Biophysical
Chemistry

Biophysical Chemistry 1042003 429-447
www.elsevier.com/locate/bpc

Protonation of deoxycytidine residues in 4C tetraloops: UV
spectrophotometric study of d¢ andAd, C T 12

E. Raukas*, K. Kooli

Institute of Experimental Biology, Estonian Agricultural University, Harku 76902, Estonia

Received 18 September 2002; received in revised form 6 January 2003; accepted 22 January 2003

Abstract

It is shown that component analysis could be applied to study the UV difference spectra of cytidine oligomers and
hairpin oligonucleotides with cytidines in the loop region in order to account for the melting and titration results in
terms of cytidine stacking and protonation. Upon acid titration, thg,dC oligomer undergoes cooperative conforma-
tional transition at pH 6.3 accompanied by protonation and formation of-#teucture with half of the residues
protonated. The stability of the hemiprotonated structure increases with decreasing pidirtluture persisting still
in the region of pH<pK of cytidine. An UV difference spectrum that reflects the stackingstacking of
hemiprotonated cytidine residues was acquired from the melting and titration experiments of,ghe dC oligomer and
used to describe the behavior of the,dC loop of the hairpin oligonucleotide@,T ,,). It is shown that upon
titration, the 50% level of protonation of the deoxycytidine tetraloop is attained at pH 5.0. Simultaneously, the
stacking interactions of cytidine residues reach the maximum at this pH with two residues stacked, and thereafter
decline again. Only marginal stabilization of the oligomer hair@;,, = 1.5°C) is found to accompany the formation
of this single hemiprotonated d@C* base pair. We propose that at pH 5 the cytidines of thg dC loop form a
hemiprotonated d@C* pair stacked with the last d4T base pair of the hairpin stem.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ditions, the formation of looped out regions and
hairpin structures among other non-canonical

One of the remarkable features of DNA is its forms of DNA, though rare, may possibly play an
structural polymorphism. A large variety of DNA important role in gene control mechanisms. These
conformations have been found in recent years, single-stranded regions of DNA could be connect-
including theZ-form, triple helix, tetraplexi-form ed with a possible presence of cruciform structures

etc., that all cover a number of different H-bond and arise in single stranded DNA of filamentous
networks between bases. Under appropriate con-phages as well.
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mers. In order to get the thermodynamic data, the hairpin structures. As a rule, pseudo-infinite
absorbance at a single wavelength has been mon-helices are formed in crystals by end-to-end stack-
itored as a function of temperature. Thus, in ing; in other cases quite peculiar structures are
difference from CD spectra the rich information occasionally found in the end regions of the
content of the whole UV spectrum is neglected oligomers. Data concerning the loop conformation
entirely. Several other analytical methods have have, therefore, been mostly acquired on the basis
been used to evaluate the thermodynamic para-of NMR experiments.

meters of melting of the duplexes and hairpins  The DNA hairpin loops similar to RNA hairpin
based on a silent assumption that the transition loops could be well ordered. However, the struc-
describes a two-state process. Occasionally, thistures of only a few DNA hairpins have been
assumption has turned out to be erroneous andelucidated up to now, e.g7—10. Several detailed
been possibly avoided by multi-wavelength meth- studies of the dJ loop structure have been made
ods. Single wavelength UV melting curves are [7,11-13 whereas there are no data concerning
commonly used to evaluate the effects of mispair- the structure of the cytidine tetraloops except for
ing, presence of unpaired residues and loops. Onthe loop of the parallel stranded DNA dupl&k6]

the contrary, a whole range of UV spectral data is and rC, loop[17-19.

hardly used to study the conformation of the loop

residues, to give an example. At the same time, 2. Methods

all constituents of nucleic acids have distinctive

UV spectra and, therefore, could be followed 2-I- Biochemicals

individually. . .
We have made use of both the titration and syg)tt]%(;?zuecéeoct)lr?ezGAISIEZT’l)s;r?tE elszi’zelrlp é’\)’(%f dite
thermal UV difference spectra to study the confor- PerSeptive Biosystems, Model 8909, Poly-

mation of dC-containing oligonucleotides in acidic . )
conditions. We will show that the spectra of these (dA)-poly(dT) and de_ were obtained from S'g'
ma; rC, was a gift from V.. Yamkovoi

oligonucleotides can be described in terms of base 10 4 .
stacking and protonation as a function of pH and (Novosibirsk State Universily
temperature.

