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ABSTRACT

Acid-induced catalysis of imino proton exchange in

G C pairs of DNA duplexes is surprisingly fast, being
nearly as fast as for the isolated nucleoside, despite
base-pair dissociation constants inthe range of 10 ~ —>at
neutral or basic pH. Itis also observed in terminal G~ -C
pairs of duplexes and in base pairs of drug—DNA
complexes. We have measured imino proton exchange
in deoxyguanosine and in the duplex d(ATATAGATC-
TATAT) as a function of pH. We show that acid-induced
exchange can be assigned to proton transfer from
N7-protonated guanosine to cytidine in the open state
of the pair. This is faster than transfer from neutral
guanosine (the process of intrinsic catalysis previous-

ly characterized at neutral pH) due to the lower imino
proton pK of the protonated form, 7.2 instead of 9.4.
Other interpretations are excluded by a study of
exchange catalysis by formiate and cytidine as ex-
change catalysts. The cross-over pH between the
regimes of pH-independent and acid-induced ex-
change rates is more basic in the case of base pairs
than in the mononucleoside, suggestive of an increase
by one to two decades in the dissociation constant of
the base pair upon N7 protonation of G. Acid-induced
catalysisismuchweakerin A T base pairs, as expected
in view of the low pK for protonation of thymidine.

INTRODUCTION

may also be used to accelerate exchange, to determine the
base-pair dissociation constant and, using high acceptor con-
centrations, the base-pair lifetime.

Other processes take over below neutral pH. In the guanosine
monomer, the proton exchange rate increases in proportion to the
proton concentration. This is explained by transfer to water of the
imino proton of N7-protonated guanosine, whose imino proton
pK is lower than in guanosine: this accelerates the capturgby H
3).

Protonation on N7 is also possible in a paired guanosine
(Fig. 3), so that the same process should occur fr@p@irs. As
in the case of catalysis by OHdt basic pH, the exchange rate
would be slower than in the monomer in the ratio of the
dissociation constant. However, this is not at all what is observed.
There is indeed an acid-induced mechanism, but the exchange
rate is nearly the same as in the monomer, i.e. larger than expectec
by five or six orders of magnitud&){ In the present work, we
show that the acid-induced mechanism, which also affects
terminal GC pairs ¢) and GC pairs of DNA—drug complexes
(5,6) is nothing but intrinsic catalysis operating on N7-protonated
guanosine. Indeed, the pK of cytidine, the intrinsic proton
acceptor, is six units higher than that of th©Hcceptor.

As usual, the guanosine monomer provides the benchmark for
the analysis of exchange in base pairs. We supplement earlier
work (3) by measurements at lower pH and by a study of the effect
of formiate and cytidine acting as exchange catalysts at acid pH.
Next, we examine in detail the instance of paired G in the
d(ATATAGATCTATAT) duplex, and, more briefly, other cases,
including DNA—drug complexes. In the discussion, we show that
the observations are indeed explained by intrinsic catalysis, and

Imino proton exchange from base pairs at basic and neutral pHhist by other mechanisms which we examine.

fairly well understood. At basic pH, Oldccepts the imino proton

from guanosine or thymidine, and the exchange rate is therefop A TERIALS AND METHODS

proportional to OH concentration. Below pH 8, this process is . )
slower than acceptance by the imino nitrogen of the opposiéethods of sample preparation and of NMR were those described
nucleoside of the pair, the pH-independent process of ‘intrinsireviously ¢,7).

catalysis ().

In both cases, proton exchange requires opening of the pair. AROTON EXCHANGE THEORY (7,8)

basic pH, the ratio of exchange rates in the paired nucleoside aélg:
in the monomer is equal to the dissociation constant of the palr,

hange from mononucleosides

except for a correction factor. In this way, one determines theroton transfer from a nucleoside, nuH, to an acceptor, acc,
dissociation constariiss typically 10°to 10-6for internal base  proceedsiathe formation, by diffusion-controlled collision of an
pairs at room temperaturd (Proton acceptors such as ammoniegH-bonded complex [ntH-acc]:

* To whom correspondence should be addressed
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nuH + acc <====> [ntH-acc] <====> no + accH 1) pAN = pK(N7) — [pK(N1;HN7G) — pK(N1;G)]
The exchange rate is given by: +109 (9" H20/0H20) ©
_ _ _ The value of pAN may be determined from experiment, and
= Knu-pKacg-1 .

Kex.acc q[_acc] (1+10 _ ) _(2) pK(N7) and pK(N1;G) are tabulated. Assuming that the pseudo-
where [acc] is the concentration of the acceptor, and g is the ratsilision rate constant of water is the same for neutral and for
constant of diffusion-controlled collisions. The last factor in eq Ri7-protonated guanosine, eq 9 provides a means for the
is the proton transfer yield, related to th_e difference between thetermination of the imino proton pK of N7-protonated guano-
pKs of the acceptor and of the nucleoside donor. sine. The values in Taltdor both G and T have been determined

When water itself is the proton acceptor, the notion of & this manner.
collision is inappropriate in view_of the permanent hydration of
the donor, and the prOdUC'E[GllI:_C]) ineq2 should be replaced by Table 1. Nomenclature of the principal imino proton exchange processes
a rate constant R@®). Still, it is convenient to express this operating at different pHs on guanosine and @ airs
constant in the form (@cc]). One factor of this product may be

chosen arbitrarily, and since the proton must finally be transferred acid pH neutral pH basic pH

to pulk water, we set [acc] =5 M by convention, .and WEG anosine HN7GTH,0P  GIHO GIoH

designatgy20 a pseudo-collision rate. The acceptor pK is that of

the HO*/H,0 couple, —1.7 (see below). Phzo NH20 NoH-
N7-protonation lowers the pK of the N1 (imino) nitrogen of G-C pair HN7G*/cytidine  Glcytidine GIOH-

guanosine, accelerating imino proton exchar)e The pK Pe Ne NoH-

[designated pK(N7)] and the enthalpy for N7-protonation of
guanosine have been determined®y NMR titration ©). The  asee Figure 4.

