayed.?® Their synthesis is described
in Section II. Primers with a photoreactive arylazide group at
positions 3, 9, 13, 18, 22, 27 and 46 relative to the 3'-terminal
fragment were used for this purpose. After formation of the
enzyme—template —primer complex, this was irradiated. This
resulted in the cross-linking of a definite nucleotide residue with
the enzyme. Analysis of subunits of the irradiated complex
showed that the presence of a photoreactive group at positions 3
and 9 resulted in labelling of the a-subunit; at position 13, of the a-
and y-subunits; at position 18, of the y-subunit alone, and at
position 22, of the y- and B-subunits. Primers with a photoreactive
group at positions 27 and 46 from the 3’-end did not cross-link
with any of the subunits. Assuming that in all these complexes the
3'-end of the primer is at the same position relative to the enzyme,
the results obtained can be interpreted as evidence in favour of
translocation of the product relative to the components of the
complete enzyme.

The second system more or less thoroughly characterised was
DNA polymerase in a complex with auxiliary proteins of bacter-
iophage T4. Bacteriophage T4 contains about 150 genes including
those encoding proteins of the replicative complex. They are
usually marked by numbers corresponding to the gene number
and by the symbol gp (gene product). An efficiently functioning
system contains DNA polymerase gp43 itself and the auxiliary
proteins gp44, gp62, and gp45. Moreover, it requires the presence
of a protein that binds single-stranded DNA (gp32). The auxiliary
proteins fulfil the function of a clamp. The prerequisite for the
formation of a stable complex between the 3'-end of the templa-
te—primer complex and three auxiliary proteins is the presence of
ATPyS, a non-hydrolysable analogue of ATP that contains the S
atom at the y-atom of P. It should be noted that DNA polymerase
does not bind with this complex; its binding takes place only when
a normal, hydrolysable ATP is added to the system.%°

This system was studied by determining direct photo-cross-
links upon powerful laser irradiation (one or several 8 ns pulses,
irradiation power was 5—8 x 10'® photons). The most intense
cross-linking was observed for the protein gp32. In this case,
(dT)10 is cross-inked with a far greater efficiency than (dC)o.
Direct photo-cross-linking of (dT)io occurs also with the indi-
vidual proteins gp43 and gp45, although less intensely; no
modification of gp44 and gp62 takes place. At the same time, in
a system comprising an ensemble of all the three auxiliary
proteins, photomodification affects only gp62. It is worth noting
that its modification requires the presence of ATP.%0

A strong effect of ATP was also established in studies using a
template — primer complex with a photoactive analogue of thymi-
dine (NAB-dTTP) at several predetermined positions relative to
the 3'-end of the primer.®! Addition of ATP and DNA polymerase
resulted in significant changes in the contacts between the auxil-
iary proteins and the primer. For example, the binding of gp62

with the primer in the presence of all of the other auxiliary proteins
was much stronger in the presence of ATPyS, but not of ATP. This
suggests that the addition of ATP results in its hydrolysis, which
initiates a conformational transition, which either displaces gp62
to a larger distance from the primer or completely displaces it from
the system.

In the case of eukaryotes, the fragment of a replicative
complex containing DNA polymerase o and primase was studied
first. Each of these enzymes consists of two subunits, which can be
easily isolated as a single complex composed of four subunits, viz.,
a 180 kDa subunit (DNA polymerase itself, or sometimes as a
165 kDa subunit formed upon partial proteolysis), a 72 kDa
subunit (its function is unknown), and 60 and 50 kDa subunits
(v- and &-subunits of primase). After direct photo-cross-linking of
[0-32P]ATP with a complex from yeast, the label is detected only in
the 8-subunit.®? After modification of the complex with adenosine
triphosphate P-p-formylphenyl ester followed by identification of
modification points by catalytically competent labelling, the
radioactive label was found in both subunits. Modification of an
analogous complex from human placenta with adenylate P-p-
formylphenyl esters with subsequent introduction of the radio-
active label using [0-32P]ATP revealed that the ATP ester was
bound exclusively with the 3-subunit in the presence of poly(dT)
and with both subunits of primase in the absence of poly(dT).%3

In studies of a DNA polymerase—primase complex from
human placenta, a template—primer duplex (25 and 10 units,
respectively) was elongated with FAB-dCTP. It was found that
the primer was photoadded not only to the 165 kDa subunit of
DNA polymerase but also to primase subunits. However, the
72 kDa polypeptide was not labelled under these conditions.
Photoaddition of FAB-dCTP to the complex with subsequent
attachment of the primer (catalytically competent labelling)
resulted in modification of only the 165 kDa subunit of DNA
polymerase and the minor (50 kDa) subunit of primase.?! Similar
results were obtained for a DNA polymerase—primase complex
from calf thymus. However, in the latter case the use of catalyti-
cally competent labelling did not result in labelling of the primase
subunits at all.?? These results suggest that photoaffinity modifi-
cation can be used for gaining information about the role of
various subunits of the complex in the formation of active
structures and the change-over from the primase function to
elongation of a newly synthesized DNA.?!

