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Elucidation of the Origin of NOEs And ROEs that Show
the Hydration in the Minor and Major Grooves of
DNA Duplex with ATTAAT Tract by a Combination
of NOESY and ROESY Experiments

T. V. Maltseva, P. Roselt and J. Chattopadhyaya*

Department of Bioorganic Chemistry, Box 581, Biomedical Center,
University of Uppsala, S-751 23 Uppsala, Sweden.

E-mail: jyoti@bioorgchem.uu.se. Fax: +4618554495

Abstract. A combination of NOESY and ROESY experiments (using ammonia as a
catalyst across the pH range of 5 to 8.6) has given us a clear understanding regarding
the origin of nOes that are attributed to the stereochemical location and the residence
time of water in the major and the minor grooves of d5'(1C2ZC3A4TSTSATASTIG10G),3'
duplex Our conclusions are the following: (i) In the major groove, the presence of
ammonia in the buffer does not influence on the process of exchange between bound
and bulk water. (ii) It has been found that the observation of the bound water in the
minor groove is a result of straight dipole-dipole effect at the physiological pH. (iii) The
residence time of water near H2 of adenine (H2A) in the minor groove has been
estimated to be in the range of 0.3 - 0.5ns, which is closer to the residence time of the
bound water found on the surface of protein. (iv) The hydration pattern in the minor
groove in the physiological pH, under our NMR measurement condition, is similar to
the ones found in the X-ray structure. (v) It has been shown that at pH > 8.0 the
nOe/rOe intensities of the water-H2A crosspeaks dramatically increase due to dipole-
dipole and/or relayed magnetization transfer from H2A to water through ammonia
catalyst.

The nuclear Overhauser effect based NMR experiments have proved to be
sensitive and efficient tool to identify sequentially assigned protein and DNA/RNA
protons that have nOe/rOe interactions with nearby water protons!-3.823, It has been
shown1.2 that the cross-relaxation rate in the ROESY experiment, R;q., is always
positive with all frequencies and correlation time (t). In contrast, in the NOESY
experiment, Rpoe, vanishes when ot = V572 (1 ~ 360ps at 500 MHz) and then

becomes negative, reaching the value of -R;pe/2 in the diffusion limits. The sign of
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nOes with water presents a qualitative criterion to determine whether the residence time
of the bound-water is shorter or longer than 0.1 - 1ns!h, It has been pointed out3 that
water can be considered to be bound if the effective correlation time is significantly
longer than ~ 0.5 ns. Thus for protein it has been found12-¢4 that there are water
molecules that reside close to nonexchangeable proton for a considerable time (> Ins)
before exchanging with another water molecule and rapidly diffusing away!a-c.

It is a considerable challenge to detect bound-water molecule playing the
structural role in DNA with residence time of about 1ns that would be comparable to
the behavior of the interior water in globular proteins. It has been proposed from the
crystal structures>-0 of DNA that the zig-zag spine of hydration in the minor groove is
responsible for the stabilization of the B-form of the DNA structure. The water
molecule found in the spine of hydration in the narrowed minor groove of AT tract in
the crystal structure has been assumed to be the same as NMR visible water molecules
that are relatively slow exchanging from the neighborhood of H2A1d:2.1, Zhou and
Bryant?” have recently measured the lifetime of the bound-water in
d(CGCGAATTCGCG), using the water spin-lattice relaxation rate as a function of the
magnetic field strength. These relaxation experiments have suggested’ that the numbers
of DNA bound-water molecules are fewer if the lifetime of the water molecules at DNA
sites is longer than the rotation correlation time of the duplex; alternatively, when the
number of water molecules bound to the DNA is nearly as many as those found in X-
ray structure, then the average lifetime of water molecule should be shorter than the
rotational correlation time of the duplex.

Recently, the water contacts with nonexchangeable protons of
dS'(1G2ZC3A4TSTOATABTIGI0C),3" have been investigated by NMR i, which show (a)
negative nOe and rOe for water-H2(3A) crosspeak, indicating a rapid bound-water
exchange on a sub-nanosecond timescale, and (b) positive nOes with water-H2(°A) and
-H2(7A), suggesting that the bound-water exchanges at the nanosecond time scale. The
nOe for water-H2(7A) was however significantly weaker then the corresponding rQe.
These data indicate that the residence time of water located near H2A at the core part
was higher than at the termini. Basing on this data, it has been assumed!! that a
kinetically restrained spine of hydration exists around the core TTAA segment.

In order to interpret the nature of nOe crosspeak between water and
nonexchangeable proton of a macromolecule, three different mechanismsih have been
considered: (A) A direct intermolecular nOe/rOe between non-exchangeable proton and
the proton of hydrated water. (B) A direct nOe/rOe between two protons of the same
molecule located within 5A, so that one of the protons is labile and in rapid exchange
with the bulk water (chemically relayed nOe). (C) Chemical exchange between a labile
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proton of the molecule and the bulk water, which has opposite sign in the ROESY
spectra compared to direct intermolecular rOe (i.e mechanism A).