residence time of the HN7 proton is equal to the diffusionfEach process is described as DONOR/ACCCEPTOR, and designated by a
controlled collision time when pH is equal to pK(N7). This iSDONORaccepTorsymbol, where P stands for N7-protonated guanosine, N for
[(L0-1110°KIN7) or[1 ns for a pK of 2.15 (Tab®, a time short  neutral guanosine and C for the cytidine acceptor.

compared to the characteristic NMR times. The observed imino

proton exchange rate for isolated guanosipnes kherefore the

average of the rates corresponding to neutral G and N7-proff2in® Proton exchange from the open state of a base pair

nated G: When the dissociation constant is much less than 1, the kinetics
ki = (1 — #)ZKex acet FZ=k*ex ace 3) is first order, and the exchange time is:
where ke acc and Kexaccare the exchange rates by proton Tex=To* (Tex,acc,opedKdis9 (10)

transfer to the acceptor, from neutral G and from N7-protonat&theret is the base-pair lifetime angh acc,opeds the exchange
G respectively, and wheré i the molar fraction of N7-proto- time (the inverse of the exchange ratedsc opehfrom the open

nated guanosine: pair.
f+ = (1 + 1@H-PKND))-1 ) If transfer to a given acceptor proceeds from the open state as
in the case of the monomer, the exchange rates in the open state
The acceptors include;B, OH and any added acceptors. are given by egs 2 and 3. Any difference between the case of the

For example, at high pH (e.g. pH 11), exchange in guanosifgonomer and that of the open state is summarized by adactor
proceeds mainly by proton transfer from the neutral nucleoside to,

the base OH a process designateg¥- (Tablel). Eqs 2 and 3 exacc operr OKexace . .(11)
give: where lgy accrefers to the monomer (eq 2). Similar relatlon_s hold
o . H—pKi for the K rates which apply to protonated G. As previously
ki = @oH~{OH] = dor—10P (®)  discussed (10 is not strongly catalyst-sensitive, and not too far
where g is the rate constant of the collision of OMth the  from unity.
monomer and; is the ionization product of water (Taldle In An important contribution to proton exchange is intrinsic

contrast, exchange at low pH is mostly by proton transfer from tisatalysis, which involves indirect transfer of the imino proton of
protonated nucleoside HN7Go water (the Ryo process). By guanosine (or thymidine) via a water bridge to the imino position
eqs 2-4: of the cytidine (or adenosine) opposite, in the open pair. As in the
= ot K(NL;HN7G+)—~(-1.74-1 case of direct proton transfer to water, intrinsic catalysis does not

ki=fq H2_055(1+10) o b ©) _ involve a diffusion-controlled collision, but the collision formal-
where di20 is the pseudo-collision rate constant of water withsm may still be used. In view of the final transfer of the proton
the protonated nucleoside. Proton transfer from neutral G to watgrulk water, we again use the conventional value, 55 M, for the
(the N420 process) is significant around neutral pH. The rate i€ (or A) acceptor concentration.

ki = 042055 (1+1PKINLG)~(-1.7-1 ) Due to the existence of both neutral and N7-protonated G, the

. . exchange kinetics can be complicated, and it is not even first order
Let us designate by pNB (for neutral and basic) the Cross-ovel 9 b

b Heind q h _ q hi lr%r;eneral. However, a first order description should suffice for
etween a pH-independent exchange regime and one wWhicl,ig \\vR measurements, due to one of the following properties:
base-controlled. Similarly, pAN will designate the pH for

5 X . he fast rate of N7-deprotonation, the long characteristic times of
crossover with an acid-controlled regime. If the relevanps MR measurements, the fact that in most conditions, one of
processes are those of eqgs 5 and 7 for pNB, and of eqs 6 and 4{@rq forms of G (neutral or N7-protonated) is responsible for
PAN, one has: most of the exchange, and the fact that the exchange times in the
pNB = pKi — pK(N1;G) + log(g20/904-) (8) conditions of measurement are much longer than the base-pair
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Table 2. Thermodynamic and kinetic parameters of imino proton exchange in mononucleosides (—7; 0C¥5; 25

e | enthalpy [k fmel | g~ ie? a7l wly
[ Hy2 Hl:'ﬁ:l;.' cyciding
o (KT 2,321 3,3042.20¢2.15 | '3.3"
J Timima) 9. 848 PH 0 k.20 |-32,4° I TR FS ] 10480934 Woka_9 ol TLIE S T |
WrET fiminol  7.5%;7.40:7.2%;7.03 21 [204:8; 153417 Hed:2 0d;8  Wai@:0.TiE
T 02, 041 i =0% 0 1 ¥ [
T limino) BO.26;10.0;9. %0;5. 6 |-31.59 2 kil B, 5 1348 & 172
HOT* [imina) p.0fs 28 73t [224;8; #@ ja721°
CiR3 4.63; 4.53; 4. 34; 4.23]-10.0"
AiLR1] 4.03; 3.95; 3.8 ; 3.7 | lE-Bd
" 16,95 16.67;16.06;15.7 |'E].E
Ho O 1.7 3-1.F §-1.T p-1.7*
BOO,” [ R LI

/alues are given for the four temperatures indicated, the symbol # being used as filler.

bExcept for the protonated nucleosides, the pK values are either taken from the literature (for some temperatures) or derived from them for use in Table 3, (
the enthalpy value which is also from the literature.

CTheq values are deduced from the measured exchange time according to eq 2, using the stated pK values, except for the values in brackets, which are exp
in Notee. In the case of the water acceptor, the uspdafes not imply a diffusion-controlled collision (see text).

dTs’0,P.0.P. (1974Basic Principles of Nucleic Acid Chemistry volicad. Press, New York and London, p. 462.

€Dawson, R.M.C., Elliott,D.C., Elliot,C., and Jones,K.Mata for Biochemical Researcxford University Press, Ely House W1, 1969, p. 140.

fThe imino proton pK values for the protonated nucleosides are derived from the measured exchange times at acid pH, using eq 2. For the derivation, the col
rate constant of water for the protonated nucleosit(el,0), is assumed equal to that for the neutral nucleogi@O). Using values at two temperatures, one
obtains the enthalpy and the pK values quoted for other temperatures.