Photoaffinity modification was also used to study the inter-
action of a eukaryotic replication factor (RPA) with DNA. RPA is
made up of three subunits with molecular weights of 70, 32, and
14 kDa. Its functions are to stabilise the configuration of dena-
tured DNA and to establish specific interactions of DNA with
other proteins involved in replication, repair, and recombination
of DNA.%* The interaction of RPA subunits with a DNA duplex
having an extended template chain, was studied by introducing a
photoreactive group into the 3'-end of a radiolabelled primer
using DNA polymerases o or  with 5-(5-azido-2-nitrobenzoyl)-
deoxyuridine 5'-triphosphate as a substrate.”> The p32 and p70
subunits underwent the most intense labelling upon UV irradi-
ation. The minor (p14) subunit was not modified under these
conditions. Based on the results obtained, a model for the
interaction of RPA subunits with the DNA duplex was proposed
(Fig. 6). It is supposed that the p70 subunit interacts with the
single-stranded site of the DNA duplex, the p32 subunit is near the
3'-end of the primer, while the p14 subunit is remote. This scheme
is very efficient for the studies of DNA interaction with other
replication factors, such as PCNA and RFC, as well as for the
study of formation of the whole replicative ensemble in the course
of DNA synthesis.
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Figure 6. The interaction of the eukaryotic replication factor (hRPA)
with a DNA duplex containing a photoreactive residue, ANMP(U¥),
introduced into the 3'-end of the primer by DNA polymerase; p70, p32,
and pl4 are the RPA subunits.

VII. Conclusion

Chemical approaches to the study of the mechanism of action of
enzymes are not confined to the use of chemical modification for
the analysis of template biosynthesis of DNA. Various substrate
analogues obtained mostly by chemical methods have found wide
use in enzymological studies. With respect to DNA polymerases,
this approach has been successfully developed in studies by
Kraevsky.?¢-%7

The data presented in this review demonstrate that the use of
chemical (particularly, affinity-based) modification to elucidate
the nature of active centres of DNA polymerases is a very
practicable approach. However, the results obtained by this
method must be analysed together with X-ray data. Analysis of
these data together with the results obtained by site-directed
mutagenesis is no less important. Most recent studies resort to
methods of computer simulation more and more often because
they allow a more detailed interpretation of information obtained
by experimental methods.

The processes catalysed by DNA polymerases are character-
ised by a high degree of dynamism. The same can be said of the
stage of the monomer selection where the monomer is tested for
complementariness to the encoding element of the template prior
to the nucleotidyl transferase reaction), to the translocation stage,
where the template-elongation product complex migrates relative
to the active centre of the enzyme, and to the repair stage involving
3’ - 5'-exonuclease where the 3’-end of the synthesised chain is
translocated from the polymerase to the exonuclease centre. These
events occur over milliseconds; one of the few possible ways to
monitor these transient changes in the contact sites of enzymes,
templates, and products is fast photochemical labelling of the
enzyme by photoreactive analogues of the substrate or the primer.
This can be done for a millisecond interval using pulse irradiation.
Although these experiments have just begun, a considerable
chemical ground for this method including the synthesis of
photoreactive analogues of dNTP and introduction of photo-
reactive nucleotide residues into definite positions of the primer
chain has been created.

An important and very promising result of the most recent
investigations is the elaboration of new techniques for catalyti-
cally competent labelling of enzymes with dNTP derivatives
carrying a reactive group in their heterocyclic base. These deriv-
atives retain their triphosphate fragment after covalent cross-
linking with the enzyme and can sometimes act as donors of the
nucleotide residue. This opens up interesting possibilities for the
study of the mechanism of the nucleotidyl transferase reaction
catalysed by the enzyme. Studies of elongation of primers cova-
lently immobilised on the enzyme also seem to hold much promise.
Since this system allows simultaneous realisation of several
elongation acts and, as a consequence, of several translocation
acts, it remains to be hoped that a convenient model for the study
of the translocation mechanism will be developed despite limited
mobility of the primer.

One of the peculiarities of studies of nucleic acid polymerases
by the chemical modification method is the simultaneous presence
in the system of single- and double-stranded nucleic acids and a
protein (or a group of proteins). As mentioned above, simulta-

neous modification of the enzyme and the template was observed
for primers carrying an azidoperfluorobenzoyl group linked to a
heterocyclic base.'*2! In some cases, this can impede the inter-
pretation of results of affinity-based modification, e.g., due to the
impossibility of separation of DNA chains or because simulta-
neous binding of two or more photoreactive groups of the primer
with the template and the enzyme yields products that cannot be
easily identified. Therefore, preference may be given to reagents
endowed with the ability to selectively modify proteins without
any cross-linking of the primer with the matrix, e.g., when the
primer contains NAB-dUMP residues.!> Studies on a model
system in which the amino acid residue and the photoreactive
group (azidoperfluorobenzoyl, 5-azido-2-nitrobenzoyl or p-azi-
doanilide) are artificially converged by addition to the 3'- and 5'-
terminal phosphates of complementary oligonucleotides, respec-
tively, showed that only in the former case can the cross-linking
also take place in the absence of the amino acid residue at the
3'-end.? Therefore, among other arylazides used for protein
modification, derivatives with a 5-azido-2-nitrobenzoyl or p-azi-
doanilide groups are more preferable.

Chemical approaches, in the first place, covalent cross-linking
of reactive primer-template complexes with reactive fragments at
predetermined positions of these complexes are an indispensable
tool in the study of both RNA polymerases and transcription
complexes, on the one hand, and replicative complexes, on the
other hand. In particular, they are used for the study of the mutual
arrangement of individual components of the above complexes
(e.g., eukaryotic DNA polymerase and auxiliary proteins, such as
SSB, PCNA, RFC) and their translocation relative to the templa-
te—primer complex in the course of elongation.

This work has been supported by the Russian Foundation for
Basic Research (Project No. 96-04-50114).
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