The crosspeaks arising from a rOe/nOe transfer followed by chemical exchange
will have the same sign as the crosspeaks arising from a direct rOe/nOe transferd.
Earlier, "three-site model" has been used to explain the "chemically relayed nQe"10.11, It
has been proposed!! that at higher chemical exchange rate of imino protons in DNA
(kex = 10s-1) the strong peaks observed between non-exchangeable proton and water are
mainly due to chemically relayed nOe.

It is important that the non-exchangeable protons of DNA are indeed spatially
separated from its rapidly exchanging protons!d in order to discriminate between the
direct nOe/rQOe rtesulting from H2A and bound-water (T > 1ns) and the relay effect,
which originates from the direct intermolecular nOe/rOe between non-exchangeable
and exchangeable protons followed by magnetization transfer to the bulk water by rapid
chemical exchange.

There are mainly two ways, change of temperature and buffer composition, that
can be employedih-1d.7.1e to alter the kinetics of exchangeable protons with bulk water.
In this work, we have used both of these tools to evaluate the relative role of the straight
dipole-dipole process versus the relay process between H2A-water by performing the
NOESY and ROESY experiments when only kex has been carefully changed.

We here report that (1) at the physiological pH, the bound water in the minor
groove has a short residence time of ~0.3-0.5ns for ATTAAT tract, where the dipole-
dipole interaction between bound water and H2A protons is dominant. (2) With gradual
addition of an exchange catalyst, such as ammonia, or changing of pH, the role of
transfer magnetization through ammonia increases without involving the exchangeable
imino protons at high pH. (3) We also present evidence that this process becomes
dominant without altering the exchange process of the bound-water with the bulk water
in the major groove or without changing the correlation time of DNA at high pH. (4)
The hydration pattern remains unchanged at the physiological pH upto 0.1M salt
concentration.

Results
All nonexchangeable and exchangeable protons of d5'(IC2C3A4TST6A7ASTIG10G),3'
duplex were assigned using a combination of NOESY and DQF-COSY spectra in D,O
solution by conventional assignment procedure!? adopted for B-DNA type
conformation. The 'H chemical shift assignments of the duplex are presented in Table
1.
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TABLE 1: lH assignments* (ppm) in d(CCATTAATGG),.

Base [H8/H6|H5/Me/H2| H1' |H2' |H2" {H3' |H4' |HS5/H5"| NH | NHj
Ic 1.76 5.93 598 [2.11 {253 1468 [4.12 | 3.78/3.76 - 7.92/6.95
2c 7.63 574 547 1220 [248 489 14.16 | 4.12/4.06 - 8.55/6.93
3A 8.43 7.19 636 |2.83 {301 |5.08 {450 | 421/4.13 - 7.70/6.47
4t 723 1.47 593 {199 254 1485 (422 | 438/419] 13.67 -
5T 7.38 1.66 574 1213 (249 (492 {416 |4.21/412] 13.46 -
6A 8.28 6.69 597 1276 1294 15.07 {444 | 4.18/414 - 7.38/6.27
TA 8.15 7.59 6.12 1253 (287 |501 [446 |4.29/4.26 - 7.34/6.09
8T 7.01 1.34 565 }1.76 [2.18 [482 [4.10 | 4.28/4.10| 13.62 -

9 7.80 - 563 12.64 1270 1496 |[435 |4.09/4.03 ] 12.97 ¥
10 7.80 - 6.16 |2.52 1237 [4.66 [424 |4.24/421] 13.13 ¥

* Proton assignments are given for 21°C, except for exchangeable protons which are given for 15°C.
- No such proton exists;

¥ Shifts are not determined.