9Values derived from the ionization constant of water at 0 af@,2aRC Handbook of Chemistry and Physics, 50th Editatitor R.C. Weast, The Chemical
Rubber Publishing Company, Cleveland, p. D-120.

hSee ‘Proton exchange theory’.

lifetimes. As a result, the exchange rate can be expressed asamputed according to eq 2. The pK andalues of relevant
average over neutral and N7-protonated species, using averageceptors are given in Takile

values for the base pair lifetime, for the dissociation constant and_astly, the imino proton exchange tims is given by:

for the transfer rate in the open state. Labelling the averages Wlti} = 1kex = T'0 + (K giss' K'ex.oped (16)

the prime symbol, we have for the base-pair lifetfye The solution pH influencesy through the concentration of

o= (1 -Flo+ It (12)  OH-and the extent of N7-protonation of G (the factpmhich
Similarly, the open-state lifetim&openis given by: influences bottr'g and Kgisg.
11 =1 - + Tt (13) For example, at high pH (e.gH 11), exchange proceeds
open open open mainly by proton transfer from the neutral species to the base OH
and: (the No— process), and the exchange time is much longer than
K'giss=T'opedT'0 (14) the base-pair lifetime. By egs 2, 5 and 11, one obtains:

Each acceptor, whether external or intrinsic, brings its contribu- 1/tex = Kdiss" Kex,0H-0pen (17)
tion to the exchange rate from the open state, both for neutral agre
fc'>r N7-protonated G. In analpgy with eq 3, the exchange rate ey = KgissOGop—10PH-PKi (18)
K'ex,openfrom the open states is: . -
where g is the rate constant of the collision of OMth the

K'ex open—(l fF)(Zkex acc,opeit Kex,ind

monomer.
+ f (Zk ex,acc Open eX in

(15) As a second example, in thédgence of Aded_Gtalyst, the
where we have singled out the intrinsic catalyst acting on neutetchange time of the imino proton of &£@air at neutral pH is
G and on N7-protonated G, and where each contribution @®ntrolled by intrinsic catalysis, i.e. proton transfer to cytidine. In
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eq 16, we can neglect both the first term and the contribution where K is the ionization constant of water, which is a function
N7-protonated G. Hence: of temperature. For instance, af 25the value of Kis 11014

1 = Kee: Koy i and the pKis therefor_e 15.7.

=~ Qﬁgs. (qidr:ts.g5l)<?xilcn}gK(N3;C)—pK(N1;G) (19) When the acceptor isp®, Knais equal to 1 by eq 24. The pK

of the HKO*/H2O couple is therefore simply lgg1/[H20]),
where ¢yt is the pseudo-collision rate constant corresponding ﬁﬂdepeggent o% tempueF;atulre (Tabje imply legiL/[H20])

the conventional 55 M concentration of the cytidine acceptor. As

compared to direct transfer to water (eq 7), the pK-dependent

term is enhanced a million times by the larger pK of the cytidinBESULTS

acceptor, 4.3 versus —1.7 for water (Tadle : - .

As a third example, consider the exchange frorrCapa@ir by Imino proton exchange in mononucleosides
proton transfer to cytidine from N7-protonated G, whoseroton abstraction from deoxyguanosine versusEptept as
proportion is given by eq 4. This is expected to be a majeroted, we focus on the 2@ data for guanosine (Fid, left
exchange process at acid pH. The exchange s is a  panel). Three processes can be distinguished (TakileAt high
function of K giss g* and the imino proton pK of N7-protonated pH, the exchange rate is proportional to-@bhcentration. This
G. In eq 15, the contribution of neutral G is negligible. Instead ¢ assigned to imino proton abstraction from neutral guanosine by
eq 19, we have: OH-, the Noy— process. Substituting the observed rate in eq 5, we

1M anc = Flttanc = K giss' Krexcint compute the collision rate constaptg. The resullt, i_ndicated in

= FK " giss” (fint’55) - 1PKNSC)-pKINLHN7G+) (20) Table2, is mdependent of the exact value of the imino proton pK,

The oH d d f thi id-induced . tai because the latter is much smaller than that of €&th collision
: € prl dependence o this acid-Induced process IS ComaiNgi, o results in abstraction of the imino proton. (ii) Acid-
in the fraction T of N7-protonated G (eq 4). induced catalysis is assigned to imino proton abstraction by water

AU,\?ing €qs 18J20,tort1r(]e Ct?/\? determine th]? th\éaIueHs_pdNB m the fraction of guanosine which is protonated on }.7 (
PAN corrésponding 1o the two Cross-overs Irom the pH-INAepegs, y e opserved acid-induced catalysis, and with the knowl-

d_ent process to the basic, gnd to the acidic Processes. They e of the fraction of N7-protonated guanosine, eq 6 provides
given by eqs 20 and 21, which may be compared with eqgs 8 e value of the product @0 10-PKINLHNTG) where dia0 is
9: i