The structure of different hairpin loops of DNA

oligonucleotides has been extensively studied in e puffer for the titration and melting experi-
vitro [1,2]. In most cases, the loops consisting of ments used in the region pH 7-5 was 10 mM
four nucleotides are found to be the most stable. sqgium cacodylate containing 200 mM NaCl and
In the same solvent conditions there are no large g 1 mM EDTA (CN buffer). When titration was
differences in stability between the loops of dA , aytended below pH 5.0, a composite buffer was
dT,, dG, and d¢ , the dT loop being marginally gpplied for the same experiments containing an
more stable than the ref8—9. Interactions inthe  4qditional 10 mM succinatéCSN buffed. The
loop region can significantly contribute to the gyand concentrations were determined from

overall stability of the hairpin. Substitution of all  ;psorbance values at ST using the following
four dT residues of the hairpin loop by difluoro-  gjar extinction coefficients (M~* cm—2):

toluene residues increases the stability of the olig- . (dA)=15400, &,,dT)=8800, & ,.£dG)=
omer by 10.8°C upon thermal denaturation, due 11700, ¢,,(dC)=7300. The concentrations are

to the increased stacking in the loop regi. always expressed as the total concentration of
X-Ray, NMR and molecular mechanics have pnhosphate residues=[P~].

been used to study the loop structures. There is a

general tendency for self-complementary sequenc-2.3. UV measurements

es to crystallize as duplexes even in presence of

destabilizing mispairing in the central part of the The UV spectral measurements were performed
oligomers that complicates the X-ray studies of with Pye-Unicam SP8-150 spectrophotometer. The

2.2. Buffers and solutions



E. Raukas, K. Kooli / Biophysical Chemistry 104 (2003) 429—447 431

instrument was interfaced with a PC equipped with were measured in 1-nm steps and corrected for the
homemade software for reading the digitized dilution and occasional small baseline shitsfer-
results and performing a variety of operations enced toA;,,). After appropriate corrections, the
(smoothing, shifting, light scattering corrections, difference spectra against pH 7.0 were calculated
calculation of derivatives and differences, &tc. and digital data at eight wavelengths transferred
Single beam mode was applied using the concen-to component analysis program. The experimental
tration scale of the instrumefifour decimal plac-  data were thereafter interpolated with a step of
e9 yielding the results in 10* optical density 0.25 pH units making use of cubic polynomial
(OD) units. Up to 10 readings were averaged at fitting through five neighboring experimental
each point. All measurements were made againstpoints.
air, except the titration experiments that were
performed against the buffer in reference beam. 2.6. Component analysis
The acquired spectra and obtained melting fine
structure curves were not corrected for the temper-  The fractions of spectral componertts;) were
ature dependent change of the solution volume. derived from the following system of linear equa-
tions [21]:
2.4. Thermal denaturation
The complexes were prepared by annealing the Ay =BuxX T @
solutions before the experiments. The solutions
were heated to 80C and allowed to cool slowly  hence
overnight. Fine structure of melting was measured
at 260 nm for every 0.IC at a rate of 0.8C
min~* by using ultrathermostat UMMLW Prif-
gerate-Werk, Medingen Special custom-made
thermostated cell holders were used with the tem-
perature sensor placed directly in the 1-cm path-
length Teflon-stoppered cell. The readings were
taken in time intervals of approximately 1 s and

averaged digitally. Absorbance was measured experiments, respectivelyOccasionally, the pres-

against air and corrected for a small increase in ence of other components was tested fa@,g
buffer absorbance upon temperature registered €algenaturation of dAdT base pairs by making, Ljse
lier. Melting temperatures were derived by com-

- . of poly(dA)-poly(dT) thermal denaturation spec-
B%i;sgtg}% of theoretical model(all-or-none 1 55 a reference, thermal perturbation spectrum

of cytidine, etc).

AA; is the matrix of absorbance differences
registered upon titration or melting and is used
after appropriate interpolatiorB,, is a matrix of
spectral coefficients found from respective molar
coefficients. Cytidine protonation spectrum on a
molar basis(Ae;") was used[22] whereas the
basic difference spectrum of hemiprotonated cyti-
dine stacking(Ae;") was found as described in
Section 3. The coefficientg,; were found from
respective molar spectrie,;,; using:

Fii=BuXBu) "X (B XAA,), (2

Here, k (k=1, 2, and in some cases) Bfers
to a respective componeifitytidine protonation,
stacking'unstacking of cytidine residues, etci
stands for the wavelengtt=1-8) and; for the
pH or temperature valu€én titration and melting

2.5. Titration

To avoid possible minor contamination, the titra-
tion was performed directly in 1-cm cuvettes and
measured against the buffer solution in the refer-
ence beam. The predetermined amounts of 0.4 M
HCI were added with microsyringe to both cuvettes
(maximally up to 100uwl). The pH of the buffer
solution was calibrated in advance using digital
pH meter OP-2141 (Radelkis. The final values
of pH were checked and compared with the value
expected on the basis of calibration. The spectra Bw=2&XcXb;, 3
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where ¢ stands for concentratiofP~] and the 3. Results

relative content of a given type of the nucleotide

in the oligomer is given by, (b,=0-1). The set  3.1. Determination of stacking/unstacking differ-

of eight wavelengths used routinely was 255— ence spectrum of hemiprotonated form of
290 nm with the step of 5 nm. The absorbance as dC-dC™*

well as respective temperature values were regis-

tered during the steady increase of temperature. Acid titration as well as the thermal denaturation
An average of 10 readings at each wavelength wasof dC,, results in a complex picture of UV spectral
registered. It follows that the measurements at changes associated with protonati@mr deproton-
different wavelengths were made at slightly differ- ation) of cytidine residues and conformational
ent temperatures. To get uniform results at different transitions of the oligomefFigs. 1 and 2.
wavelengths, the data from thermal denaturation The difference spectra of acid titration for a
experiments were interpolated with the step of 1 wavelength range used in component analysis of