(I) Effect of pH on the hydration in the major groove in d(CCATTAATGG);
duplex

Intermolecular water to methyl (MeT) crosspeaks of 4T, 5T and 8T represent direct
nOes between the DNA and water protons because (i) these methyl protons are far away
(~ 5A in a B-DNA) from the rapidly exchanging imino protons of the DNA. (ii) Its
normalized intensities [Fig. 1A(iii)] linearly increase upto 100 ms in ROESY
experiment which is expected (eq. 4, experimentals) for straight dipole-dipole relaxation
mechanism. (iii) They show clearly a reduction (Table. 3) in the intensities with the
increasing of temperature in the same way as found for the normalized intensities of the
reference crosspeaks, which, as expected, are owing to the decrease of correlation time
with the increasing of temperature!d (eq. 4). (iv) In NOESY [Fig. 2A(ii)] and ROESY
spectra [Fig. 2A(iv)], the nOe crosspeaks for water and methyls of 4T, 5T and 8T have
opposite sign with respect to diagonal peaks, which indicate that Ryo. and Rp. are
positive (Note that in Figs. 2A(ii) and 2A(iv), the negative cross-relaxation rate Rype <
0 gives rise to the positive NOESY crosspeaks and vice versalh). This corresponds to
the water residence time of < 0.1 ns!&-¢h in the major groove. It should be however
pointed out that the intensities of these peaks in the NOESY experiment with two times
longer mixing time compared to ROESY experiment are not the same as expected from
the short residence time of the bound-water, but they are much weaker (Table 2). This
means that the lower limit for the residence time of the bound- water in the major
groove is closer to 0.1ns, which is in agreement with current representation of the
solvation of major groove of DNA!d&i9b [t is noteworthy that the intensities of the
crosspeaks of methyl protons with water over the pH range of 5 - 8.6 have not been
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FIG. 1: Comparison of the cross-sections through the NOESY [panels: B(i), B(ii)} and ROESY [panels:
A(1), A(ii), B(iii) and B(iv)] spectra of d(CCATTAATGG), taken along the F2 at the F1 frequency of
water signal showing nOe/rOe projection of crosspeaks between protons of the DNA and water at
different mixing times (marked at the rightside of the panel) at 15°C and pH 6.5 for aromatic [A(i)] and
methyl proton [A(ii)] regions. The panel (B) shows the same spectra, but at different temperatures, for
aromatic [panels: B(i) and (iii)}, methyl [panels: B(ii) and (iv)] proton regions. The assignments of the
water-DNA crosspeaks are shown at the top. Panel [A(iii)] is a plot of the nOe or rOe normalized
volumes of water-H2A [(m) 3A(H2), (@) 7A(H2), () SA(H2) solid line]} and water-MeT [(O) ST(CH3),
(#)“T(CHy), ©) 8T(CHj) dotted line] crosspeaks as a function of mixing time.
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FIG. 2: Comparison of the cross-sections through the NOESY [panels: (i) and (ii)] and ROESY [panels:
(iii) and (iv)] spectra taken along F2 at the F1 frequency of the water signal of d(CCATTAATGG)2
showing nOe/rOe projection of crosspeaks between protons of the DNA and water at 15°C (panel: A) at
different pH and (panel: B) at different NaCl concentration (marked at the rightside of the panel).The
NOESY and ROESY spectra were recorded at 120ms and 60ms mixing time, respectively. The low field
region [panels: (i) and (iii)] between 8.7-5.75 ppm and higher field region [panels: (ii) and (iv)] between
1.8-1.2 ppm show the water-DNA nOe/rOe crosspeaks with H6, H2 or methyl protons, respectively. The
assignments of the water-DNA crosspeaks are given at the top.
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changed both in the NOESY [Fig. 2A(ii)] and in the ROESY [Fig. 2A(iv)] spectra
(Table 2). This allows us to conclude that in the major groove the presence of ammonia
in the solution does not influence on the process of exchange between bound and bulk

water.

(II) Effect of pH on the hydration in the minor groove in d(CCATTAATGG);
duplex

(i) pH 5.0 - 8.0

Figs. 2A(i) and 2A(iii) show that the intensities of the crosspeaks between water and
H2A do not change between pH 5.0 - 8.0. At pH < 8.0, the normalized intensities of
these peaks in NOESY spectra are vanishing to the zero [Fig. 2A(1), Table 2], and they
come to a stable value in the ROESY experiments [Fig. 2A(iii), Table 2]. The nOe
crosspeaks of water-H2A which are present in ROESY spectra and absent in NOESY
are interpreted!h.2 as direct intermolecular nOe/rOe with short residence time of ~
0.36ns for the bound-water [the Roe vanishes when ®,Te = V5/2 (T ~ 360ps at 500
MHz)!¢:h.2], which indicates significant mobility of the bound-water near H2A protons
in the minor groove of the duplex d5'(1C2C3A4TST6ATA8TIG10G),3". To confirm the
conclusion that at pH < 8.0 the main contribution to the intensity of the water-H2A
crosspeaks is direct dipole-dipole contribution, we have studied the dependence of the
intensities of crosspeaks from mixing time and temperature. In Figs. 1A(i) and 1A(ii),
the cross-sections through the ROESY spectra at different mixing times are presented
for 8.7 - 6.0 ppm regions. Inspection of these figures shows that the absolute intensities
increase with the increase of the mixing time only upto 60 ms, and then at longer
mixing times they remain essentially unchanged, presumably because of complications
caused by longitudinal relaxation and spin diffusion. Fig. 1A(iii) shows, on the other
hand, that the normalization of the intensities of the crosspeaks to the corresponding
diagonal peaks eliminates the effects of longitudinal relaxation and non-uniform
excitation resulting from the spinlock used in the NOESY/ROESY type experiment. For
the water-H2A crosspeak, the normalized intensity linearly increases upto 100 ms in
ROESY experiment (in the same way as for water-MeT crosspeaks), which as expected
from eq. 4 (experimentals), if the crosspeak arises from straight dipole-dipole relaxation
between non-exchangeable protons of DNA and water molecule. This experiment
enables us to define mixing time of 40 or 60 ms for ROESY and 80 or 120 ms for
NOESY experiments, thereby giving crosspeaks that are free from spin diffusion. We
have also examined the modulation of both the intensities of the water-H2A and water-
imino protons crosspeaks depending from temperature!d7, Fig. 1B shows the cross-
sections through water line in the NOESY [Figs. IBA(i) and 1B(ii)] and ROESY [Fig.
1B(iii) and 1B(iv)] spectra at 10°, 15° and 25°C (pH 7.0, 0.1 M NaCl) in the regions of
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TABLE 2: The normalized intensities of the crosspeaks of the NOESY (1, = 120ms)

