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1. Introduction

Methods for highly specific chemical modification
of nucleic acids are of interest with respect to the
elucidation of aucleic acid structure and functioning,
The preseni paper deals with a new approach to spe-
cific modification of nucleic acids at delinits bases in
the desired region of the polynucleotide chain { “com-
plementarily addressed modification’). This is a che-
mical modification within a complementary complex
oi a nuacleic acid with a special addressing reagent con-

taining both some modifying gronp and ar ofigonucleo-

tide part complementary to the desived revion of the
nucleic acid molecule {fig. 1). This concept has been
disenssed sarlier by Grineva and Knorre [1, 21 Some
alkylating derivatives of oligonuclrotides and of tRMNA
have also been deseribed {3—-31.

We have fonnd that alkylating derivatives of hexa-
adenylate and hexanucleotides from 1RNA digests —
p-{chlorosthylmethylamino)benzylidens hexanucleo-
tides (fig. 1) — are complementarily bound to rRNA
and that they do alkylate TRNA quantitatively, within
the complex, wheieas without binding alkylation
proceeds to an extremely small extent. The specificily
of such a modification obviously depends on the com-
plementary properties of oligooucleotides.

The application of complemerntarily addressed
alkylation to achieve highly specific chain scission of
both DNA and RNA at alkylaled guanine residues
[6, 7] seems to us-to give a new general approach to
the study of nucleic acid structure. .
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Fip. 1. Scheme of complementzzily adéressed alkylation.
I — Frapment of auclel acid chain, here tTRNA; 11 — address-
ine renzents
CHs 3
(Ap)s2_OCH-Ph-N¢ ({AD)sARTY) or
CHaCHA{]

CHs
(NP)sN_Q>TH-P—N( {NPSHRTL);
ChzCHz0

Il — complementary complex of nucleie acié-reapent;
IV — complex with active seagent intermediaie:

s) - ’,CHR
{AplsA_>CH-Ph—N_ | {{Ap)sAR™) or (Np)sNR™;
I CHa
CH3
V — dikylated tRNA:
THa

{{ApIsARIRNAD
TH-CHzgRNA

7 —"'D\ T 7

Vi — zivlated sRNA trented at pH 4:
J@Z?H;,}
{R-RNAY
TH2CEaRENA

O=CH—Ph—N

VII — =ddressing ofigonficostids.
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2. Materials and methods

Hexaadenyiate obtained from poly A 3] was
kindly supplied by Dr. Shamovsky {of this instituie);
(Kp)sN is a mixture of hexanucleotides that was
prepared by alkaline phosphetase depaosphorylation
of pN{pN)s. The latter was isolated by Dr. Knzoroviizy
{of this nstitute) from 1RNA (yeast) digested with
nom-specific 5-endonuclease from cobra venom [8].
YRNA was isolated from E. eofi MRE 600 by phenol
extraction and ethanol precipitation. From polyacryl-
amide gel electrophoresis daia the sample mainiy con-
igined 16 5 and 23 8 RNA, [1C]p-(Chloroethylmethyl-
aminojbenzylidene hexanucleotides were obiained by
a slight modification of the generzl procedure of
Zaryiova et al. [3]. The samples contained 80-95%
{Ap)sARC] or (Np)sNRCL {Ap)ARCE: APH? 257 nm,
APHID 259 nm, EEH% 110 X 10%, calenlated € 1
89.7 X103, R, rélative to pA (n -propanol—NH;—
water, 50:10:35) is 1.18; (Np)NRCI: ?LP H7 986,
Mﬂm 260 um, 5oy 84.5 X109,

The rcnndutmns m" rezgent and oligonucleotids bimd-
ing with YRMA were 0.2 M NaCi, 0.01 M MeS0,,
0.0¢ M 1ris-HCI, pH 7.3 (buifer 1} a1 0°. The com-
plexes were isolated by gel filtration on Sephadex
G-75 (46 X L8 om) in the same buffer at 07 according
10 [8]. The first peak contained the complexes, the
sacond one the excess nr-eagems, The complex is dis-
rapted by heating at 40° {pH 4) and further gel filtra-

toon at 35° in D.02 M Tris-HCI pB 7.2, {buffer 2).

TRNA was alkyvlated with reagent withont binding
Ly incebation at 407 in buffer 2. For alkylation within
she complex incubation was carried ont at 5, 10 or
20° in buffer 1 after complex isolation at 0° or after
censtituents were mixed prior to incubation. Alkyla-
t1on was stopped by reagent hydrolysis to p-{chlorp-

s thylmethylamino)benzaldelryde (RCI) and oligonu-
vleotides at pH 4, 407, 30 min according to [9].
Alkylated rRNA {R-rRNA, fip, 1) was isolated by gel
~hromatography on Sephadix G-75 (46 X (0.8 am) at
«5° in buffer 2.

