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Abstract The modern approaches for studying the detailed
structure of nucleoprotein complexes involved in replication and
transcription, based on the use of nucleic acids with photoreactive
groups incorporated into definite positions of polynucleotide
chain, are considered. Methods of preparation of photoreactive
nucleic acids of this type are presented. Their use for positioning
of RNA polymerase I1I and transcription factors as well as of the
main participants of the replication machinery at the respective
templates is described. A survey of the data concerning the amino
acid residues modified in the course of photoaffinity labeling of
proteins is also presented and some complications are discussed.
© 1998 Federation of European Biochemical Societies.
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Photoaffinity labeling has become one of the most efficient
approaches for studying the structure of active sites of bio-
polymers and supramolecular structures of nucleoprotein
complexes. It makes it possible to perform modification in
the millisecond range, thus opening up new opportunities
for the study of dynamic events in such systems. The first
experiment of this sort was carried out to study the T7
RNA polymerase binding to the DNA template. The mixture
of the components was directly irradiated with UV-light after
definite short intervals following their mixing. It was demon-
strated that the initial regions of the photoattachment of the
enzyme are located rather far from the promoter. The results
of more postponed irradiation indicate that RNA polymerase
moves along the DNA template towards the promoter region,
probably by linear diffusion [1]. Already this rather simple
example demonstrates the great significance of photocross-
linking studies of the dynamics of protein-nucleic acid inter-
actions in supramolecular systems participating in the most
essential genetic processes such as replication and transcrip-
tion. Therefore, it seems quite reasonable that photoaffinity
labeling was most intensively elaborated for the investigation
of nucleoprotein structures and dynamics of the processes of
multiplication and expression of genetic information.

Certainly the final goal of such experiments is elucidation of
the residues which are in mutual contact at distinct stages of
the process. Direct photocrosslinking by UV-irradiation at
260 nm seems to be rather unfavorable in this case since a
number of bases may participate in the process. This requires
further elucidation of the position of bases involved in the

*Corresponding author. Fax: (7) (3832) 333677.
E-mail: knorre@modul.bioch.nsk.su

photocrosslinking. A much more precise approach has be-
come available due to elaboration of methods permitting the
introduction of photoreactive groups into definite positions of
the nucleic acid chain. The first goal of this review is to de-
scribe these methods and to present the most impressive ex-
amples of the application of such derivatives to the study of
the nucleoprotein systems.

Several types of photoreactive groups have been proposed
for incorporation into definite positions of nucleic acids in-
cluding 4-thiouridine, 5-bromouridine and various arylazido
derivatives [2]. These nucleic acid analogs make it possible to
align definite components of the replication and transcription
apparatus: polymerases themselves and various auxiliary pro-
teins (e.g. transcription factors) at respective sites of nucleic
acid. We shall restrict our consideration to arylazido deriva-
tives since these have been used most intensively and have led
to definite results for such complicated systems as DNA tem-
plates interacting with eukaryotic transcription factors and its
interaction with a number of accessory proteins participating
in DNA replication. One of the essential advantages of aryl-
azido derivatives of nucleic acids and oligodeoxyribonucleo-
tides is the possibility of varying rather easily the types of
reactive groups as well as the length and rigidity of spacers
connecting these groups with the respective heterocycles.

As far as protein components are concerned our knowledge
of the sites and chemistry of the protein photoaffinity labeling
within nucleoproteins remains rather poor [2]. Nevertheless,
significant amounts of data have accumulated showing which
amino acids are modified in the course of photoaffinity label-
ing of individual proteins, especially with arylazides. There-
fore, our second goal is to present a survey of these data and
to consider the main tendencies in photomodification of ami-
no acid residues with this group of reagents under specific
conditions when photoreactive groups are fixed in the vicinity
of these residues. This consideration seems to be important
for further movement towards a better understanding of the
mechanisms of protein-nucleic acid and protein-protein inter-
actions in supramolecular structures.