°C. the present study are depicted in Fig. 1. The
Standard deviationdf;; were found using the isosbest of the titration curvé273 nm does not

covariant matrix[23]: coincide with the expected isosbest of cytidine

protonation at 265 nm. It follows that the curves

Afy= N—f] (%) are not due to the cytidine protonation solely, the

most probable explanation of the observed shift
being the concomitant change in stacking interac-
where o,; are the diagonal elements of the matrix tions of the cytidine residues.
In order to use the component analysis to
5 1 describe the titration in terms df) conformation
D=0 (BuxBa) ™ O of the oligomer andii) protonation, the respective
portion of the difference spectrum caused by stack-
In turn, the dispersiono; was found from  ing of cytidines(AA;”) must be elucidated. The
diagonal elements of the covariant matrix component analysis presumes the additivity of
partial difference spectra:

D(AA);= AAZP=AA; +AA; . (8)

AAGP= Y Bufiy) (AT Y Bufy
( ’ Z;’ kj) ( ! ;kakj] Here subscripti refers to the wavelength and

i—k (6) superscripts+ and = stand for the protonation
and stacking, respectively. The difference spectrum
caused by the cytidine unstackifgA,” >0) could
be found from the experimental difference spec-

wherei (i=1-8) andk (k=2 or 3) are the number  trum of melting (AA®®) under the acidic condi-

of wavelengths and spectral components, respec-tions after appropriate correction to the presence

tively. Overall accuracy of the experiment was of protonated cytidine(AA;"). As a matter of

estimated according to the expressi@i]: accuracy, the respective experiment was performed
at pH 2.86, distant enough from the&kpof the
cytidine (pK 4.3 at 20°C). At this pH the value

N 2 of cytidine protonation isfi) close to 100%exact
zi: ZJ“(AAE; P- ZBi’fki) value is found from Eq(10)]; and (ii) relatively
R= . . (7 unsensitive in respect to inaccuracy or occasional
Y Y (AASPY? change of pH. We have used for calculations the
iJ

value of cytidine protonation A 3.89 at 80°C
[24]. AA;" is found on the basis of tabulated values
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Fig. 1. Titration difference spectra of gfX(c=0.477.10% M in CSN buffer(10 mM cacodylate, 10 mM succinate, 200 mM NacCl
and 0.1 mM EDTA at 20°C with respect to the spectrum at pH 7(@) pH 6.50,(2) pH 6.25,(3) pH 6.00,(4) pH 5.75 and(5)
pH 3.75(dashed ling.

4000 -

3000

2000

1000

-1000 |-

Extinction (OD units)

-2000 | .

N 1 s 1 " L s 1 2 1

220 240 260 280 300 320
Wavelength (nm)

Fig. 2. Temperature difference spectra of,glC between 15 arff€ && the following values of pH in CSN buffefl) first melting
at pH 7.00,(2) pH 6.30,(3) pH 5.80,(4) pH 4.60,(5) pH 3.68 and(6) pH 3.24.
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Fig. 3. Molar difference spectra of dC protonatiGhe*) (O), unstacking of hemiprotonated gC(Ae=) (OJ) and temperature
denaturation spectrum of pdlgA) poly(dT) (A). The respective absorbance values at eight wavelengths were used as cofficients
Bik (Eg. (3)) to calculate the fractions of protonated cytidines and stacking of hemiprotonateti®ase pairs. Experimental
difference spectra are approximated by a sum of the first and second spectra taken in respective prégpestieigs 6.

of cytidine protonation spectrum(Aeg;"), the It must be mentioned that the stacking spectrum
expected concentration of protonated cytidine res- of the cytidine residues could not be obtained from
idues(c*), pK of cytidine monophosphate and pH measurements at pH (Fig. 2, curve ). The first

value of the given melting experiment: measurement of the denaturation spectrum of a
fresh specimen of dg at pH 7 yields a spectrum
AA =Ag" XcCT, 9 similar to the denaturation spectra in acidic region
with a low degree of protonation. However, repeat-
o c (10 ed measurements of the same specimen at pH 7
1+ 10PHPK" result in a different type of spectrum which did

not lend itself for the further analyses on the basis

Thus, the respective partial difference spectrum Of cytidine protonation, thermal perturbation spec-
produced by the stacking of hemiprotonated deox- tra [24—26, stacking spectrum of hemiprotonated

ycytidines could be expressed as follows: cytidine or otherwise.
In case of rG, the thermal difference spectra

C both at pH 7.0 and pH 2.7 were used beside the
BAT =AAPP—Asl T ek 1y protonation spectrum.

The resulting partial difference spectrum on a 3.2. Titration and thermal melting of dC,
molar basis is shown in Fig. 3 together with the
cytidine protonation spectrum. These two spectra  Titration curves in terms of the cytidine proton-
were used as basis spectra for the componentation and stacking were calculated by making use
analysis. of the component analysis. The same basis spectra
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Fig. 4. Protonation and changes in the base stacking &€260 the course of acid titration of d¢ and £ as calculated according
to Eqg. (2). Protonation of d& (R=18%) and rC, (R=0.06%, (O) and (®), respectively, formation of a secondary structure by
hemiprotonated dz residuésstructure in the course of acid titratiof1), fraction of protonated dC residues at 85 as a
function of pH, i.e. the sum of respective titration and melting experimfids (12)] (+). Dashed line indicates the expected
degree of protonation for a dC monom@k 3.9 assumed The root mean square deviations of the protonation and stacking of the
dC,, and rG, titration curves at pH 4.0 and 3.0 &re0.007, +0.01D and (+0.010, +0.016), respectively.