and ROESY (the values are in the brackets) (T, = 60ms) spectra of B-DNA
d(CCATTAATGG); at different pH.
crosspeak |pH8.6" [pH8.5* [pPH8.3 [pH8.0 |[pH7.3 [pH6.5 [pH5.9 [pH5.3 [pH5.0
5T{CH3)-W 0.003 0.004 0,003 0.004 0.004 0.004 0.005 0.003 0.004
(0.013) 1(0.015) [(0.013) [(0.012) |0.012) [(0.014) [(0.014) |(0.017) |(0.017)
AT(CH W [0.004 [0.005 |0.005 [0005 [0006 [0.005 [0.005 |0.005 |0.005

; (0.010) {(0.011) [(0.010) |(0.009) |(0.010) |(0.010) }{0.016) {(0.014) |(0.017)

8T(CH,-w |0005 [0.005 [0005 [0.007 |0.006 0005 |0.006 |0.006 |0.005
! (0.012) 1(0.010) |(0.010) [(0.009) [(0.009) |(0.011) {(0.012) [(0.013) [(0.017)

TA(H2)-W 0.061 0.052 0.030 0.017 0.010 ~0 ~0 -0 ~0
(0.058) [(0.055) [(0.039) [(0.024) |(0.015) ((0.018) |(0.014) [(0.018) [(0.016)

3 A(H2)-W 0.062 0.052 0.035 0.021 0.003 ~0 ~0 ~0 ~0
(0.057)  |(0.053) {(0.045) |(0.027) |(0.021) [(0.018) [(0.017) 1(0.021) |(0.017)

OA(H2)-W 0.062 0.052 0.040 0.029 0.007 ~0 ~0 -0 ~0

0.079) 1(0.067) |(0.052) 10.037) {(0.027) |©027) [c0.027) |(0.030) |(0.027)
2c(He-HIH |0026 [0.023 [0016 (0014 [0.017 [0013 [0.013 [0.012 0014
(0015 [0.010) |0.011) [(0.010) |0.011) [0011) [(0.011) |(0.008) [(0.010)
SAHS.HI) |0027 [0027 [0.019 [0016 |0.016 |0.014 |0.015 [0016 |0.015
0.015) |0.015 [0.012) |©0014 [00.012) 00120 |0.012) [(0.013) [(0.014)
dT(H6.H1) |0039 [0035 [0023 |0.021 |00I8 |0016 |0.017 [0.017 |0.021
0.021) |0.0200 |0.015) |0.015 [0.014) |0.013) [0.013) [(0.014) |0.017)
ST(H6-HI)  |0.038 [0.037 [0.024 |0.021 [0.018 |0.015 [00I8 [0.017 [0.018
(0.020) |(0.021) |(0.013) [(0.012) [c0.011) |0.010) [(0.010) [(0.014) |(0.012)
GAHS-HI) |0030 [0.026 [0.019 [0017 [0.015 [0014 0015 |0.015 0017
(0.015) |(0.014) [0.012) [0.012) [(0.010) [(0.010) [(0.008) [(0.009) |(0.012)
TAHS-HI) |0019 [0020 |0.013 |0012 |0.013 [001T [001T [0.012 [0.013
.011) [0.011) (0.009) [0.008) [(0.009) |0.010) |(0.010) [(0.011) |(0.009)
BT(H6-H1) |0033 [0.034 [0.021 [0020 [0018 [0.018 [0014 [0.013 [0.015
(0.018) 0.012) [(0.012) |(0.014) [(0.13)

ST(H6-H3) 0.055
(=)

P A(H2)-7A(H2) [0.026

()
A(H2)-7A(H1"|0.003 ;
(0.005) (0.006)
! A(H2)-5T(H1')|0.006 0004 |0.004
(0.008) (0.004) |(0.005)
! A(H2)-BT(H17[0.007 0006  |0.006

(0.011) J(0.011) [(0.011) {(0.008) |(0.007) [(0.011) |¢0.011) |(0.013) [(0.010)
In the Light-shadow area, the data of water-DNA proton crosspeaks are presented. In the dark-shadow
area the reference crosspeaks CH3-H6 are presented. *it should be pointed out that at higher pH 8.5 -
8.6 the concentration of salt has been raised till to the value ~ 0.5M, this leads to an increase of the
effects of autorelaxation and spin diffusion.
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aromatic and methyl protons. The normalized intensities of water-H2A crosspeaks are
presented together with the intensities of the reference crosspeaks, T(H6-CHjs), in Table
3. It can be clearly seen from Fig. 1B that the absolute intensities of crosspeaks for
water-H2A or water-MeT do not change noticeably upon the change of temperature. On
the other hand, the normalized intensities (Table 3) of these crosspeaks show clearly a
reduction with the increasing of temperature in the same way as found for the
normalized intensities of the reference crosspeaks, which, as expected, are owing to the
decrease of correlation time with the increasing of temperature!d.