One way of preparation of nucleic acids modified with pho-
toreactive group at definite positions is based on pulse elon-
gation with photoreactive deoxynucleoside-5’-triphosphates
(dNTP) of a synthetic primer annealed with a predetermined
region of the template [3]. Usually these reagents contain
photoreactive groups tethered either to the C5 of uracil ring
or to the 4-amino group of cytosine. Another approach is
based on the chemical synthesis of primers with introduction
of the photoreactive monomer at a definite stage of the syn-
thesis [4]. For investigation of the replication system it is
desirable to prepare photoreactive primers with various defi-
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Table 1
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Amino acid residues of proteins subjected to photoaffinity labeling with the presented arylazido reagents

Photoreactive Amino acid
rouDs Photoaffinits reagents residue Protein modified Ref.
group modified
. Tyr-1041 Hamster
8-azido-ADP Tyr-398 P-glycoprotein [14]
. Interferon inducible 2°,5°-
NH: 8-azido-ATP Lys-199 oligoadenylate synthetase [15]
N N (2°(3°)-0-(2,4,6- Lys-186
K /“\ trinitrophenyl)-8-azido- Lys-72 Cytochrome C [16]
N N N; AMP/ATP Lys-87
| 8-azido-2’- Rel protein (transcription
deoxyadenosine Lys-244 fac tgr) P [17]
containing DNA
) Transhydrogenase from
8-azido-AMP Tyr-1006 beef heart [18]
Tyr-371
R(E200/D)
. Tyr-371 cAMP-dependent protein
8-azido-cAME R(F247/Y) | kinase I [19]
Trp-371
R(Y371/W)
8-azido-AMP Tyr-244 cAMP-dependent protein [20]
kinase
. AMP Tyr-371 cAMP-dependent protein
8-azido-c Trp-260 kinase 21]
. E.coli DNA polymerase I
8-azido-ATP Tyr-766 Klenow fragment [22]
8-azido-A-DNA Tyr-766 E.coli DNA polymerase I | [23]
8-azido-adenosine 3°,5’- Bovine pancreatic
bisphosphate Thr-82 ribonuclease A [24]
Ala-177 Human placental S-
8-azido-adenosine adenosylhomocysteine [25]
Ile-321
hydrolase
Leu-115
8-azido-2’-0O-dansyl-ATP | Cys-25 Adenylate kinase [26]
His-36
. Human recombinant cap
i 8-azido-GTP Lys-119 binding protein elF-4E [27]
HN N
N/gN /U\ 8-azido-GTP Lys Qlutamate dehydrogenase 28]
ty " 1s<l)enzymes
8-azido-GTP Lys-445 Glutamate dghydrogenase [29]
(regulatory site)

nite distances of photoreactive residues from their 3'-termini.
This may be done by further restricted elongation with natu-
ral dNTPs [4]. To study interactions of RNA genes with RNA
polymerase and transcription factors elongation of the primer
containing photoreactive residues at definite positions should
be performed to convert the probe to double stranded DNA

with functional regions essential for the transcription machin-
ery.

The first method was used to prepare probes containing 5-
[N-(p-azidobenzoyl)-3-aminoallyl]dU residues for the study of
the contact points of the suppressor tRNATY" gene with tran-
scription factor TFIIIC of the yeast RNA polymerase III [5].
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Table 1 (Continued).

