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Abstract: A solution-state NMR study on **NH,* ion movement within d(GsT4G4)2, a dimeric G-quadruplex
consisting of three G-quartets and two T, loops, rather unexpectedly demonstrated the absence of °NH,"
ion movement between the binding sites U and L along the central axis of the G-quadruplex. Distinct
temperature dependences of autocorrelation signals for U and L binding sites have been observed in **N—
1H NzExXHSQC spectra which correlate with the local stiffness of the G-quadruplex. The volumes of the
cross-peaks, which are the result of *>NH,* ion movement, have been interpreted in terms of rate constants,
T: relaxation, and proton exchange. ®*NH,* ion movements from the binding sites U and L into the bulk
solution are characterized by lifetimes of 139 ms and 1.7 s at 298 K, respectively. The 12 times faster
movement from the binding site U demonstrates that ®NH," ion movement is controlled by the structure
of T4 loop residues, which through diagonal- vs edge-type orientations impose distinct steric restraints for
cations to leave or enter the G-quadruplex. Arrhenius-type analysis has afforded an activation energy of
66 kJ mol~* for the UB process, while it could not be determined for the LB process due to slow rates at
temperatures below 298 K. We further the use of the '>NH,* ion as an NMR probe to gain insight into the
occupancy of binding sites by cations and kinetics of ion movement which are intrinsically correlated with
the structural details, dynamic fluctuations, and local flexibility of the DNA structure.

Introduction However, cation coordination is not limited to a particular
G-rich nucleic acid sequences, which are abundant throughoutJemetry within the G-quadruplex. A potential cation coordina-

the genomes of many organisms, can form G-quadruplex tion site with four carbonyl oxygen atoms is in the plane of a
structures:” Their involvement in various important biological G-quartet. Alteratively, cations can coordinate with eight

functions has made G-quadruplexes important drug tafgdets. carbqnyl Ooxygen at(_)ms I\gg;’xeen two  stacked Gl%quzz\rtets.
The main building blocks of G-quadruplex structures are stacks ConsiderableeffortsusingN and X-ray crystallograpfy-

of square-planar arrays of G-quartets. A G-quartet consists of (11) Hud, N. V.; Plavec, J. The Role of Cations in Determining Quadruplex
i i i Structure and Stability in Quadruplex Nucleic AcidsQunadruplex Nucleic

fOL." guanines that are linked IOQ?ther by elght hydrogen bond.s Acids Neidle, S., Balasubramanian, S., Eds.; The Royal Society of

(Figure 1a). The presence of cations seems to be a prerequisite  Chemistry: Cambridge, U.K., 2006; pp 16030.

for G-quartet formation due to their role in reducing repulsions (12) Zs;hgglz;goz'g”d N.V.; Smith, F. W.; FeigonNlicleic Acids Red999

among guanine carbonyl oxygen atoms and additionally enhanc-(13) Rovnyak, D.; Baldus, M.; Wu, G.; Hud, N. V.; Feigon, J.; Griffin, R. G.

11 J. Am. Chem. SocZOOQ 122 11423-11429.
Ing base- StaCkmg interactiof:* In general cations can be (14) Basu, S.; Szewczak, A.; Cocco, M.; Strobel, SJAAmM. Chem. So2000
localized along the central cavity of the G-quadruplex formed 122, 3240-3241.

(15) Wu, G.; Wong, AChem. Commur001, 2658-2659.
Crnugelj M.; Hud, N. V.; Plavec, J. Mol. Biol. 2002 320, 911-924.
17) Wu, G.; Wong, A.; Gan, Z. H.; Davis, J. J. Am. Chem. So2003 125,
7182-7183.

by the G-quartets, which are stacked in a regular geometry

(1) For a recent review see: Neidle, S.; BalasubramaniarQu&druplex

(1
(
Nucleic Acids The Royal Society of Chemistry: Cambridge, U.K., 2006;  (18) Wong, A.; Wu, GJ. Am. Chem. So2003 125 13895-13905.
p 301. (19) Wong, A.; Ida, R.; Wu, GBiochem. Biophys. Res. Comm@@05 337,
(2) Keniry, M. A. Biopolymers2001, 56, 123-146.
(3) Davis, J. TAngew. Chem., Int. EQ004 43, 668-698. (20) Ida, R.; Wu, GChem. Commur2005 4294-4296.
(21) Wu, G.; Wong, A.Biochem. Biophys. Res. Comm@004 323 1139-

)

)

)

) 363-366.
(4) Huppert J. L, Balasubramaman I$ucleic Acids Re2005 33, 2908- 3
Todd )
)