The above observations lead to the following conclusions: (a} The lydration
pattern in. the minor groove in the physiological pH, under our NMR measurement
condition, is similar 10 the ones found in the X-ray structure?1,22 (b) The residence time
of this boumd-water is in the range of 0.3 - 0.5 ns, which is closer to the residence time
of the bound water found on the surface of proteinla.c,

(ii)pH : 8.0-8.6

From pH 8.0 to 8.6, the water-H2A crosspeaks intensities gradually increase [Fig.
2A(i) and 2A(iii)], while water-MeT crosspeaks remain virtually unchanged [Figs.
2A(ii) and 2A(iv)}, in both NOESY and ROESY experiments, which become clearly
evident from their comparison with that of the unchanged absolute intensity of the
reference H6-H3' dipole-dipole interaction crosspeak for the 5T residue [Fig. 2A(i)].
Table 2 shows the normalized intensities as a function of pH, and because of the fact
that the normalized intensty is free from longitudinal contribution (see eq. 2 in the
experimental part), therefore this Table 2 shows a semi-quantitative evaluation of the
pH effect on the hydration. At the mixing times of 60 and 120 ms in ROESY and
NOESY experiments, respectively, at pH 8.6, the intensities of the water-H2A
crosspeaks are very closely similar, but with the reverse sign [Figs. 2A(i) and Fig.
2A(iii)]. These can be compared to the experiments performed at pH < 8.0, which show
that the intensities of these peaks in NOESY spectra are vanishing to the zero [Fig.
2A(i)] whereas the crosspeak intensities in the ROESY experiments are reduced ca. 2
times and then come to a stable value [Fig. 2A(ii)].

In principle, the increase of intensities of the H2A-water nOe peaks could arise
via any of the following mechanisms; (1) Through the relay effect (eq. 4) between H2A
and bulk water through imino protons of T. (2) Through a direct dipole-dipole
interactionl¢ (or/and relayed magnetization transfer) between H2A and ammonia
catalyst which is in quick exchange with water and their resonances are coalesced with
water signal. (3) The direct dipole-dipole interaction between bound water and H2A
protons. Since, all of the above mechanisms would give rise to a negative nOe and
positive rOe, we have performed the following studies: (a) The influence of pH on the
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TABLE 3: The normalized intensities of the crosspeaks of the
NOESY and ROESY specta of B-DNA d(CCATTAATGG), at
different temperature at pH = 7.0.

The type of ROESY (T, = 40ms) NOESY (T, = 80ms)
crosspeaks

10°C 15°C 25°C 10°C 15°C 25°C
T AH2)-W 0.012 0.011 0.007 ~0 ~0 ~0
3AMH)-W 0.011 0.007 0.004 ~0 ~0 ~0
6AH2) W 0.013 0.012 0.008 ~0 ~0 ~0

ST(CHa)-W | 0009 | 0012 | 0.005 | 0.007 | 0.003 | 0.005
AT(CH,-W | 0011 | 0.008 | 0.004 | 0.008 | 0.005 | 0.004
8rccri,) w | 0009 | 0.006 | 0.003 | 0006 | 0.004 | 0.004
ST(CHyH6) | 0023|0022 | 0015 | 0.020 | 0.019 | 0014
4T(CH,-H6) | 0026 | 0.020 | 0014 | 6021 | 0.020 | 0.013
8T(CHy-H6) | 0.023 | 0016 | 0015 | 0.021 | 0.018 | 0.012

overall rate of exchange of imino protons (kex) to consider the possible correlation
between kex and the increase of intensity water-H2A crosspeak. (b) The influence of
NaCl and NH4ClI concentration on the intensity water-H2A crosspeak at neutral pH.
The result of these studies are as follows.

(A) Evaluation of the significance of three site pathway H2A-imino-water in relay
mechanism at pH. 8.0-8.6. From the eq. 4 and 6 presented in the experimental section,
it is clear that the relay effect can be enhanced through the increase of the rate of
exchange of the imino protons by the addition of a catalyst at a certain pH. In Fig. 3A,
the logarithmic plots of the observable exchange time (Tex) of the imino protons of the
AT and GC basepairs versus pH at 15°C are presented. Clearly, the T.x dependence on
pH can be divided into two distinct regions: first, between pH 5.0 to 7.0 where the
overall rate of exchange is pH independent, and, second, between 7.3 and 8.6 where the
Tex = l/kex is linear with increasing of pH, which are well described in the recent
studies!3b-d. In the plateau (pH 5.0 - 7.0), the value of ke slightly varies 0.45 + 0.10s-1
for all three types of AT basepair. There are some apparent similarities!! in the
behaviour of the overall rate of exchange of the imino protons with the intensities of
water-H2A rOe crosspeaks (compare Fig. 2A and Fig. 3A) in the pH range of 5.0 - 8.6.
Although their origins have been explained!! on the basis of the relayed magnetization
transfer mechanism through imino protons of DNA to water, but some discrepancy
clearly exists (vide infra).