OH
Q biotin-YIPSAEKI linked
via K to the iodo-4-azido- Trp T cell receptor [44]
c=0 salicylic acid
NH—
[2°3’-spin labeled]-2- Tyr-345 . .
azido-ATP Tyr-368 Mitochondrial F1-ATPase | [33]
2-azido-adenosine-ATP Pro-13 Cpn (yeast chaperonin) [34]
2[(4-azido-2-nitrophenyl)-
amino] ethyl diphosphate | Trp-130 Skeletal myosin [35]
N3
2[(4-azido-2-nitrophenyl)- | Arg-128 .
@ amino] ethyl diphosphate | Cys-198 Scallop myosin [36]
NO, 2[(4-azido-2-nitrophenyl)- : .
I amino] ethyl diphosphate Agr-128 Scallop myosin [37]
| Gly-Pro-Arg-N-(4-azido- Primary fibrin
2-nitrophenyl)-Lys amide Tyr-363 polymerization site [38]
I\
3-(p-azidobenzyl)-4- Thr-127 NAD(P)H: quinone [39]
hydroxycoumarin Tyr-128 reductase
CH,
2-[(4-azidophenacyl)- E.coli DNA polymerase I
N -
° thio]-2’-dATP Asp-732 Klenow fragment [40]
. . Val-524 .
8-(p-azidophenacylthio)- Val-525 Retinal rod cGMP- [41]
cGMP Ala-526 activated channels
gio p-azidophenacyl linked to
2 . o« L.
l the thiophosphate of Tvr-161 Taq I restriction [42]
Tp(s)CpGpA (p(s) — y endonuclease
phosphorthioate)
N3
6-o(B)-(5-azido-2-
o nitrobenzoyl)amido[17-a)- : Mouse monoclonal
¢_nu— | *Hlestradiol Tyr-49 antiestradiol antibody [43]
NO2
N3
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Table 1 (Continued.
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3 N
z NH—CH, Photosystem-2 reaction
1 4 — y .
AN T (|=Hs ?-amdo T etl.lylarsnmf) 6 Met-214 centers from thylakoid [45]
\.\G isopropylamino-S-triazin membranes
(|3H—(CH3)2
N
? 5-[(3-azido-6- .
nitrobenzylidene)amino]- | Lys-198 Rat liver phenylalanine [46]
C=N- 2,6-diamino-4- Lys-194 hydroxylase
pyrimidinone
NO;
N3
4-azido-2-nitrophenyl Asn-398 Na'/K" - ATPase [47]
NO, phosphate Pro-668
o
I
—cm@m p’-N®-(4-azido-
phenylethyl) dehvd .
N3 adenosine-p>-4-(3-azido- | Thr-86 If;?)c;:la:)eig ﬁez rtrogenas [48]
® /7 \ pyrimidinio)butyl
—N diphosphate

Further, it was successfully used to study the contact points of
the 5S RNA gene with transcription factors [3]. A large body
of probes were prepared with positions of photoreactive res-
idues from —49 to +160 either in the transcribed or in the
non-transcribed strand (positions are numbered relative to the
transcription start residues). Detailed information concerning
contact points was obtained in this way using photocrosslink-
ing of respective DNA to a mixture of the three main tran-
scription factors TFIIIA, TFIIIB and TFIIIC. For example,
several residues of the DNA probe in the range +20-+32 were
crosslinked to the 95 kDa subunit of TFIIIC, whereas the
points in the ranges —10-+3 and +12—+21 were crosslinked
to the 135 kDa subunit of the same factor. In this work cross-
linked positions of TFIIIA, the 90 and 70 kDa subunits of
TFIIIB and the 145, 135, 95 and 90 kDa subunits of TFIIIC
were localized [3]. Somewhat earlier a similar approach re-
sulted in the elucidation of the contact points of the SUP
tRNA™" gene with TFIIIB and TFIIIC [6]. Similarly the
alignment of the RNA polymerase III subunits at the same
template was investigated [7]. To obtain more exhaustive in-

formation the partly fractionated S-100 extract was recently
[8] used to study photocrosslinking with immobilized photo-
reactive DNA containing the SUP tRNAT" gene. A new
photoreactive derivative 4-[N-(p-azidobenzoyl)-2-aminoethyl]-
dCTP was used for pulse primer extension. The results were
consistent with those obtained with purified factors and en-
zyme in [6,7]. However, a novel 40 kDa protein was found to
be photocrosslinked additionally to the gene.

The second method was applied to establish the positioning
of the Escherichia coli DNA polymerase III subunits at the
template-primer complex. Oligodeoxyribonucleotides supplied
with a (CHjy)3-NH; spacer at C5 of the deoxyuridine at one of
the positions —3, —9, —13, —18, —22, —27 or —46 (relative to
the 3’ end) were prepared [4]. They were converted to photo-
reactive derivatives by treatment with N-hydroxysuccinimide
ester of 5-azido-2-nitrobenzoic acid (NAB-dU fragments). Ir-
radiation of the template-primer complexes with the enzyme
resulted in preferential photocrosslinking of the primer resi-
dues —3, —9 and —13 to the a-subunit (this subunit contains
the catalytic site for DNA polymerization) of the core enzyme
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complex o-€-0; residues —13, —18 and —22 to the y-subunit
of the y-complex (y-8-8'-x-w); residue —22 to the B-subunit.
The approach makes it possible to follow the events preceding
elongation. It was demonstrated that the y-subunit covalently
binds to the —3 residue of the primer in the preinitiation
complex (y-complex+f) and its displacement to the —13
to —22 region takes place after addition of the core enzyme
[4].