1144.
5) Todd A. K.; Johnston, M.; Neidle, Slucleic Acids Re2005 33, 2901~ (22) Gill, M. L.; Strobel, S. A.; Loria, J. Rl. Am. Chem. So@005 127, 16723~
2907. 16732,
(6) Burge, S.; Parkinson, G. N.; Hazel, P.; Todd, A. K.; NeidleN8cleic (23) Cevec, M.; Plavec, Biochemistry2005 44, 15238-15246.
Acids ResZOOG 34, 5402—5415 (24) Ma, L.; Lezzi, M.; Kaucher, M. S.; Lam, Y. F.; Davis, J. X.Am. Chem.
(7) Phan, A. T.; Kuryavyi, V.; Patel, D. Zurr. Opin. Struct. Biol2006 16, So0c.2006 128 15269-15277.
288—-298. (25) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, M. H.; Moody,
(8) Sun, D. Y.; Thompson, B.; Cathers, B. E.; Salazar, M.; Kerwin, S. M.; P. C. E,; Lilley, D. M. J.; Luisi, B.Sciencel994 265 520-524.
Trent, J. O.; Jenkins, T. C.; Neidle, S.; Hurley, L. HMed. Chem1997, (26) Phillips, K.; Dauter, Z.; Murchie, A. I. H.; Lilley, D. M. J.; Luisi, BJ.
40, 2113-2116. Mol. Biol. 1997 273 171-182.
(9) Neidle, S.; Read, M. ABiopolymers2001, 56, 195-208. (27) Horvath, M. P.; Schultz, S. Q. Mol. Biol. 2001, 310, 367—377.
(10) Hardin, C. C.; Perry, A. G.; White, KBiopolymers2001, 56, 147—194. (28) Haider, S.; Parkinson, G. N.; Neidle,BMol. Biol.2002 320, 189-200.
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@) . scale and therefore no resolved signal can be obsétvétin

\ general, G-quadruplexes are stabilized by monovalent cations
in the following order: K > 15NH,© > Na" > Rb* > Cs" >
LiT.123536]t has been shown that the preferential binding of
K* versus Na to the d(GT4G3), G-quadruplex is not dominated
by a better fit of K ions into the cavity between the two
G-quartet planes, but rather by the smaller free energy of
dehydration for K in comparison to Naions3? Cations within
G-quadruplex structures are not bound static&tf#which has
stimulated explorations of G-quadruplexes as synthetic trans-
membrane ion channel§® Data on cation mobility are however
scarce, which warrants further studies into the understanding
and control of cation mobility within the G-quadruplex and DNA
in general.

We have recently described NMR assignment and 3D
structure determination of the d{G,), G-quadruplex as well
as explored its two cation binding sités41 d(GsT4Gg), adopts
a dimeric G-quadruplex structure with three G-quartets, two
loops that span across the diagonal and edge of the outer
G-quartets, and the unusual chain reversal that is not mediated
by a nucleotide residue (Figure 1b). The structure is composed
of three parallel strands and one antiparallel strand. Interestingly,
this type of (3+ 1) topology has been described recently for
sequences containing four units of human telomer repeat in the
presence of K ions#2-44 d(G3T4Gy), exhibits two cation binding
sites, U and L, that differ in their preference forr KISNH, ",
and Na ions, albeit the same structure is retained with a change
of the cation’® In the present work we extend our exploration
of cation interactions within the central cavities of G-quadru-
plexes by analyzing®NH4* ion movement within d(GT4Gg)2

Figure 1. (@) G-quartet. (b) Folding topology with the location of — and with the bulk solution. Somewhat surprisingly, we have
ammonium ions within the dimeric fold-back structure adopted by . 15 1o
d(GsT4Ga)2. G1-G11 and G12G22 indicate residues in the two strands.  noticed that™®NH4" ions do not exchange between the two

The guanine bases are shown as rectangles, where filled gray rectangle€ation binding sites within d(&4Ga),. >NH4* ion movement
represensynnucleobases. Thymine bases are omitted for clarity. Labels U ithin d(GsT4Ga)- is strikingly different from that of the closely

and L indicate ammonium ions at the two different binding sites. Bird's- lated | le d(@.4G d imil diti Apart
eye view of the 3D structure (PDB id 1U64) with the diagonal loop '€!at€d molecuie (674G4)2 under similar conditions. Apar

consisting of G3-T7 residues (bottom right) and the edge-type loop from the absence dfNH,4* ion movement within d(GT4Ga)2,
consisting of T15-T18 residues (top right). their movement to the bulk is slower from one of the two
binding sites. Our findings give insight into how structural
have been made to localize monovalent cations such™as K getajls of the G-quadruplex play a role in controlling cation
Rb", and TI" between pairs of adjacent G-quartets. On the other yansport and its kinetics along the central axis, which is of
hand, Na ions have demonstrated their ability to coordinate rejeyance for biological function and in assembly of nanodevices
both between and within G-quartet planes presumably due tog,cp as synthetic ion channels.
their smaller ionic radii. Recently, Hud and Feigon et al. have
utilized 1°N-labeled ammonium ions as a nonmetallic probe and