(Fig. 3) were used to calculate both the titration At lower values(pH<4), a gradual increase of
and melting curves of dg at different pH values. protonation takes place, coupled with a decrease
The results of the component analysis of acid in the degree of stacking. However, a mismatch
titration spectra are presented in Fig. 4. A coop- between the experimental and calculated values
erative transition between pH 6.75 and 5.75 with remains small. Standard errors at the end of the
the midpoint at pH 6.3 can be seen. The protona- dC,, titration curve areAf*=40.007, Af~ =
tion levels off at approximately* =0.5 and thus +0.010 andAf* = +0.021,Af~ = 4+0.032 at pH
half of the dC residues remain unprotonated in the 4.5 and pH 3.5, respectivelifFig. 4). The same is
region below pH 5.75. The curve depicting the true for the overall errork. It means that the
stacking of dCdC™* base pair parallels well with  partial difference spectrum of stacking, derived
the protonation curve for the decreasing pH values from the titration data, and the partial spectrum
between pH 7.0 and pH 5.75 up © =1.0 as used to treat the melting data of the same specimen
expected. are close to each othdapart from the sighin

In the region of pH 3.5-5.5 the value ¢f is the measured pH range. This result was expected.
approximately 1.1-1.2. However, the calibration The 50% protonatedf* =0.5) and highly stacked
of the scale to account for stacking is quite (f==1.0) structure could be considered as a stable
arbitrary. In our case, the valyfe =1.0is assigned  conformational state of the dg oligomer in the
to the state of the cytidine stacking in ¢  region of pH 5.7-3.5.
oligomer at pH 2.86, 80C; f/~ =0 at 15°C pH The results of the melting experiments at pH
7. Therefore, it is not unexpected to find the 4.85 and pH 2.86 are presented in Fig. 5 as curves
relative value of stacking in this region ranging of the componentg*andf~. Experimental points
from 1.1 tol.2. labeled by crosses in Fig. 4 correspond to resultant
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Fig. 5. Melting of dG, at pH 2.8&curves 1 and 3¢=0.180x10"%, R=0.09% and pH 4.85(curves 2 and 4¢=0.225x 104,
R=0.54%. Curves 1 and 2 depict the unstacking of dC residiresults not normalizeédwhereas curves 3 and 4 correspond to
the respective change in the degree of protonation. IKp& (pH 2.86), the degree of protonation increases in the course of
melting. The opposite takes place at pH 4.85. In both cases, the breakdown of the secondary structure is nearly(tarhiéte
Vertical lines are shown every 1 to indicate the standard errGEq. (4)).

values of the protonation due to titratigyy,,) and iprotonated form upon melting is not complete.

thermal denaturatiofyf;, ) at a particular pH value  Fitting of the spectra for all cases of the melting

(at 85°C): and titration experiments yield rather good results
(Fig. 6a—0.

fr=fautri, (12 One must bear in mind that both th& pf the

cytidines, and the pH of the buffer solution depend

f+ can be either negativépH>pK) or positive upon temperature and thus tend to change during
(pH<pK). As a result, the values gf* at the end the melting. As a result, the overall behavior of
of melting curves are expected to approach those the system is quite complex and does not allow a
of dC monomer protonation. It can be se@fig.  Straightforward and exact approach. Thie gf the

5) that at pH 2.86 the dissociation of the hemipro- cytidine-3-phosphate in the solution with an ionic
tonated dGdC* base pairs is accompanied by the strength of 0.2ANa*) shifts from 4.50 at 10C to
binding of additional protondf; >0). On the 3.89 at 80°C [24] whereas the change of buffer
other hand, at pH 4.85, melting is accompanied pH is opposite in direction and it is difficult to

by the release of proton&;, <0). For pH<pK, draw conclusive inferences concerning the exact
the values of cytidine protonation at the end of the values of the parameters involved.
melting curve (Fig. 4) fit the curve of cytidine Upon titration, the rG oligomers yield differ-

protonation for K 3.9. However, in the range ence spectra with isosbest at shorter wavelengths
pH>pK, the protonation values for 88 do not (258 nm as compared with isosbest of gC at

follow the theoretical curve of protonation for a 272 nm, on the other side of the isosbest of
given X, indicating that the reversal of the hem- cytidine protonation(265 nm). The difference
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Fig. 6. Spectral components of titration and of the melting experiments gf ¢C c, d, rC,, (e) and dA £ T 1) (b) in the
following conditions:(a) titration at pH 5.5 against pH 7.0, 2€, c=0.477x10"* M, (b) titration of d(A,,C,T,,) at pH 5.0, 20