The extent of TKMA alkylation was estimaied from
ihe radicactiviiy of the polymer fraction after gel {il-
iration at 45° {using a Nucdlear Chicago Mark 1 scin-
“illation counter). The externt ef non-covalent binding
s measured by the radioactivity of the polymer
ITaction after gel-filtration at 0°. The results were ex-

ressed in moles of reagents bound to the sum of
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Table %
Hexanuelsoiide and p—ch]nrogmyhnethylamnbcnmyhﬂene
hexanncleptide binding with rREA at 07,

Reapent Initial solntion Comolex
[fRNA}, reapgent], {reagent]
M [*RNAT, in com-
plex
[TRNAT
1MClADIsART? 060 9 B
.60 15 1%
.43 4D 32
011 35 42
0.78 276 46
{Ap)sA 1.62 1B 17
1.61 48 42
1.58 156 50
1.31 465 52
1M ClNp)sNRCY 148 320 40
1.24 459 58
{NpsN D44 £6D 20

0,2 M NaCl, D.02 M MzS0,, £.01 M Tris-HC), pH 7.3.

16 S and 23 8 RNA (<58 33 2 10%). The extent of
reagent ionized in the courss of alkylation {moles of
the active alkylating Intermediate formed in the rate
determining step of the reaction) was calenlated from
equaimn [9, 107 [(Ap)sAR*] = [(Ap)s ARCI} g
(1—e—%o7), where k3 = 0.46 X107, k0" = 341X
105, k20° = 6.3 %105 and 230" = 1.24 X10~%
sec3 The valnes of ky were s‘hnwn to be practically
indepenusnt of the structure of the oligonucleotide
part of the reagent [9]. The extent of hexameleotide
binding with TRNA was measured by abscrbance at
260 nm of the first peak after complex dissogiation
brought abou: by gel filtration at 457 according to
[8]. Acid hydrolysis of (Ap)sAR-rRNA in 0.5 N HCI
at 100° and ideatification of alkylation products were
earried ont aceording to {11, 12L

3. Results

Alkylating derivatives of hexaadenylate, (Ap)sARCL,
can be bound to IRNA as can{Ap)sA itself. Table 1
shows the extent of binding (Ap)sARC} and (Ap)sA

“to 'RHA in.the presence of Mg2* with varions excess

amounts of the reagent. Saturation is nearly acnieved



Volume 32, number 2 FEBS LETTERES June 1973
Table 2
rtRMA alkylation wiith p-chlorogihylmethylmminobenzylidene hexanuclentides; TRNA concentraiion 0.04—0.2 pM.
Reageni TRezgent]p kol {hrd Calcrinted Moics Proportion of
— exieni of of R {Ap) AR
I lo 1eagEnt i alkylaling
jonization RaRNA TRNA
in ths %)
epurse of
incubation:
(ApXsAR™/
1RNA
i 2 3 4 5 & 7
1. Alkylation within the complex afier complex isolatic m
{ApIsARCI] 37 10 307 284 25 86
52 10 216 350 29 84
435 20 30 238 22 92
{NpIsMTRA 40 g 240 28.0 25 100
58 10 1638 33.5 30 an
2. Arkylation in a mixtare of consiituents without pravious complex isolation
{ADIsARCL la L 768 18 D8 97
28 1 20.5 0.0 22
35 5 792 25.5 24.%7 o7
56 41 32.3 79
1% 17 5 39
28.5 28.5 26 92
107 20 158 167 23 A
214 214 32 i3
20,5 &1 22 28 o1
3. Alkylation without complen formaiion
{ApIsARCE 46 an 12 36 2 4

with a two-fold excess of (Ap):A or (Ap)s ARCL But
a ten-fold excess of (Np)sIWNRCI does not canse satura
tion, According to Dr. 8.K. Vasilenko®s data {this
laboratory) = 20-fold excess of pN{pM); concentration
is megessary 1o saturate rRNA. Heating at 40—45° dis-
rppis the complexes to their constituents, which can
be separated by gal filiration at 457,

Apparent associgtion constants, Kap, can be
gstimated on the asumption that reagent binding with
different regions of rRNA proceeds independently and
with approximately the same K. In the case of bind-
ing at 0 the mumber of binding sites is about 50;
hence [binding sites] = S0{rRNA]J, and

reagent
K I 1E ]bnunﬁ

p O {Ap)sARC] and (Ap)sA are nearly the same
mﬂe:r of magnitude {105 M—1), The similar binding
abilities of {Ap)sA and (ApJARCT aceord closelr sith
the stability of thres stranded complexes of poly U
with both cligoadenylates and their alkylating deriva-
tives [13].

Incubation of {Ap) ARTY with :RMNA respls in co-
valent binding of the reagent to rRNA; the reageat
remains bound after gel filtration a: 45°. Alkylaiion
proceeds 1o the formation of alkylaied TRNA,
(Ap)SAR-IRNA {fig, 1), which transionms io RARNMA
at pH 4 and 40° due to acid hydroiysis of the
benzylidene linkage in the reagent residus.