(32) Sket, P.; Crnugelj, M.; Kozminski, W.; PlavecQkg. Biomol. Chem2004

showed that threéNH,* ions are localized between each 2, 1970-1973. _ '

stacked pair of four G-quartet planes within d{GGs)z, a (33) Eégg“%fﬂﬁggﬂsﬁr‘z’?' D.; Grzesiek, S.; Feigod, Am. Chem. Soc.
dimeric G-quadruplex comprising four G-quartets withdops (34) ggggevsek, P.; Hud, N. V.; PlavecNLcleic Acids Re2007, 35, 2554~
Spanning across dlagonals of the outer G—qua??é*ﬁs%n X-ray (35) Guséhlbauer, W.; Chantot, J. F.; Thiele,DBiomol. Struct. Dyn199Q

crystallographic study on the same G-quadruplex has shown(%) %491—3113 lin, W. HJ. Mol. Biol, 1096 255 476483
. . . eng, H.; orauniin, . . Mol. Blol. .
five bound K" ions, with two of them between the outer (37) Hud, N. V.; Smith, F. W.; Anet, F. A. L.; Feigon, Biochemistry1996

G-quartet and loop residu&sNo 1°NH,4™ ion binding sites could (38) f(%ulcﬁiﬁﬂl%?%ane” W. A Davis, J. 7. Am. Chem. So@006 128
be detected by NMR that involved thymine loops, indicating 3g-39. T A '

either that>NH4* ions do not coordinate in the loops in solution (39 %’7“1199'11 M.; Sket, P.; Plavec, J. Am. Chem. So2003 125 7866~
or that the relative affinity in the loops is lower than between (40) sket, P.; Crnugelj, M.; Plavec, Bioorg. Med. Chem2004 12, 5735~

- i i i 5744,
the G-quartets and/or their exchange is fast on the NMR time (41) Sket, P.: Craugelj, M.. Plavec, Blucleic Acids Res2005 33, 3691
3697

(29) Caceres, C.; Wright, G.; Gouyette, C.; Parkinson, G.; SubiranaNLdeic (42) Luu, 'K. N.; Phan, A. T.; Kuryawyi, V.; Lacroix, L.; Patel, D. J. Am.
Acids Res2004 32, 1097-1102. Chem. Soc2006 128 9963-9970.

(30) Hud, N. V.; Schultze, P.; Feigon,J.Am. Chem. S0d.998 120, 6403— (43) Xu, Y.; Noguchi, Y.; Sugiyama, HBioorg. Med. Chem2006 14, 5584—
6404. 5591.

(31) Hud, N. V.; Schultze, P.; Sklenar, V.; FeigonJJMol. Biol. 1999 285 (44) Ambrus, A.; Chen, D.; Dai, J. X.; Bialis, T.; Jones, R. A.; Yang, D. Z.
233-243. Nucleic Acids Re2006 34, 2723-2735.
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(@) L u B sponding to U and L binding sites reached a plateau at 8 mM
concentration (i.e., 5.3 equiv with respect to the G-quadruplex).
Nevertheless, even at the 50 miiiH,* ion concentration used

in the current study, the autocorrelation peak volumes corre-
sponding to U and L binding sites were not equal as would be
expected for the two binding sites with equal occupancy. The
% volume ratio of the autocorrelation peaks corresponding to U

and L binding sites\{(u/V, ratio) was 0.8 at 298 K. The smaller
apparent occupancy of binding site U at 298 K has been
7.45 7.356 7.25 7.15 attributed to the faster movement®®NH.* ions from this site
"H(ppm) (vide infra). The variation of th&//V, ratio as a function of
() . U B temperature can be described by a linear relationship (Figure
37.6 1 S1 in the Supporting Information). Thé,/V, ratio increases
from 0.8 at 298 K to 1.3 at 278 K. The movement!&fiH,"
--------- 0 OL ions from binding site U becomes slower at lower temperature,
while it is much slower from binding site L already at 298 K.
The data point at 273 K is not on the straight line, which
suggests that théy/V, ratio has reached a plateau (Figure S1).
It should be noted, however, that volume integrals of autocor-
40.07 Q+u relation peaks in HSQC spectra depend in a more complicated
745 735 | 725 7415 T way on the amount 0®NH," ions localized at a given binding
"H(ppm) site and the rate of®NH," ion movement as well as on other
Figure 2. 2D 1SN—!H NzExHSQC spectra of dF4Gs), at 298 K and factors including relaxation and proton exchange, which are
pH 4.5 in 10%7H,0 at mixing times of 13 ms (a) and 1.6 s (b). The positions  binding site dependent.
of the signals and respective cross-peaks are labeled. The large autocorre- Unique Regime of!5NH4* lon Movement. A series of 2D