the pseudo-collision rate constant and the pK is that of the imino
PNB = pK; — pK(N1;G) + [pK(N3;C) + log(55)] proton of N7-protonated G. (i) The experimental exchange time
+ log(gnt/(agon-)) (21)  around pH 5 is shorter than expected from the two processes just
_ . ) mentioned (Figl). This is assigned to a third process, imino
PAN = pK(N7) — [PK(N1;HN7G) — pK(NL,G)] proton abstraction by water from neutral guanosine, fiygyN
+ 10g[(d"intK "dis9/(GintK dis3)] (22) process. The exchange time corresponding to this process, 84 ms
If the exchange rates are controlled by the processes of efis-7C, is indicated by a horizontal line in Figréntroducing
18-20, the exchange parameters can be determined from thig value in eq 7, we obtain for the collision parameter the value
measured rates. First, one obtaiigssby substituting the rate given in Table2, gyoo = 10410°sIM-1,
at basic pH in eq 18. Next, substituting in eq 21 the experimentalFigure1 also shows the cross-over pH values, pNB and pAN.
value of pNB (Fig.4), one obtains the exchange rate raticAccording to eqs 8 and 9, pNB is determined by the relative
aint/(0dor-). Lastly, substituting pAN in eq 22, one obtains thesalues ofyfor water and OH and pAN by the pK for protonation
ratio (gntKdis9/(q"intK *dis9 Which provides for a comparison of at N7 which is known, and by the relative values of
base-pair opening properties of neutral and protonated G. Suglyy10PKNLG) and o1 0-PKINLHNTGH) The fit gives 2.44
procedures were used for computing Tablélternatively, the  for the log of this ratio. If we assume that the collision factors are
same parameters can be derived by substitution of direciyual, this number is the pK difference. In this way we derive
measured exchange rates in egs 19 and 20. PK(N1;HN7G) = 9.94-2.44 = 7.50 (TabBh.

) 3 Proton abstraction from deoxyguanosine by formiate and by
The pKSs for protonation of OH™and of H0 cytidine (13C). Figure 2 shows the effect of formiate and

The transfer of a proton frongB* to an acceptor A is written as: CYtidine atacid pH. These acceptors were chosen for their pK (pK
= 4) which is intermediate between that of N7-protonation of G

A +HgO" o AH™ + H0 (23)  and that of N1(imino) protonation of N7-protonated guanosine
The constant [gqA) of the mass action law is given by: (Fig. 2, Table2). The unprocessed exchange times are shown in
- + + the top panels.
Kma(A) [AHTIH0(AIIH 50 (24) In the left bottom panel, the data are displayed as exchange
or. times for a 1 M concentration of unprotonated formiate. The
[AHT)[A] = (K maA)/[H20]) 10-PH (25)  convergence of all the data points on the same curve indicates that
whence: it is indeed HC@~, not HCQH, which is the exchange catalyst.
The fitis computed under the assumption that the pH dependence
PK = logio(Kma(A)/[H20]) (26)  is due entirely to the N7-protonation of G, using the known pK
When the acceptor is OHeq 24 becomes: (eq 4, Table?). The high-pH plateau corresponds to exchange
= 2 = +1) — 2/K . catalysis by formiate acting on G (theydbo- process), the
Ko OH) = [H2OI/([OHTIHSO]) =[HZ017K @7 low-pH plateau corresponds to exchange catalysis on IN7G
hence: (the Rycoo—_process). The fit generates the collision rate factors

pK = logio(Ki/[H20]) (28) for formiate given in Tablé.
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Table 3. Parameters of imino proton exchange i€ @airs

v a ] =] d .+ + & r
bane strancd T °C A pHE LT log Tzcd int® diss 199 9ined BNl b
& ]
sl fa0 = 9 aroineFaios
i -7 4.52 5.70
(=1 B el 1 £ d.42 6,01
A sratacareThTeT 0 15 2.156 484 5.8 11 0,42 -2.Z8
1 gt -7 0.023 5.1 7.8 18088 0.58 4,35
111 & corgaTreon 7 25 2.35 5.8 270 1.5 -3.53
ool 25 1 6.3 %,1 i 1.832 -3.33
v o 25 i 6.5 “.4 1.6 2.13 -3.23
¥I 05  AATTCOAARTT © 15 i 6.2 1.78
YII 03  AGCKTECT 2 14 i.5 6.2 8.3 3 1.70 1.7
mEmme - - - - R R .-
VIII &2 o 2009 4.8 5.3 .02 0.33 -2.93
¥ O3 AEAnTCCT [+ 33204 £.2 5.2 0.002 1.732 -2,33
x Cie o 204 &0 B.6 0.3 1.53 -1.583
%1 61 Ascooorr O & 13000 5.0 8.4 .15 0.52 -1.53
%11 @5  AmmooTTT © 15 700 5.8 9.8 0. 002 0.58 -2.08

2 1lhaac is the pH-independent exchange rate due to intrinsic catalysis.

b pAN is the pH for which the rates of exchanigethe pH-independent pathway avid the acid-induced pathway are equal.

CpNB is the pH for which the rates of exchanggethe pH-independent pathway avid OH—-catalysis are equal.

dThe productiK gissis the ratio of the rate of O+tatalyzed exchange (or ammonia-catalyzed exchange, in cases Il and VI) to th&iGMP (measurements
1I-V) or for deoxyguanosine (others).

€This is the difference pAN — pAN(monomer), eq 30. The pAN(monomer) values at 0 @ @Z5obtained from those listed by linear intra-and extrapolation
vs. 1/T. The collision factors relative to,P@ are those of the monomer.

f This is the difference pNB — pNB(monomer), eq 29. The pNB(monomer) values at 0°’ahdr2btained from those listed by linear intra-and extrapolation
vs. 1/T. The collision factor relative toJ8 is that of the monomer.

9The roman numbers correspond to those in Figure 5.

hThis work.

iG1is the nucleoside paired with C1, etc.

iGuéron,M., and Leroy,J.-L. (1992) In Eckstein,F., and Lilley,D.M.J. (dds)eic Acids and Molecular Biolog@pringer Verlag, Berlin, Vol. 6, pp. 1-22.
kKochoyan,M., thesis, unpublished. Thése de doctorat de I'Université Paris VII, spécialité Biophysique, 1987; p. 80, p. 110.

1J.-L. Leroy, unpublished data.

MNon-symmetrical complex with chromomycin, which is bound to G3. @&3ignates G3 of the other strand. Gao,X., and Patel,D.J. @B@@bemistry29,
10940-10956.

N"Complex with chromomycin. Leroy,J.-L., Gao,X., Guéron,M., and Patel,D.J. (Bd@dhemistry30, 5653-5661.

OComplex with echinomycin. Leroy,J.-L., Gao,X., Misra,V., Guéron,M., and Patel,J. (BEg2)emistry31, 1407-1415.