°C, ¢=0.366x10"* M, (c) melting at pH 4.85, 80C, ¢c=0.225x10"* M, (d) melting at pH 2.86, 80C, c=0.180x10"* M, (e)

titration of rC,, at pH 2.75, 20C, ¢=0.358<10"* M. The components are dC protonatigii, curves 2 and stackingunstacking

of hemiprotonated d@C* base pair§f=, curves 2, as found by the least square fitting according to &).(see Section 2 In

the case of rg, , the curve) depicts the part of the spectrum due to the decay of structure characteristic for pH 7 whereas curve
(3) is a spectrum characteristic of the structure formed in éitidrmal denaturation spectrum at pH 2.7 with opposite)sigolid

line depicts experimental data, circles show calculated values of absortsmeof all componenis
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Fig. 7. Melting of dG, at 260 nm in CSN buffer at the following pH valuég) 6.3, (2) 5.8, (3) 5.0 and(4) 3.7.

spectrum of rG, titration permits perfect approxi- satisfactory manner, similar to that of the melting
mation by component analysi§R=0.06%) if and titration experiments at pH7.0. The second
along with protonation spectrum the thermal dena- melting of the same specimen results in only a
turation spectra both at pH 2(with opposite sign,  small decline of absorbance at 260 nm and the
i.e. respective to formation of another type of weak difference spectrum of the second melting is
stacking upon titrationand pH 7.0 are used for quite different(not shown.
calculations(Fig. 6e, components 133

3.4. Protonation and stacking interactions in the
3.3. Melting temperatures of dC,, dC, hairpin loop

The melting curves of dig as a function of pH In general, acid titration of @G\ ,,C,T 1) results
are depicted in Fig. 7. The stability of the acid in a difference spectrum similar to d€ spectrum
form of dC,, increases drastically as pH decreasesin the same conditions. The isosbest is again found
and drops in the region pHpK. T, increases at 272 nm instead of 265 nm in the pH region
from 27.9°C at pH 6.3 to 60.6C at pH 3.7 with from pH 7.0 to 5.0. From this point on, the isosbest
the hyperchromicity at 260 nm of approximately gradually shifts towards that of the cytidine pro-
30%. Occasionally, the melting curves in acidic tonation at 265 nm. There is no absorbance
conditions have been found to consist of two steps increase in the spectral region 260—270 nm which
(Fig. 5 curve 1, see als27]). could be associated with the denaturation ofdiA

Melting of the fresh specimen at pH 7.0 yields base pairgFig. 3). Therefore, the difference spec-
a very sharp transition withr,,=35.2 °C and trum could be totally attributed to the changes
hyperchromicity at 260 nm of just 11.5%. It is not taking place in the d¢€ loop of the hairpin. When
possible to resolve the difference spectrum of this component spectra derived from experiments with
transition into two or more components in a dC,, are used to describe the changes taking place
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Fig. 8. Protonation and changes in the base stacking 4€2@ the course of acid titration of(é,,C,T 15, c=0.366x10"4, R=
0.47%.(1) f*, Protonation(2) f=, stacking of hemiprotonated cytidine bases. Vertical lines depict the standard error. See Fig. 6b
for the component spectra at pH 5.0.

in the loop, the fits of the difference spectra are lating the melting curves separately for ¢l and
rather good(Fig. 6b). This means that the differ- dG-dC base pairs of DNA21,28—-30 making use
ence spectra are fully understood in terms of the of the averaged molar extinction coefficients for
protonatiorydeprotonation and stackifignstack-  hyperchromic spectra of base pairs as deduced
ing taking place in the loop region. The stacking from the analysis of DNAs of different base
of cytidine residues(f~) reaches maximum at compositions. On the contrary, determination of
approximately pH Fig. 8) when more than 50%  the nucleotide composition of the DNA and RNA
of cytidines are protonated. The increase of stabil- specimens as well as nucleotide mixtures based
ity of _the oligpmer in the region of approxim_ately upon the least square analysis of UV spef8h—

pH S is marginal and doeg hot exceed KB(.F'Q' 33] has not found common application in a lab-
9)'_ When calculated against pH 5, the isosbest oratory practice. The method allows one also to
shifts further toward shorter wavelengths upon follow the dissociation and migration of ligands

titration and a subsequent calcula’qons atfp”f’ . during the thermal denaturation on the background
making use of component analysis requires defi- hvperchromic spectrum of dAT and dGdC base
nitely more than two components to be considered. yp 34 Trl1 P i ud has b onall d
A further decrease of pH results in a gradual drop pairs - 1he method has been occasionally use
of T,,, possibly due to the protonation of adenines. [© decompose the hyperchromic spectra of triple
helices into components describing the dissociation
4. Discussion of the third strand and duplexes in case of
dCXxdG-dC [35] and UxA-U [36]. Although the
4.1. Method L
produced empirical spectra are rather averaged and
The method of component analysis has been rough by nature, quite reasonable base pair disso-
successfully used as early as in 1960s for calcu- ciation curves have been reported.
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64.0 - -1

635 - .
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63.0 - N
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Fig. 9. Melting temperature of the hairpin duple&d.C.T 1, as a function of pH in CSN buffer.