lation peak of the bulkNH,* ions @1 = 7.11 ppm,d1sn = 30 ppm) is 15011 . . . . .
outside the shown region. The oligonucleotide concentration was 3.0 mM N—H NzExHSQC experiments with mixing times in the range

in strand, while the concentration 8INH,CI was 50 mM. from 13 ms to 10 s have been recorded at 298 K. The
observation of the autocorrelation and cross-peaks at mixing
Methods times as long as 10 s has suggested slbwrelaxation.

Nevertheless, no cross-peaks corresponding®H,* ion

was prepared as described previoi8lyhe concentration was 3 mM mqvement between blndlr}g sites U .and L have been obsgryed,
in strand (1.5 mM in G-quadruplex) with a pH of 4.5 which was which is a novel observat|o_n on cation (non)movement within
adjusted with LIOH or HCISNH,CI was titrated into the sample to & G-quadruplex structure (Figure 2). In contrast, two cross-peaks,
50 mM concentration. All NMR spectra were collected on a Varian UB and LB, clearly demonstrate th&#NH,* ions move from
Unity Inova 600 MHz NMR spectrometer in the 27398 K temper- binding sites U and L into the bulk solution (Figure 2b). The
ature range. The mixing times of ZEN—!H NzExHSQC spectrawere  signal intensities of autocorrelation peaks U, L, and B decrease,
set between 13 ms and 10 s. If not stated otherwise, volume integralswhile the intensities of UB and LB cross-peaks increase with
were expressed relative to the autocorrelation peak U at a mixing time jncreasing mixing time of the NzExHSQC experiment (Figure
of 13 ms, which_ vx_/as assigned an _arbitre_try volume of 100 units. Ite_ra_tive 2). Distinct intensities of UB and LB cross-peaks as a function
least-squares fitting was done with Origin 7.5 software (www.origin- of the mixing time ¢m) have shown that movement from binding
lab.com). site U into the bulk is by far more effective than the movement
Results from binding site L. While autocorrelation peak U disappears
at a mixing time of~700 ms, the peak for L can be observed
till a mixing time of 3 s.

Experimental Details. An NMR sample of oligonucleotide d¢B4Gs)

The d(GsT4Gas)2 G-Quadruplex Exhibits Two Cation
Binding Sites d(GsT4Gs) has been folded i_ntoaG-quadrupIex Decrease of Autocorrelation peaks U, L, and B The
upon an increase of tHeNH,CI concentration to 50 mM. The yiangity of autocorrelation peaks U and L is expected to
IH NMR spectrum has offered good spectral resolution in which decrease as a function of the mixing time;) due to5NH,"
signals corresponded to a single species in solution and enableg, ., \ovement from the original position at the binding site
determination of the 3D structufé*°Further NMR experiments | iio d(GsT4Ga)» to the bulk solution as well as due to
helped us to establish two cation binding sites, U and L, within . |5xation T1) which can be described by eq 1 wheve
the dimeric d(GT4Gg)2 G-quadruplex structur.Both 15NH4+
ion binding sites are located between two adjacent G-quartets V(z,) = Ale & = Ale Tt (Ml m) (1)
(Figure 1b), which are experimentally verified by the two
autocorrelation peaks itPN—H NzExHSQC spectra (Figure  represents the volume integral of an autocorrelation p&as,
2a). In addition to the autocorrelation peaks, we expected to the scaling factorB is the rate constant, ang, is the mixing

observe cross-peaks corresponding to the moveméfiibf, ™ time used in the 2D NzExHSQC experiment. As suggested by
ions between different binding sites. the right-hand side of eq 1, the rate constan be dissected
Apparent 1NH4 lon Occupancy of L and U Binding Sites into the sum of the rate constant fSNH,™ ion movementKy)

within d(G 3T4G4)2. In the course of titration of an aqueous and the reciprocal value of the spitattice relaxation time for
solution of d(GT4G,) with 15NH,* ions, the volume integrals  the autocorrelation peakT{y). Our initial fits demonstrated,
for cross-peaks in standard Z8N—'H HSQC spectra corre-  however, that the experimental decrease of autocorrelation peaks