If the relayed magnetization transfer mechanism through the imino proton is the
reason for the above observation, we should be able to estimate the relay effect at pH >
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FIG. 3: Panel: A shows exchange time in the logarithm scale [Tex (s)] versus pH at

15°C for 9G [panel: (i)], 8T [panel: (ii)], 4T [panel: (iii)] and 5T imino [panel: (iv)]
protons of d5(CIC2A3TATSASATT8G2G10)33 . Panel: B shows normalized intensities
of the 2HA-water crosspeaks, derived from equation given in Table 4, from the NOESY
(Aappe) (solid line) and ROESY (Aa;ge) (dashed line) experiments versus the
concentration of the base ([acc]M) for the 3A (R, O), A (Q, ) and 7A (@, A) residues.
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8 in the following manner: the normalized intensity becomes proportional to
= _Ry2.wTm+ (%)Rm_NH KexT2, +... (see eqn. 2 in the experimental section for the
explanatory notes). For data obtained from the NOESY spectra, it follows that the first

term is zero throughout the whole pH range, whereas the total crosspeak intensity at pH
> 8 is represented by the second term, (%.)Rm NH kexTrzn . The cross-relaxation rate,
RI}B‘?NH , is dependent upon the effective tumbling time of the whole molecule (which
is ~4ns), and it is relayed with cross-relaxation rate, RHroze_NH , obtained in the ROESY
experiment as R{°nu = RITF nu /2-
The subtraction of the water-H2A crosspeak intensities at pH 6.5 from pH >8.0 in
ROESY experiments gives the estimated value of the "pure" relay effect
( /2)RH2 NH kex't;zn 1 (eq. 9). This value should be approximately two times less than

the corresponding value obtained from the NOESY crosspeaks intensities at
100 = 2 ¢10¢ and, indeed, they are very close to this ratio (Table 2).

Our experimental data show that the increases of water-H2A crosspeak volumes
with pH are quite similar for all basepairs [Figs. 2A(i), 2A(iii) and Table. 2] in the
duplex, but this is not correlated to the relative overall rate of exchange of the imino
protons. Remarkably, the overall kex (Table 4) under our experimental condition is two
times different for TA-4T compared to 3A-8T and 6A-5T basepairs, which suggest that
the relay effect is not through the imino proton.

Moreover, in order to evaluate the significance of relay effect as one of the
possible mechanisms, we have also estimated the crossrelaxation rate Ri9s oy /07 RISy

arOe - ar(]?le 30 . . .
based on eqn. 9, RS N,_I=2{(—"Hii°-)2(—p<J , using the difference of the normalized
ex Tm(rOe)

intensities obtained from the ROESY/NOESY spectra at pH>8 and avarage value of
crosspeak volumes at pH<8 ( apH <. 0) It is expected that the crossrelaxation rates

RIS wy fOF RIS, between H2A and imino proton would not significantly vary through

the pH range of 5.0 - 8.6, just in the same way as the reference aromatic-H1' nOe
crosspeaks (Table 2) of this duplex. The estimated cross-relaxation rates, Ri%s/19¢, based
on observable experimental values for ke are presented in Table 4 (see Methods for the
notes on the abbreviations), showing that, despite the experimental error ( 25%), the
tendency of decreasing of rif,y /or Ri., with the increasing of pH is clearly
detectable in Table 4. This again shows that the relayed magnetization transfer does not
take place through the imino proton of DNA at pH>8.

These data unambiguously demonstrate that although there is an apparent
similarity in the tendency of intensity increase of water-H2A crosspeak with the overall

kex, the analysis performed above shows that the mechanism of the relay pathway
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TABLE 4: The observable rate of exchange, normalized intensities in the NOESY and
ROESY experiments and cross-relaxation rate.

NOESY (t = 120ms) ROESY (T = 60ms)

pH|  The rate of Aaf poe Rl (s D) Aar0e Rizau(sh)
exchange (s71)

roun Brown itam |G |Ga 174 Baltnléaspidatnldm [ Ca [Ta Baldnidasn|latn

8.0] 14 14 7 0.021 | 0.029 | 0.017 }0.208 |{ 0.287 | 0.337 {0.009 [0.010 [0.008 [0.357 | 0.396 | 0.634
8.3 31 36 16 ]0.035|0.040 {0.030 ]0.165 [ 0.154 | 0.260 10.027 0.025 0.023 |0.484 | 0.386 | 0.798
8.5] 85 95 41 0.052 | 0.052 {0.052 j0.084 | 0.076 | 0.176 [0.035 10.040 (0.039 [0.229 | 0.234 |0.528
8.6] 84 94 50 ]0.062 [0.062 {0.061 }0.103 {0.091 |0.169 [0.039 [0.052 [0.042 |0.257 | 0.310 {0.476
nOe ———=<n0
f- Aappe or AapQe were calculated as Aanoe=[i) - (3)
31 /pH>8.0 \ 2 /pH<8.0

; T-Rpy2-ng was calculated

from equation Aa g, = (112)REE NgKex T2,

through imino proton could not be considered as one of the main reasons for the

observed increase of these intensities.