Exchange catalysis by cytidine, presented on the right same analysis as for G indicates that the imino proton pK is
Figure2, is treated similarly. shifted down by 2.3 units upon O-protonation.

Proton abstraction from thymidine (=Z). The imino proton Imino proton exchange in a GC pair

exchange measurements for thymidine &tC-{Fig. 1, right)  The d(ATATAGATCTATAT) imino proton spectrum; the effect of
show that the rate of catalysis by Old identical to that for formiate.Figure3 displays the spectra at different pH values. In
deoxyguanosine at the same temperature. In the case of catalgfssneutral pH spectrum, assigned to the Watson—Crick duplex,
by H>O, the pseudo-collision factor is slightly larger (Table the 12.6 p.p.m. peak was assigned to the G6 imino proton by the
The acid-induced catalysis is assigned to exchange from thyfNOESY cross-peaks with cytidine amino protons (mixing time
dine protonated on one of O2 or O4, whose pK ®&(11). The 250 ms, 18C, data not shown).
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d(ATATAGATCTATAT)
1234567 . S Nf“ y
N ——H—
_ T=15°C G \‘a//’ ! 3 e s
10 ' ’N ":3{;2. N=H=— ancla H
pH [ Tll N:< N‘
ol N-H—-0
il
= 10 — [)
¢ Y
& | 0 f X4.6
10 4_._.-14 ; L m
] ] 9 e
4 pAN pNB {1 paw pNE 1 4.17 PU bU |
10 1 1 M T ] i ] o ] ___‘_,f'l \\-.N
1 2 3 45 6 7 81 2 3 45 6 7 8 Y '
pH Vil ‘1 . [HCO3]= 017 M
4.17 | \
-
Figure 1. Imino proton exchange in deoxyguanosine (left) and thymidine ! | | L |
(right) at —7C (@). The data are fitted by three processes: a base-catalysed
process, Ny, and a pH-independent procesgpdl both from the neutral 14 13 12 11 10
nucleoside donor N; and an acid-stimulated proggss Which corresponds ppm

to exchange from the protonated nucleoside donor, HN@G OT*

respectively. The solid lines associated with each process are computedF. .

according to eqs 5-7. The rates of the basic and pH-independent processes a| gure 3. Imino proton spectra of d(ATATAGATCTATAT). The neutral pH

nearly the same for G and T, as expected considering the closeness of the imin%nectrum (top) is as_5|gned to the Watson—C_nck duplex. The W_eak spectrum

proton pKs. The acid-stimulated process is faster for G, because the N7 pK igtound 11 p.p.m. which appears at lower pH is probably due to imino protons

higher than that of the T oxygen. Hence the similar pNB and dissimilar pAN of unpaired or Ho_ogsteen-palred r)ucleogdes from partially dissociated

values. From the data one derives the imino proton pK of the protonateddlml.exes or from single sFrands. This spectrum (and also _the peak of the

nucleoside, as explained in ‘Results’. The open symbols correspond to thetc'Minal T1 of the duplex) is exchange-broadened upon addition of a proton

exchange times at 16 for deoxyguanosine and at“Z5for thymidine. acceptor (formiate, 0.17 M), whereas relaxation of the G6 imino proton in the
duplex, at 12.6 p.p.m., is not affected.

10 At lower pH, two imino proton peaks shift to high field. They

are assigned to bases aftd T2 of the terminal pairs, whose
dissociation constant increases due to protonation at the imino
1073 | i b 1 position (N1) of adenine (4).

At pH 5 and below, imino proton peaks appeaiiatp.p.m. The
integrated intensity is 15% of that of the main spectrum at pH 4.5
and 50% at pH 3.5. They may arise from a frayed duplex or from
a single strand. Hoogsteen pairs, in which the N3 imino proton of
protonated C is hydrogen-bonded to N7 of G, and in which the G
imino proton is exposed to the solvent, could also contribute. We
frequently observe such peaks in low-pH spectra of self-comple-
mentary oligo-deoxynucleotides. They have also been reported in
200 base-pair fragments of calf thymus DNR)(

The bottom spectrum shows the effect of a proton acceptor
(formiate, 0.17 M) on proton exchange at pH 4.17, a pH where
acid-induced exchange is manifest (Big.There is no discern-
ible change in the line-broadening, nor in the longitudinal
relaxation (not shown), of the G6 imino proton in the duplex (at
12.6 p.p.m.). This shows that catalysis of exchange from the pair
Figure 2.Catalysis of dG imino proton exchange by formiate (left) and cytidine is 2400 times slower than for exchange from the monomer (Fig.
(CN3; right) at 18C. (Upper panels) Exchange times. Left: [HEJO+ 2), as expected if the dissociation constant of the pair is small. In

[HCOH] = 10 mM (O), 30 mM (J), 60 mM (J); right: [CN3] + [CN3H] = contrast, the effect of formiate on the line width is obvious in the
123 mM (O). For reference, the thickly traced curve gives the exchange time,

in the absence of added catalyst &1L ower panels) The same data are used case of the weak spectrum, which CorreSpondS 'tO protons
to compute the exchange time for an acceptor concentration of 1 M. Théresumably eXpOseq to the solvent, and fo_r the peak, in the duplex
acceleration of exchange at low pH is due to exchange from N7-protonategpectrum, of the imino proton of the terminal paif 24 whose

guanosine (eq 4). The fits according to eqs 2—4 (solid curves) provide the dissociation constant, measured at neutral pH, is large. This point
values for formiate and cytidine listed in Table 2. will be discussed below.