Interesting information based on photocrosslinking data
was obtained for the T4 phage replication system [9]. The
minimal essential set of proteins involved consists of gp43
(polymerase itself), gp32 (single strand binding protein) and
accessory proteins gp44, gp62 and gp45 which form a clamp
providing the processivity of replication. To study this system
two primers with a NAB-dU residue at position —4 or —20
were synthesized and annealed with the complementary region
of single stranded ®X174 DNA served as a template. Due to
the specific structure of the template following the part an-
nealed with primer d(.GAAGACGCAGT..)) both primers
could be enzymatically extended by 5 or 10 nucleotide resi-
dues using appropriate combination of dNTPs. Thus primers
with a photoreactive group at positions —4, —9, —14, —20,
—25 or —30 were prepared and subjected to photocrosslinking
to the components of the replication system. In the presence
of the non-hydrolyzable ATP analog with one S atom at y-
phosphate (ATPyS) the polymerase photocrosslinking was
very weak and a rather high level of crosslinking of gp44
and gp62 to residues —4 and —14 was recorded. The —14
and —20 residues were found to photocrosslink most inten-
sively to gp45.

In this system it was demonstrated that photocrosslinking
makes it possible to follow the nucleoprotein complex rear-
rangements accompanying the complex assembly. When ATP
was substituted for ATPYS, a severe change of the crosslinking
pattern was observed. DNA polymerase was crosslinked to
the —4 residue whereas no crosslinking of gp44 occurred
and only weak crosslinking of gp62 remained. This suggests
that in the absence of ATP these proteins occupy the region of
location of polymerase and are displaced by the latter due to
ATP hydrolysis. The crosslinking of gp45 to residue —14
completely disappears in this system and that to residue
—20 is much weaker than in the ATP containing system.
Therefore, it may be concluded that gp45 moves downstream
in the presence of ATP.

So far, only first attempts that make use of proteins as the
photoreactive group carrier in supramolecular structures have
been described. As an example the elucidation of the binding
of transcription factors with the C-terminal domain (CTD) of
the large subunit of RNA polymerase II may be presented
[10]. This domain consists of a number of repeating oligo-
peptide sequences Tyr-Ser-Pro-Thr-Ser-Pro-Ser which may
be phosphorylated at their OH groups. CTD is involved
in a number of functions of RNA polymerase II. Recombi-
nant CTD was enzymatically thiophosphorylated with
[?*SIATPYS at a number of positions. Alkylation with
BrCH,C(O)CgH N3 converted CTD-thiophosphate to photo-
reactive protein. Irradiation of this CTD derivative with a
HeLa transcription extract resulted in photocrosslinking to
several extract components. Crosslinked proteins containing
a %S label were separated from CTD by treatment with phen-
ylmercury acetate. According to the molecular masses in SDS-
gel electrophoresis, proteins of 34 kDa and 74 kDa were la-
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beled predominantly and comigrated with the B-subunit of
TFIIE and one of the TFIIF subunits [10].

Recently photoreactive oligoribodeoxynucleotide deriva-
tives have been tried as a tool for investigation of chromatin
which is a significantly more complicated system than that
described above [11,12]. The (pdT);s derivatives carrying pho-
toreactive X-C(O)-NH-(CH),-NH residues at the 5'-end,
where X=2'N02, 5-N3-C6H3-, 4-N3-CGH4-, or 4-N3-C6F4-,
were found to modify specifically a definite set of proteins.
This set did not differ from those obtained with alkylating
derivatives, but the modification extent of proteins was higher
[11]. The most efficient modification of the chromatin proteins
in the vicinity of (pdA), repeats was achieved with 4-
N3;CsH4NH(CH3)4sNH-(pdT);6 [12]. An essential advantage
of this type of photoreactive group is its specificity towards
proteins without any noticeable reactivity to nucleic acids [13].