(B) Dipole-dipole interaction or/and relayed magnetization transfer between
bound H2A and ammonia catalyst: Effect of concentration of NaCl and NH4Cl on
Hydration of d(CCATTAATGG), at neutral pH.

While NaCl or NH4Cl at low to moderate salt concentration (0 - 100 mM) at pH
7 shows no change in the intensities of the crosspeaks between water and H2A proton
or methyl protons in the NOESY and ROESY spectra (Fig. 2B), there is a clear linear
dependence of Aajoe and Aayoe (see the footnote of Table 4 for explanation) of each
AT basepair on the concentration of the ammonia base catalyst with almost identical
slope, ~ 0.57 + 0.10 (M'l) (Fig. 3B). This shows that the concentration of base
(ammonia in this case) perhaps plays a critical role in the building of water-H2A nQe at
an basic pH, not the salt. This also means that the relayed magnetization transfer does
not take place from H2A to water through imino proton, but through leakage of
magnetization (direct dipole-dipole or a relayed process) through ammonia as a base.

(C) Direct dipole-dipole interaction between bound water-H2A protons.

It should be however noted that the straight dipole-dipole interaction between
water and H2A can not completely ruled out by the data presented in this work. It can
be argued that if the above effect is present at higher pH > 8.0, then one should expect
an increase of the residence times of water from 0.36 ns to >1 nsib7 In fact, the

possibility of a dipole-dipole interaction between water and H2A becomes quite
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feasible, if we consider the ratio of nOe to rOe of the water-H2A crosspeaks at pH 8.6,
1&Oe=21§°, which is close to one. This is what should be expected in case of a
straight dipole-dipole interaction, but the longer residence time associated with this
straight dipole-dipole interaction is contradicted by the thermodynamic instability of
DNA at the alkaline pH.

Experimental section

(A) NMR sample preparation

The oligomer d5'(1C2C3A4TSTOATASTIGI0G)23" was synthesized by the
phosphoamidite method using DMTrAPz-, DMTrGibu-, DMTrCb2- and DMTT-3'"-B-
cyanoethylphosphoamidite units on a Gene Assembler Plus DNA synthesizer
(Pharmacia-Kabi). After completion of the synthesis, 5'-O-DMTr of oligomer was
removed by acid treatment on support, then the support was suspended in 32%
ammonia-water at ambient temperature for 7 days to cleave oligo-DNA from the
support as well as to remove protecting groups. The duplex has been purified on a
DEAE-Sephadex A-25 ion exchange column, and then it was passed through a Dowex
50W X8 column to give the sodium salt. The sample was dissolved in 0.4 ml of the
buffer [0.1 M NaCl, 10 mM NaD7POy, 10 uM EDTA in 10% D7O: 90% HO. Sample
concentration: 4.3 mM]. The pH of the solution was measured after addition of each
aliquot (1 - 5 uL) of stock solution containing ammonia in ammonium chloride (4.0 M,
pH 9.2) in the NMR tube before and after NMR experiment and the final concentration
of the base [acc] at each buffer concentration was calculated using the following
equation132; [acc]-! = (1 + 10PKace-pHy/[total buffer]. (eq. 10)

(B) NMR experiment

IH NMR spectra were recorded on a Bruker AMX- and DRX 500 NMR
spectrometer (IH at 500 MHz). Phase-sensitive NOESY experiments with water
suppression is achieved by the use of two short spinlock pulses, SLp4 and SLgs as
described by Otting et allb using the following parameters: mixing times (Ty) were
varied 0.01, 0.02, 0.03, 0.04 and 0.06s to measure the exchange rates and 0.120s to
observe the spatial contact of the non-exchangeable protons with water; 2K/ or 4K
complex data points in ty, 128 /or 512 complex data points in t;, the relaxation delay
between pulse sequence is 2.0s, a sweep width of 10204.082 Hz is used in both
dimensions, SLe4 and SLys are equal to 0.5 ms and 3 ms, respectively, the delay
between spinlock pulses T is equal to 167ps, the carrier was set at the water frequency,

32 scans/FID were used for quadrature detection in Fy - dimension with the time
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proportional phase incrementation (TPPI). 2D data sets for ROESY spectra with the
water suppression are achieved with one short spinlock pulse, SL3, as described by
Otting et al!b. During the mixing time sequence of n(n/6) pulses with length 3.4 ps
separated by delay, A, (34.5us) provides the similar effect as spin-lock SLg4 of the
NOESY experiment so that the spectra were recorded with spinlock duration of 0.01,
0.02, 0.03, and 0.04s or 0.06s using 6.25 kHz 1f field for all pulses and a recycle delay
of 2s. Typically 2K /or 4K data points were collected for each t; 128 Jor 512 values
during experiments using a sweep width of 10204.082 Hz. The correction of crosspeak
volumes due to off-resonance effect has been performed using the literature
procedure!4. A 3 ms saturation pulse is applied after data acquisition. The spectral
excitation profile in these experiment is proportional to sin(€2t) where € is the angular
frequency relative to the carrier and T = 167 us. The nonuniform spectral excitation in
F2-dimension have been corrected by it multiplying on 1/sin(Qt) function. NOE and
ROE crosspeak volumes were measured using the program AURELIAIS with
segmentation level 0.1 and 1000 iterations. The kex have been calculated from the line-
width of imino protons8d or from a combination of ROESY and NOESY experiments8¢.