A more detailed examination of the denaturation mer in the pH region of 7.0-4.0 allow us to
spectra reveals at least four—five significant com- conclude that acid titration and melting of this
ponent species even in case of simple deoxypolyn- oligomer could be satisfactory described in terms
ucleotides[37]. At the same time, this increase in of protonation and stacking interactions of hemi-
number of components includes small and often protonated cytidine residues, i.e. these spectra are
similar in shape contributions and results in the additive. The fit of the experimental spectra by the
marked increase of standard deviation of the sum of the components is rather gotiig. 6a—
curves. Therefore, we had not used more thand) and thus, the difference spectra of cytidine
three components in our practice. In principle, also oligomers can be described as a sum of confor-
the dependence of absorbance by mononucleotidesnational and protonation terms.
upon temperature due to the concomitant change The stability of dAdT base pairs in a broad
of hydration [24—-26§ must be considered. How- range of pH allows to expect that the same two
ever, the correction is not very large and can be spectral components related to the dC residues of
neglected. the hairpin loop of dA,,C,T,) could be distin-

On the other hand, the titration and melting guished without the interference from the denatur-
experiments have been occasionally performed atation of helical stem. Indeed, it turned out that the
several wavelengths without further treatment of part of the difference spectrum related to dC
the data[22,3§. It allows one to distinguish the (affected by both pH and temperatlris readily
main characteristics of different processes simul- visible on the dense background of absorbance of
taneously taking place in the same specimen. 12 dA-dT base pairgFig. 6b).

Inevitably, the respective results are merely
qualitative. 4.2. Structure of cytidine oligomers dC,, in acid

The protonation of cytidine, unlike to the pro-
tonation of adenosine, can be easily followed In case of single-stranded oligomers containing
because of its large difference spectr{@2]. The three or more sequential cytidines, a four-stranded
results of our analysis of the deoxycytidine deca- hemiprotonated structure forms as demonstrated
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first by Gehring on the bases of the NMR spectrum
of d(TCs) [39]. Determinations of structures by
X-ray analysis and NMR followed for dC[40],
d(C;T) [41] and several other oligomers. The
formation of quadruplexesgtetramers in case of
dC, oligomers at acid pH has been shown to be
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However, titration curves strongly suggest of
the presence of a single kind of structure. In
addition, the constancy of isosbest in every single
melting experiment allows us to state that all these
structures(if presen) have a great deal in com-
mon: (i) the hemiprotonation of cytidines; arfd)

a rather general phenomenon inherent to different the similar type of stacking geometry. Moreover,

cytidine oligomers [42,43. The structure was
shown to be stable between pH 6 and pH43])
with an optimum of thermal stability for dC at
pH 4.5 as determined by the amplitude of the CD
spectra at 288 nnj44]. The cytidine oligomers
(or oligomers containing the stretches of cytidines
form a parallel-stranded duplex with efiC* pairs

and two such duplexes associate head-to-tail by

base pair intercalation into a quadruplgsd]. In

all cases, four-stranded complexes were found heldwith that of respective RNA oligomer rg

together by intercalated dG@C* base pairs.
From our titration experiments it is concluded
that in a weak acid oligomer dg¢ readily attains

in experiments only annealed specimens were
used. It is, therefore, deduced that under the present
experimental conditions the d¢& oligomer pre-
dominantly attains a conformation known as
form.

4.3. Structure of cytidine oligomers rC,, in acid

is in contrast
under
the same conditions. Upon acid titration at 2D,

the protonation of r& in our experiments starts
at pH 6 and follows thereafter around the proton-

The cooperative behavior of d&

a secondary structure, which is characterized by ation values of the respective DNA oligomer at 85
both a large hypochromic change and protonation °C (Fig. 4). In both cases, the protonation in the

of 50% of cytidine residue6Fig. 4). This structure

pH region of 4.0-5.0 is somewhat higher than

is stable at least up to pH 3.5. Essentially, the two expected on the basis ofKpof cytidine alone,

components, i.e. the cytidine protonation and

stacking of hemiprotonated cytidine residues, com-

pletely account for the experimental difference
spectrum (Fig. 69. The relative increases and

which allows one to suppose that some interactions
give rise to the phenomenon. No cooperative
transition could be detected for £ in accordance
with earlier reports for different ribocytidine con-

decreases of the components’ magnitude upon bothtaining oligomerd46].

titration and melting are strictly parallel to each

The titration curve of rg, is clearly different

other. The concurrent change of the componentsfrom the one obtained in titration experiments with

is in good agreement with the idea of formation
and decay of a single type of structure.