Tex (8)

Tex.acc GM 1)




592 Nucleic Acids Research, 1996, Vol. 24, No. 4

Tex ()

Figure 4.Exchange time of the G6 imino proton of the d(ATATAGATCTATAT)
duplex (black squares, upper curve) versus pH°a IBhe exchange times are
analyzed in terms of three exchange procesgelidand No— (see text). The
rate of hydroxyl catalysis (thed¥— ,process, eq 17) is 118> times that of Figure 5. Schematic plot of the rates of the three exchange pathways in various
the monomer (lower curve, same asm Fig. 1). This determ_lnes th_e apparent; pairs. The straight lines cross at pH values equal to pANaGd pNB.
dissociation constaniKgiss The pH-independent process is assigned 10 \io the small scattering of the pAN values, as compared to the large range, six
concerted transfeta awater molecule to cytidine N3 which acts as an intrinsic orders of magnitude, of variation of the neutral pH exchange times. This
_cat_alygt (N, eq 19). Acceleratl(_)n of e_xchange_ due to the larger pK of the supports the model where acid-induced exchange occurs from the open state,
intrinsic acceptor CN3, combined with slowing down due to the small ;o age pair dissociation constant which is not very different from that at
dissociation constant of the base pair, result in an exchange rate which is Onl}‘leutral or basic pH. Base pairs are designated by the same roman number as in
13 times less than for proton transfer from the monomer to the water acceptor_p\~ 2. |yl free .dupleXES' VIII=XII, drug—DNA complexes

In the acid-induced exchange process, the acceptor group is again CN3, bu ' ' ' ’ '

transfer takes place from N7-protonated G (hprBcess, eq 20). The fits (in
full line) provide the parameters pAN, pNB, and those derived from them,
which are listed in Table 3.

(1 s for internal pairs of duplexes and to hundreds of seconds and
more in the case of the complexes. According to egahg; is

a function of the inverse of the dissociation constant, which is thus
seen to be quite large for the terminal pair and very small for pairs

Proton exchange from the@pair of [d(ATATAGATCTATAT)]  stabilized by complexation. A better estimate of the dissociation

The exchange time of the G6 imino proton vesdss plotted ~ constant is obtained from the exchange rate at basic pH (eq 18)

in Figure4. At high pH, the straight line with a slope of —1 isOr in ammonia, and the conclusion is the same (Bjble

characteristic of catalysis by OHt is displaced vertically by a  Despite these large differences, the exchange processes are

factor of 1.310-° from the corresponding line for the monomer:qualitatively similar. In all cases, imino proton exchange is

this number is equal @WK gissaccording to eq 5 and 18. Around accelerated at acid and basic pH. The pH-dependence is

neutral pH, the pH-independent exchange process is only g@mparable to that displayed in Figdrer the G6 imino proton

times slower than the o process acting in the monomer. of the d(ATATAGATCTATAT) duplex. In particular, the disper-

Below pH 5, the plus one slope corresponds to an acid-inducé@n of the pH values for crossover, pAN and pNB, is rather small

process, which, similarly, is only 4.6 times slower than théspanning <2 pH units in each case) and uncorrelated with the

acid-induced processgb in the monomer. dissociation constant (Tab® Fig. 5). This will be discussed
The unexpectedly fast exchange at neutral and acid pH hglow.

readily explained by intrinsic catalysis which is more efficient

than direct transfer to water, due to the larger pK of the intrinslBISCUSSION

acceptor, cytidine N3, as discussed in the comparison of eqs 7 and , , )

19. The fitin terms of transfer from G (the,Nrocess, eq 19) and Proton exchange from-G pairs at acid pH is nearly as fast as

from HN7G+ (the R process, eq 20) is indicated by full lines. itfrom isolated guanosine. This seems at first in conflict with the

provides the parameters pAN, pNB, and those derived from themgll-established result that e_xchange catalysis by tr:.insfe.r to a
which are listed in Table. givenproton acceptor occurs in the case of a base pair as it does

from the mononucleoside, except for a slowing down by a factor
Acid-induced exchange of the G imino proton in other conditionsqual to the dissociation constant: this is the case for instance
We have collected data on acid-induced imino proton exchangden exchange is catalyzed by QHs happens at basic pH, or
in Watson—Crick @& pairs, including pairs from DNA duplexes by ammonia etc. When the exchange rate is found to be
(pairs I-VII) and from DNA complexes with chromomycin, aproportional to Fi concentration, one could naively expect the
minor groove drug, and with echinomycin, a bis-intercalatosame behaviour. But even though &tts in the same way on
(pairs VIII-XIl). The parameters relevant for exchange arenonomer and open pair (it produces the N7-protonated G from
presented in Tablg, and the exchange times are plottedwvhich exchange occurs predominantly), nevertheless the proton
schematically in Figurs. acceptor is not the same: for the monomer ibf3,Wvhereas for

The prominent difference between pairs is the exchange tirtlee open-state nucleoside, it is the complementary cytidine. This
at neutral pH1aac. It varies from’20 ms for a terminal pair to intrinsic catalyst is more efficient tharp®l by a factor whose
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logarithm is the difference in pK of the two acceptors, about six In fitting the data, one must use for consistency the imino
units. proton pK value of HN7Gdetermined in the study of the®l

The intrinsic catalyst also operates at neutral pH, where ig&ceptor. The only adjustable parameters are the collision factors
activity was first detected), and where proton exchange (nowof the acceptor with G and with HN7GThe fitting values are
from the non-protonated G) is again nearly as fast as from tlgeven in Table2. Those for neutral G may be compared to the
monomer (Fig4). values compiled for other acceptat§)( The values for HN7G

In the present work, we provide evidence for this interpretaticare similar if not identical to those for G (Talg The
of acid-induced catalysis, based on exchange measurementgnhancement of the collision factor of formiate with protonated
the monomers and in numerous base pairs. The thesis is tBamay be due to the negative charge of formiate. The reduction
acid-induced exchange of the G imino proton in base pairs is dimethe case of cytidine may be due to lowering of the effective
to intrinsic catalysis of exchange from protonated guanosinagceptor concentration by trapping of cytidine 6" Gairs.
occurring in the open state, like exchange from neutral guanosind®iscounting these considerations, one could determine the
at neutral or basic pH, and that furthermore, the properties of tieino proton pK in HN7G by the exchange catalysis by formiate
base pair and of the open state are not drastically changed bydheytidine, instead of $D. Assuming in each case the same
N7-protonation of G. collision factor for G and for HN7Gthe pK values would differ