(C) The approximation of the relay mechanism pathway in nQOe

The formalism describing the relay mechanism for three-site system where effects
of both cross-relaxation and chemical exchange are treated simultaneously was first
applied by Ernst et all%16 which was later used for theoretical evaluation of three-site
model!!l as well as for the experimental evaluation of relay artifacts in the ROESY
spectrum®. The matrix exponential of Bloch equations!0.16.17 can be presented in power

series at approximation Ty— 018:

1
aij(Tm) = (Sij —LjTm+ EELikijTrzn) aij(® (eqn. 1)

where ajj and a;jj(0) are the intensities of the crosspeaks correlating resonance i and
j1018 at mixing time Ty, and the diagonal peak intensities at T, = 0. Ljj is the element of
the longitudinal relaxation matrix (I.)16:17 which is the superposition of exchange matrix
(K) as well as cross-relaxation matrix (R), consisting of cross-relaxation (Rjj) and auto-
relaxation (Rj;) elements which were completely described in 16:17. We do not take in to
account of the contribution of translation relaxation matrix, because it has been shown!!
that for the crosspeak intensity of nonexchangeable proton with water translation-
diffusion is less important than chemically rélayed magnetization transfer. Effect of
longitudinal relaxation on intensities of crosspeak could be eliminated by dividing the
crosspeak intensities by the intensities of diagonal peaks by using eqn. 1 at the same
mixing time as was proposed by Macura!8-20, In a three-site model of the chemical

equilibrium, when a water molecule (A) and an exchangeable proton (B) are involved in



14: 38 26 January 2011

Downl oaded At:

1632 MALTSEVA, ROSELT, AND CHATTOPADHYAYA

an exchange process with a constant rate (kex ), but A and the nonexchangeable proton
(C) as well as B and C are involved in the cross-relaxation process with crossrelaxation
rates (Rca) and (Rpe), the expressions for the normalized intensity of the crosspeak

between A and C proton aj at short mixing times (i.e., when Ty 0) and kex >> 0

could be approximated as in eqn. 2:

aca z—RCA’Cm-*'(%)RCB1‘:@(‘l7{2n+‘.. (eqn. 2)
The cross-relaxation rates in the NOESY and ROESY experiments for macromolecules,
where ®,1. >> 1, are as follows!$:
RI%®=—qrcri® R =+2qter® . (eqn. 3)
where q= 0.1(u0/4n)2(h)2 y* (h is Plank constant devided by 21 and ¥ is

giromagnetic ratio of proton), rj; is the distance between protons i and j.

Using eqns. 2 and 3, the expressions for the normalized intensities of the crosspeaks in
the NOESY and ROESY spectra could be estimated as:

*rOe_ -6 -6 2
acy =-2qT rcATm=9TcrcpKexTm

*nOe.. —6 -6 2
acy = qTCrCATm+(y2)chrCBkeme

The quadratic terms in 1, signify a relay process due to indirect magnetization transfer

(eqn. 4)

pathway owing to the exchange and dipole-dipole cross-relaxation through the third
nucleus!0. Note that ag® or ade® # 0 if RPQe or RIQe~0

(D) The formalism for the exchange process 13

The theory of the exchange formalism is well described!3, and through out this
work, we have used the literature terminology!3a,

Exchange of the imino proton of a basepair is a two-step process requiring the
opening of the basepair controlled by the rate constant for opening of the basepair,
(kop), which is related to the basepair lifetime in the closed state: (1, =1/ko). The

process of chemical exchange then proceeds!3 from the basepair open-state with the rate
constant Kex acc.open = 1/ Tex acc.opens WHETE Texacc.open 18 the exchange time from the open

pair. The dissociation constant for formation of the open-state is defined by K, = Ko ,

cl
where ky 1is the rate constant for the closing of the basepair, and the life-time of the
open-state of the basepair is defined by Topen = 1/ka. When Kge << 1, the kinetics of

imino protons is first order, and the exchange time (e = 1/key ), With observable rate of
exchange (k.,), has been defined by Gueron!32d asineqn. 5 :
Tex = To + (Tex,acc,open/Kdiss) (eqn- 5)

It has been shown!3 that the transfer of the imino proton to acceptor (acc), which could
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be either a catalyst or an intrinsic acceptor such as nucleic acid, proceeds from the open-
state as in the case of the monomer. The exchange time for monomer is given by!32.d:
Tex.ace = (1+10PK-PKE) [ face]  (eqn. 6)
where [acc] is the concentration of the acceptor and Keou is the rate constant of
diffusion-controlled collision.
Kex,acc,open = O Kex ace (eqn. 8)
Where Key ace = 1/Tex.acc - Factor o has been found to be not far from unity13a,
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