As a rule, we found the melting curves of the
acidic structure of d¢ consisting of a single
cooperative transition, in difference from earlier
reports [45] where two or more steps were
observed in the melting curves of ggC at pH 5.

poly(rC) [47,48 which is thought to form a
double-stranded structure p6IZ)-poly(rC*) at
acidic pH valued49]. The cooperative transition

2poly(rC) — poly(rC)-poly(rC*)

depends slightly on the ionic strength and takes

Occasional appearance of multiple melting transi- place in the region of pH 5.0-6.%7,44. The

tions in the acid region(e.g. Fig. 5, curves 1 and

respective value of § of the (rC)-(rC*) double

3) could be explained by the presence of different helix varies from approximately 5.9 @ila*]=1.0

multiplexes[27]. This means that the formation of

M to approximately 5.4 at[Na*]=0.01 M

secondary structure in principle does not necessar-[48,50,51, whereas for the corresponding DNA

ily yield i-form (tetramerddC,],) only. However,
annealing greatly increases the presenciefofm.
Formation of other non-equilibrial structures
(duplexes, octamerscan be possibly taking place
during the rapid change of pH in titration

polymer K 7.2 was found[51], independent of
ionic strength. In contrast, melting temperature of
the double-strandedrC)-(rC*) polymer [52] as
well as dG, in our experiments essentially depend
on pH and the ionic strength of the solution.
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Considering the above we conclude that the
rCio oligomer, unlike the respective polymer in
earlier reportd47-51 does not form any kind of
a hemiprotonated multi-stranded structure.

The different behavior of d and kg can
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[66]. One concludes that in order to form a stable
loop, two residues are required as a minimum.
The dT tetraloop is highly structured. It has
been shown by NMR studies and molecular
mechanical calculations that the imino protons of

possibly be explained by the presence of some the first and last thymidine residues of the hairpin

kind of specific structure in rg at pH 7 and room

tetraloop are directed towards each other and stack

temperature. The structure of a single stranded over the last base pair of the stef7,9,13.

poly(rC) has been considered by Arnd3,54
and found to be a six-fold helix, in difference of
dC,, residual double helix under the same condi-
tions (similar to the structure in acid The hyper-
chromic spectrum of rg at pH 7 has two maxima
at Aey79=1590 andAeg,,4=1380; hyperchromic
spectrum of dG, is depicted in Fig.@urve J.

4.4. Structure of hairpin loops

Majority of research on DNA hairpins has been
focused on thymidine loops of various sizes. The
optimal size of dT loop is determined to be 3-5
bases[5,11-15,55-5P The same is true for dif-
ferent RNA loops[19]). The presence of the dT
tetraloop stabilizes the hairpin by an enthalpic
contribution of approximately 5—7 kcahol when
compared to the respective duplgixl,56,60,61

The DNA loop consisting of only two thymidine
residues could be formed. The evidence for this
statement comes from the following observations.
When dA residue is introduced into the last posi-
tion of the dT tetraloop, a dAIT pair is readily
formed, properly leaving the two central dT resi-
dues as a loofB,17. Also, the tetraloop @GGTTA)
forms a dGdA non-canonical base pair, stacking
partially with the last base pair of the stem and
leaving the two thymidine residues in the form of
a loop [62]. The first one of them stacks upon its
5-neighboring dG and the second points the sol-
vent. A hairpin loop of only two nucleotide<@T)
may bridge the minor groove of the DNA double
helix without any major readjustment of the last
dG-dC base paif63,64. A loop consisting of two

However, the results concerning the conformation
of the second and third dT residues of the loop
vary. According to the model proposed by Hare
[7] for the oligonucleotide dCGCGTTTTCGCG,

the B-strand of the stem is extended by a stack of
the first residue of the loop T5 over the residue
G4. Residues T7 and T8 extend thes8and of
the stem, the last residue located upon the C9. The
second residue of the lod@6) connects the ends
of these two stacks and thus makes the turn of the
chain.

According to the model presented by Haasnoot
and Hilbers[9,11,12,67, the stacking characteris-
tic for the DNA B-form continues from the’fnd
of the oligomer ATCCTATTTTTAGGAT) up to
the third base of the loogT9). A sharp turn of
the sugar-phosphate backbone follows in order to
connect the fourth dT residue of the lodp10),
which stacks over the T11 residue of the stem. As
a result, the stacking continues after tHeebd of
the stem by three bases so that all bases are more
or less turned inward of the helix. In case of type
Il loops, the second residue of the loop is turned
into the minor groove67,68. NOE experiments
suggest that this is true also with respect to the
fourth residue which is turned inward and forms a
non-canonical T«#T10 pair with the first base of
the loop.

The loop structure is obviously affected by the
base pair composition of the stem and a base pair
adjacent to the loog9,62,68,69. The conforma-
tion of the same loop(e.g. dT,) could be different
in case of different stems. The closing base pair
has often been found to deviate from the canonical

thymidine residues was observed in case of a Watson—Crick pair. Structures of various DNA

mixed quadruplex—triplex structure connecting the
Watson—Crick d&JC pair of the triad dAdG-dC
[65]. Molecular dynamics calculations demonstrate

hairpin loops are discussed in revieWs2,9,7Q.
In general, the DNA stacked loops are expected to
form as extensions of'fpart of the stem whereas

that a loop consisting of a single dT residue results RNA loops form as extensions of-Bart of the