The observations support this thesis, and furthermore théy no more than 0.5 from those derived from catalysis46y H
exclude tentative interpretations of acid-induced exchange whi¢Fable2). This gives a measure of the uncertainties of the model.
do not rely on intrinsic catalysis: exchange from the open state ofOverall, the experimental results are in agreement with the
a pair with a very large dissociation constant, and exchange frgroposition of McConnell and Politowski. Furthermore they
a modified structure carrying Hoogsteen-paired G or unpaired @rovide arguments against alternative explanations of the acid-in-
in which the G imino proton is exposed. duced catalysis which we now consider, and which would assign
the pH-dependence of exchange catalysis by formiate or cytidine
to the conjugate acid, whose concentration is pH-dependent. For
instance, N3-protonated cytidine could bind to N7 of guanosine,
forming a Hoogsteen pair, in which the G imino proton would
gmain accessible to attack by0HThis process can be excluded,

It has been proposed previously that acid-induced imino prot cause its efficiency should level off when the pH is less than the
exchange is due to abstraction by water of the imino proton fro . X !
X ge s au ! YW 'mino p pK of cytidine,[#4.5, contrary to observation (Fig). Further-

N7-protonated guanosin&)( in contrast to abstraction from i the 1 " ©ONT d b onated | th
neutral guanosine which is the process responsible for piore, N (€ HoOOgGSeEn pair, N/ would be prolonated 1ess than
independent exchange. Since the proton accepidr, i#ithe one percent of the time (considering the difference between the

; Iy : : f cytidine and that of N7, Tab®, so that the exchange
same in acid-induced and in pH-independent exchange, one o Cyt S :
assume that the pseudo-collision factor is the same in the tribution of cytidine would be <1% of the maximum effect of

rocesses. From their relative efficiencies taggvalue of pAN), Water. By reference to Figuiethis corresponds to an exchange
P (eg PAN) %@e of 5 ms at 18C, much longer than the exchange time at pH

Acid-induced imino proton exchange in the nucleoside
monomers

one determines by eq 9 that the pK of the imino proton chang g S ;
by [2.3 units upon N7 protonation, leading to the pK values fap !N 123 mM of cytidine, which s §%, as deduced from the right
ottom panel in Figurg.

HN7G listed in Table2. I . . . :
If the source of the pH dependence is N7 protonation, the log”nother possibility is to combine binding of the conjugate acid

of the exchange time should be a linear function of pH with slop% N7 with attack of the imino proton by the acceptor instead of

1 when the pH is larger than the pK of N2.3), and should level PY H>O. This leads to a rate which varies as the product of the

off at lower pH. A fit of the data to this interpretation is shown bfﬁncent(rjatfipns} oLth%accept_or and 0;“5 cogjulgate acid,dwhgreas
the full line in Figurel. There is a good fit down to pH 2, and thet'® 900d fit of the data points to the model proposed above

expected levelling off may be discernible. However the exchan§@Ottom panels of Fig2) shows that the exchange time is
fependent of the conjugate acid concentration.

times <pH 2 are too short, due perhaps to experimental er
(caused by the large linewidth) or to the influence of other
protonated species of G (for instance G protonated on the amiRgi4-induced imino proton exchange in G-C pairs
group) on proton exchange.
‘The marginal acid-induced imino proton exchange in thymimterpretation of exchange as from a unique open $téeow
dine (Fig.1) is similarly ascribed to protonation at O2 or O4,show that base-catalyzed, pH-independent, and acid-induced
which occurs with a pK around @1), as pointed out in the jmino proton exchange from base pairs can all be explained as
‘Results’ section. occurring from the same open state of the pair, with only modest
The notion that acid-induced exchange corresponds to a chanfifferences between the neutraCGair and the HN7EC pair.
in the properties of the protafonor may be tested with other  The simplest characterization of the three exchange regimes is
proton acceptors than water, such as formiate and cytldlne. Tb?the cross-over parameters pNB and pAN, whose experimenta|
latter is of particular interest since itis the intrinsic accepton G values are given in TabB Assuming that the proton acceptors
pairs. The effect of these acceptors varies with pH as does #@ OH and HO for the monomer, and Otdnd cytidine for base

effect of water (Fig2), and the simplest explanation is that, likepairs, we have by the combination of egs 8 and 21, and of eqs 9
water, they abstract the imino proton of G or of N7-protonated <§nd 22:

depending on pH. The corresponding fits to eqs 2—4 are shown in Sy . )
Figure 2. Their quality supports the model, and notably the p+N|B(pa|r)/— PNB(guanosine) + [pK(N3;C) + log(55)] -
features of exchange catalyzed by the acceptor and not by the 09(n(00H20) (
conjugate acid. wherea refers to OH catalysis (eq 18); and:
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pAN = pAN(guanosine) — logtgi20/dn20) + 10g9(dfint/Gint) in a similar observation which provided one of the original
+ log(K* gisdK dis9 (30) arguments for intrinsic catalysis at neutral phi A second
ofrgument is that changing to a large dissociation constant should
c5:'lj”|ange the chemical shift, as observed for terminal base pairs
dipon heating or upon going to basic ghl [n the duplex spectra
m/é:igure?:, there is a large shift of the Trino proton peak at

where they factors in the first log term are those of the monom
The value of pNB is a measure of the relative efficiencies
attack by OH and of concerted proton transfer, both from th

open state of the pair. Concerted transfer could be more sensi d pH, and of T2 as well, which we ascribe to the increase in the
to the structure of the open state, and a change in its rate Wofj}Fqﬂ| y ’

shift pNB. As an example, intrinsic catalysis is much sloweder large _dissociation constant, upon protonation of the

down in the case of terminal pairs, presumably because of Wiﬁnplementary adenosine. But the G6 peak does not move. The

. o rd argument, based on the studies of the external catalysts
Sgli 2}'?{? %bﬁgdi;h;grs; 'tfé?rgmildpc;\’i\:n('clgsd ee ﬁdbt,t;g s:m7ag§>st PN ormiate and cytidine, is the strongest. It is simply that, as stated