M2

ap (SO[fRNA},— Ilieage%lﬁ]bounﬁ)(f‘[f;e‘agem] p—Ereagently i nal
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Fig. 2. Plots of (Ap)sAR* formation anid of TRNA alkylation
with LApIsARY. 2 — ATkylation a1 40° without complex foz-
mation; » — alkylution at 20° wilthin the complax; 3,% —
{AP)sAR™ formation at 20° and 407, respectively, according
to 110,111

Amﬁ@r-ﬂing to [10, 14] the mechanism of TRNA
alkylation with {Ap)sARL] and {Np);NRCI as aromatic
chloroethylamines may bs represented as follows.

RN

A
m {AP)AR-RNA

H0

k 4
{Ap)sARCE P(Ap) AR ——{Ap);AR-OH

x R "

A

{where X~ represents buffer nucleophiles and %, &,
a, k., the reaciion rale constants } The rate determining
jonization of the C—Cl bond of the reagents resolis in
an aclive ethylens immon_ am cation {compars [15]);
in our case it is {Ap)sAR* or (Np);NR* {fig. 1).
Therefore the reaction of the reagent with RNA
depends strongly on the ratio Kf(z+k,) (reagent
efficiency [9, 16].

Without cnmplex forrnation the reactivities of the
reagents with $RNA are known to be very poor, less
1han 1% a1 the wseal 10.3—5 mMD) {RNA concentration
[9, 16]. FRNA {0.08 uM) takes up 4% {Ap);ARY at 40°
in the absence of Mg2* (table 2); reagent efficiency is
236 M1,

Alkylation within the complex resulis in nearly -
quantitative covalent binding Of (Ap)sAR™ and
(Np}sNR™ 1o TRNA. This may be seen from the
proximity of th caleulated vziues of the extent of
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Fig, 3.

Iomization of the resgents during incubation and the
number of moles of reagenis covalently bonnd to
TRNA {iable 2, colomns 5—7). The rate of IRNA
alkylation with {Ap)s ARCI coincides with the ioniza-
tion rate of (Ap)sARCI {fig. 2). These resulls mean
that rates of by-reaction are immeasurably low in this
case and reagent efficiency for alkylation within the
complex is several orders of magnitude graater than
that for alkylation withowt binding.

Table 2 shows that almost guantitative alkylation
also oeeurs in the mixture of rRNA and reagent at 5°
and 207 if the complex is not previvusly isolated. The
reaction proceeds guaniiiaiively during incubation up
1o the madimum extent of (Ap)sARCI ionization o
{Ap)sAR™. Small extents of reaction are only obtained
with some excess of reapent ovar the mumber of bing-
ing sites.

Therefore it may be concluded that a large extent
of reaction indicates that alkylation oceurred within
the complex. Alkylation within the complex procesds
even at 20°; complex concentration is rather high
(about 90%) and K., , is 105 M~1; thus there is com-
plementary binding in the complex {compare with
137,13]).

Nearly quaniitative atkylation within the eomplex
suggests that almost every region of tTRNA with bind-
ing site can be alkylated. Azid hydrolysis data show
that main alkylated bases in R-rRNA modified at 5°
within the complex: 16 3 +23 S RNA + 29 moles of
(Ap)sARCI are 7-atkylguanine {53%) and 3-alkyleytosine
{21%).

<4, Dizcussicin -

~ Quantitative alkylaktiigxn of IRNA within the com-
plex means that the alkylating group of the reapent

- attacks several bases that are adjacent to the 5-ierminus

of binding site, one of which must be puanine nr
cytosine {fig 3), Accessibility of three or even two adja-
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cient toallow moze than 90% alkylation within the
complex becanse the probability of guanine and cyto-
sine peeurrsme: inany position of tRNA 350,33+ 0.21,
according to the nucleotide composition of TRNA
{159] and because the probability of the ncourrence
of nearest uridines is rather low.

studies of Stuarl—Brigleb models showed that even
in the perfect double helix conformation of RNA—
{Ap)s ARCI complex the alkylating group could react
with three of the nearest bases, namely, X,, X5 and
X4, but not X; [20]. The relationship between the
tases alkylated and model studies allows one to assume
that X, and X4 bases are predominanily alkylated
within the complex. Guznine seems to rezc! guant-
tatively if X, and Xq are guaning and cyiosine or cyto-
sine and guaning, respeciively, because guanine reacti-
vity is 7—10 times as great as that of cytosine {11, 12].

Binding of S50moles 0T {Ap)s A o1 (Ap)s ARCL with
TRNA at (° dozsnol mean that there are the same num-
ber of hexa U sequences in the tRNA. Complementz ity
binding can be true pairing, pairing with bulges and three
stranded complex fommation [21, 22]. Besides the
decrease of RNA saturation with AgRCl at 20° 10 30
moles can be taken to indicate that (Ap)sARCI at 0°
Anteracts with oligo U sequences from Us 1o Uz Some
deersase of satnration with increasing temperature in-
dicatss disruption first of the weakest binding. Thus,
there is a possibility of incressing alkylation specificity
10 semewhat more than 0.5 15 modification at cer-
tain definite poinis of the chain, Some of the hetero-
geneity of atkyiation specificity is connecied with the
natore of complementary binding.
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