in a buckling of the last d&IC pair of the stem

stem. Also, in case of the triple helix, the dT
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loops are well ordered with respect to the rest of stacking interactionéFig. 8). The degree of stack-
the structure and as such can contribute to theing attains the highest level at pH 5.0-4.5 and
overall stability of the triplex71]. fades gradually thereafter. Protonation of the loop
Imino protons of thymines located in the loop cytidines of more than 1 pH unit higher than the
region are sensitive to pH and temperature and pK value of the cytidine suggests the presence of
less sensitive to salt concentratif®0]. Since, in some secondary structure involving the H-bonds.
many cases, both the first and last bases of the The protonation curve is not sigmoidal which is
tetraloop point inward toward each other, it is apparently due to different environment of the
tempting to speculate that they might form a individual dC residues. The experiments were per-
‘wobble pair’; in any case their imino protons are formed in conditions favorable for hairpin forma-
shown to be close in space. The last dT residuestion: (i) low oligonucleotide concentrations were

of the dC,T) oligomers in a four-stranded- used(as a rule, Ago<0.1 OD); and(ii) complexes
structures form a d‘OT pair [41] stacked upon  were annealed before each experiment.
the last dGdC™* pair[39]. Since it is possible to form helical loops con-

It can be concluded that there is a general trend sisting of only two pyrimidine residues, the result
toward formation of H-bonded base pair between could be best explained assuming the formation of
the first and last residues of the tetraloop. The one hemiprotonated d@C* pair in the initial part
same is expected to take place in case of otherof the titration curve(25% cytidines protonated at
pyrimidine loops. pH 5.4 stacked with the last dAIT pair of the

helical stem. Upon further protonatidif* >0.5),
4.5. Structure of loops containing cytidine residues the subsequent cytidines become protonated. At
the same time the charge repulsion is expected to

Up to date there are no NMR or X-ray data prevent the occurrence of dGdC* base pairs
regarding the structure of the cytidine loops at the coupled with the unstacking, all in good accor-
end of the hairpin with antiparallel strands. The dance with the presented experimental data. How-
dC, loop structure of the parallel-stranded DNA ever, the overall stabilization of the hairpin seems
duplex hairpin[16], the loop consisting of a single to be small in contrast to the case of triple helix
cytidine [72] as well as loops consisting of two with paperclip structure that contains two dC
pyrimidines dCT) and dTC) [73] have been hairpin loops between the d4 and both {T
described. In case of a helix with parallel giA and strands[74]. They observed the stabilization of
dTg strands held together by the eight reverse the triplex of approximatehA7,,=7 °C at pH 6
Watson-Crick base pairs and by dC tetraloop upon titration, compared ta7,,=1.5 °C stabili-
results in a stable hairpifil6]. While the hairpin  zation at pH 5 in our caséFig. 9).
loops in DNA generally require two or more The model proposed above to account the pro-
residues, in the presence of the closingzdh) tonation and partial stacking of loop residues can
pair [72] the sheared geometry in both ends of the be compared with results related to mispairings in
stem brings the sugars of G5 and A7 of the DNA. While it is possible that the ddC mis-
oligomer dCAATGCAATG) close enough to be matched pair is compatible with the B-form geom-
bridged by a single cytidine. The cytidine base etry of the double helix at neutral pH, the
stacks on the guanosine of th€&A) pair with formation of dC"-dC* pair is excluded due to
the sugar stacked on the adenosine. In the doubleinability to form H-bonds. The d@C* base pair,
pyrimidine hairpins[73] the first base is loosely as it is introduced in an oligonucleotide duplex
bound in the minor groove whereas the second achieves its highest stability at pH 5[35], is
base of the loop is stacked upon the helix stem. possibly formed by two H-bonds instead of a

Our results demonstrate that upon acid titration potential single bond at pH 7. The increase in
of d(A..C,T s the cytidine residues become pro- stability between pH values of 7.0 and 5.3 is quite
tonated in a broad range of pH values between 6 noticeable(AT,,>10°C). Even larger stabilization
and 3, accompanied by the initial increase of values occurring between pH 8.4 and pH 5.2 are
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reported(AT,,=12 °C) for another oligonucleotide
duplex with the dGdC mismatch[76]. In neutral
conditions, the d&@IC mispairs adopt the wobble
structure. This and other pyy type of mismatches

in the DNA oligomers have a lower stacking
potential at neutral pH than the ypu mismatches.
As a result, the destabilization of the helix is more
pronounced77]. However, the NMR experiments
show that dGdC as well as d3dT and dFdC
mismatches, although the most unfavorable ones
when located in the interior of the dupldxX8],

are readily incorporated into the helix at neutral
pH in the presence of high sal7]. It has not
been possible to propose the detailed structure of
the mispair solely based on the NMR results. The
anti—anti conformation of the pair was suggested
on the basis of stereochemical considerations. The
dC-dC mismatch is the most unfavorable among
other pypy mismatches in neutral solution in the
presence of 1 M NaC[76,78,79. In the central
part of the oligomer duplex, the ddT mismatch
yields an enhanced rate of helix openil@§]. The
dC-dC mismatch in this case yields on average of
0.7 kca)/mol higher stability at pH 4.9 than that
at pH 7.0 whereas the ddT mismatch becomes
less stable by the same value.

In conclusion, the authors are of the opinion
that although the pairs d@C or dGdC* are
rather weak, they can be agreed with the B-form
geometry of DNA. We expect the formation of the
dC-dC* pair between the first and the last dC
residue in the d¢ tetraloop at the end of the
double helical stem with the Watson—Crick base
pairs.
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