With respect to the monomer, pNB is shifted by about +6 unit the ‘Results’ section, these catalysts 2460 times less

(the terms in brackets) due to the pK difference between tid!Cient in the duplex than in the monomer. This is incompatible
proton acceptors cytidine and water. The log term, which involv%Ith a dissociation constant of 0.1 or larger for the HNC@air.

the ratio of the pseudo-collision factors for transfer to cytidine igHL It IS €xactly what is expected if the dissociation constant is
<8/400, as it is indeed at neutral or basic pH.

the open state and for transfer to water in the monomer, als nother mechanism of acid-induced exchanae is suagested b
contributes to the shift. We have no independent estimate for t iéA‘. 9 99 y

ratio. The experimental values of pNB, ranging from 7.8 to 9.4N® imino proton spectrum which develops upfield in DNA at acid

e.g. in Fig3), a spectrum compatible with the presence of
correspond to values of the log term between —4.35 and -2 %l%ﬁ Soogstge% paifs In such g pair, the G ir?wino proton
(Table3, last column). : g

If the exchange parameters of the HN'TGand GC pairs were exchanges quickly because it is exposed to fiatceptor. If

the same, all the log terms in eq 30 would be zero, and pAN WOLHE]E structure which harbors the Hoogsteen pair is in sufficiently

be the same as for the mononi@:4. (In the representation of 125t €xchange with the duplex, this will contribute to proton
Figure 4, this would correspond to equal vertical distanceEXChange as measured on the duplex spectrum. It was tentatively

between the horizontals and between the lines of slope 1 on we posed in a previous publicatiat0) that this could explain
acid side). In fact, the average pAN in Tabig[1L.2 units above acid-induced exchange. .- . .
that of the monomer, indicating some change in properties of t eHovyever, .th's process is not efficient enough. As explained in
base pair (open or closed) upon G protonation. The increasetjg Jiscussion of proto(? exchange from the monomer, GN7
PAN could be due to an equal increase of the logarithm of t ould be protonated <1% of the time in the Hoogsteen pair. At

dissociation constant when G is protonated, which could 4.17, with a relative population of at most 20% (Bjgthe
rationalized if base-pair opening brings the N7 group near to! oogsteen-bearing structure will provide an exchange rate which
phosphate group, a conformation that could be stabilized in t 2/1000 times that of the fully protonated monomer, which is

1 . \ !
case of HN7G by the proton charge and/or by H-bonding, direc ngsgh’aiczotriﬂ]r;g;fS'g?;]Jf'cgms L?ngét?o%aﬁsoggge Sr\% d (Fi
or through a water molecule. Opening towards the major groo 9 ' P 9.

of B-DNA does indeed bring GN7 closer to thegygen ofthe "t = SE8 S0 B O e faet nough. Again
5'-neighbor of the same strand. p g p gh. Again,

More important than the origin of the pAN shift is its relativelythe. formiate experiment proves decisive: bro'aden.mg of the
gfleld spectrum by formiate (lowest spectrum in Bjgs not

small value and variation, <2 units across a collection of bak ssed on 1o the low-field (duplex) spectrum, which is unchanged
pairs whose dissociation constant spans seven orders of magni=>" " o P p ' 9
ven in its longitudinal relaxation.

tude (Table8). The range of pAN, a function of the properties o . .
two different base pairs, HN7®& and GC, is in fact smaller than Exchange transferred from the imino proton of unpaired
that of pNB, a parameter which compares processes involving M&I?G" is excluded by similar arguments.

single pair GC. This small range suggests that exchange takes = |

place from an open state of the pair with similar properties acrodgplication to NOE measurementoth the theory and the

the entire pH range. If instead the acid-induced process occurféRgervations show that efficient acid-induced exchange of the
in the closed state, or in an open state unrelated to the open B0 proton with water is a general feature of @airs. Since
responsible for the pH-independent process, pAN would BiCh exchange may affect NOE transfer, one should choose for

expected to be strongly affected by the latter’s dissociatigdOE measurements a pH at which the rate is small. Sairld

protons, pH 7 is optimum in all cases, and is in some cases better
Acid-induced proton exchange without intrinsic catalysithis ~ than pH 5.2, the pH for slowest imino proton exchange from the
section, we examine tentative explanations of efficient acidiOnomer.
induced catalysis which are not based on intrinsic catalysis.

Since the acid-induced exchange rate is comparable to thafTdfe case of A pairs.In AT pairs, exchange of the imino proton
the monomer, one explanation would be that the base-pgiroceeds as for -G pairs at basic and neutral pH, but
dissociation constant is very large when G is protonated, facid-induced exchange has not been characte@edHis is
instance 1/4.6 in the case of the pair of Figure understandable, since the pH below which it would be visible

There are three arguments against this mechanism. Onesli®uld be two units less than folQ3airs (compare the pKs in
provided by the case of terminal pairs, such as case Il (FableTable2, and the pAN values in Fig). In such conditions, the
Fig.5) in which acid-induced exchange is even faster than that mfterpretation of accelerated exchange is dubious because of
the monomer: this requires a more efficient catalyst th@n &  extensive duplex dissociation.
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CONCLUSION 4 Nonin, S., Leroy J.-L., and Guéron, M. (198&)chemistryd4,

o o 10652-10659.
We have shown that the general and surprisingly efficient Leroy, J.-L., Gao, X., Guéron, M., and Patel, D. J. (1B@ighemistry30,
acid-induced exchange of the guanosine imino proton in Watson— 5653-5661.
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external catalysts, and the case ﬁ*cpairs (L3), this is a third 9 nggg\er, P., Maurer, W., and Ruterjans, H. (1978)agn. Resor29,
situation of general occurrence where intrinsic catalysis provides ggron, m., Charretier, E., Hagerhorst, J., Kochoyan, M., Leroy,J.-L., and

the fastest exchange mechanism, by far. Moraillon, A. (1989) In Sarma, R.H., and Sarma,M.H. (eBisycture and
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