A survey of recent data [14-48] concerning modification
points of the photoaffinity labeled proteins by arylazide de-
rivatives is presented in Table 1. Unfortunately, so far, very
poor data are available about the photoaffinity modification
points of the nucleic acid polymerizing enzymes. These data
are insufficient to draw definite conclusions concerning the
main tendencies of the photoaffinity labeling of various amino
acid residues in proteins. Therefore, it seemed reasonable to
present the whole set of existing data dealing with the eluci-
dation of photomodified amino acid residues in the course of
affinity labeling of different proteins with arylazido deriva-
tives. This permitted us to attempt to draw some general
conclusions concerning the probability of interaction of defi-
nite amino acid residues with various types of irradiated ar-
ylazides.

The data presented in Table 1 were mainly obtained by
Edman degradation of the photomodified peptides after their
chromatographic isolation from the respective hydrolysates. It
seems that the new approach based on electrospray and
MALDI mass spectrometry will substitute for the more labo-
rious stepwise Edman procedure in the near future. For ex-
ample, electrospray mass spectrometry was successfully used
to identify modified peptides obtained from T7 RNA poly-
merase affinity labeled with a psoralen derivative of oligonu-
cleotide [49].

As is seen in Table 1, photoadducts are predominantly
formed with nucleophilic groups, which is typical of singlet
nitrenes (mainly with lysine, tyrosine and tryptophan resi-
dues). Direct one-step insertion of singlet nitrenes into the
aliphatic C-H bond is found in a small number of cases. Re-
actions of aliphatic residues via triplet nitrenes should proceed
via a set of free radical reactions. However, it requires the
formation of rather stable intermediate radicals, which seems
rather improbable for aliphatic amino acids found to be modi-
fied (Ala, Ile, Leu, Val, Pro).

An interesting observation was made by Wower et al. [24]
for the 8-azidoadenosine derivative used for the photoaffinity
labeling of bovine pancreatic RNase. It was found that pre-
irradiated 8-N3-pAp retained the ability to modify the enzyme
in the dark at the same point as under irradiation of the
mixture of the enzyme with the photoreagent. Unfortunately,
similar control experiments are absent for all other cases of
photoaffinity labeling with 8-azidoadenosine derivatives. As a
result, it remains unclear whether this is an exception or a
general property of these types of photoreactive groups. Ear-
lier a similar phenomenon was found for some p-azidoaniline
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derivatives. The nitrene formed under irradiation isomerizes
rapidly to a p-quinonediimine residue capable of electrophilic
attack in the dark on the nucleophilic targets [50].

It should be emphasized that treatment of biopolymers with
photoreactive compounds under irradiation does not necessar-
ily result in photocrosslinking. Thus irradiation of phospho-
enolpyruvate carboxy kinase with the substrate analog 8-azi-
do-GTP inactivates the enzyme without incorporation of the
photoanalog moiety into the enzyme. It was found that under
irradiation the photoanalog induces formation of a disulfide
bridge between two adjacent cysteines [S51]. A lack of correla-
tion between the extents of modification and inactivation was
observed also in the study of photoaffinity modification of
DNA polymerase I (E. coli) with p-N3C¢Hy;NH-[o-*?P]dTTP.
Inactivation of the enzyme was not accompanied by the in-
corporation of the 32P label in the enzyme [52]. The authors
explain this result by the cleavage of the bond linking the
protein modified by the p-quinonediimine residue and y-phos-
phate of dTTP. These data clearly demonstrate that the ab-
sence of photocrosslinking does not necessarily mean the ab-
sence of any photoreaction with the target, and consequently,
of a direct contact of a photoreactive group of some reagent
with an appropriate part of a partner. In particular, the ex-
perimental results dealing with the positioning of proteins at
specific DNA described in [3-8] should be considered with
some caution. Some proteins that are in contact with the
DNA reactive residues could escape crosslinking due to a
reaction that does not result in the introduction of a label
into a protein. Both results as well as the dark reactions of
the preirradiated aromatic azides described above demon-
strate clearly the importance of a deeper knowledge of chem-
ical mechanisms of photoaffinity labeling.
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