8796 J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007
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Figure 3. Relative volumes of autocorrelation peak U (triangles) and cross- Figure 4. Relative volumes of autocorrelation peak L (triangles) and cross-
peaks UB (circles) and BU (stars) as a function of the mixing timg 4t peak LB (circles) as a function of the mixing timenj at 298 K. Dotted

298 K. Dotted curves represent the best fits of the experimental data points curves represent the best fits of the experimental data to egs 2 and 3,
to egs 2 and 3. The parameters that best fit the volume integrals of U are respectively. The parameters that best fit the experimental data for L are

AL=23+12,B;=19+ 1151 A, =88+ 14,andB,=5.14+05s? Al '='55:|: 3, 31_2 7+1st Ab=76+3, andB; = 0_-8:|: 0.1 st with
with individual deviations below 3 and an rmsd of 1.3 arbitrary volume individual deviations below 3 and an rmsd of 1.6 arbitrary volume ufits (
units R = 0.999). The least-squares fit &fys from 30 ms © 5 s is = 0.999). The agreement between the experimental and calculated data

characterized by individual deviations below 5 and an rmsd of 2.1 arbitrary points ofVig using eq 3 is characterized with individual deviations below
volume units R = 0.984). The agreement between the experimental and 11 and an rmsd of 5.1 arbitrary volume unii £ 0.825).
calculated data points &gy is characterized by individual deviations below

4 and an rmsd of 2.0 arbitrary volume uni® £ 0.927). 4500,
4000 -4
L, U, and B as a function of the mixing time could not be 3500_{
adequately accounted for by eq 1 using a single-exponential @
function. At shorter mixing times the decrease of the autocor- 3000 0y,
relation peak is steep, whereas at longgvalues the signal 2500 Ao A .

decrease is slower and does not converge to zero as expected <= 500 ]

from a single-exponential function. The volumes of the auto- 1500 ]

correlation peaks can be better described by a biexponential ]
function#s eq 2 1000+
500
Byt Byt J
Va(Tm) = Al[e l ] + AQ[e o ] (2) 0 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
whereA; and A; are scaling factors and exponem®sand B, Tn(S)
are rate constants. The best fit to the experimental data for Figure 5. Volume of autocorrelation peak B as a function of the mixing
autocorrelation peak U is shown in Figure 3 time (rm) at 298 K. Triangles represent the experimental data points at 298

. LS . K, while the dotted curve represents the best fit to eq 2 with the followin
As movement of*NH," ions from binding site L to the bulk  parametersA, = 3455+ 30§ Bi—80+6S. A= 2%7& 12, andB, 9

solution was slow, we expected that the intensity of autocor- = 0.032 + 0.002 s The agreement between the experimental and
relation peak L would decrease mainly due to longitudinal calculated data points was good with individual deviations below 95 and
relaxation. However, the experimental data showed a biexpo- 2" rmsd of 38 arbitrary volume unit® (= 0.997).
nential decrease that was described better by eq 2 (Figure 4)
Due to a great excess of bulRNH4* ions in comparison to
the amount of ions bound within d§B4G.)», the decrease in
intensity of autocorrelation peak B with the mixing time was
expected to occur mainly due to relaxation and proton exchange "€ @mmonium ion possesses four protons which are directly
with water?6 The least-squares analysis of the volume integrals attached to thé®N nucleus, and therefore, intramolecular dipolar
(Vg) as a function of the mixing time using a single exponent interactions are expected to be the dominant mode of relax-
(eq 1) could not provide a satisfactory fit. A steep decrease of ation*’ However, many other mechanisms can contribute to
autocorrelation peak B was observed at mixing t|n’@$ @p EfﬁCiency of I'e'axation:.LSNH4+ ions are localized between two
to 80 ms, which was followed by a moderate decrease at |0ngerStaCked G-quartets, and libration of guanine imino protons within
mixing times (Figure 5). At a mixing time of 10 s the volume G-quartets or dynamic motions, which operate on time scales
integral of autocorrelation peak B was ca. 50% of the value at different from that of inter- or intramolecular dipetelipole
13 ms. The shape of the function that fits the experimental data relaxation, represent alternative relaxation pathways. Overall
suggests a biexponential decrease described by eq 2 (Figuréelaxation is a sum of various relaxation processes which are
5). Assuming that rate constaB}h corresponds to relaxation  in addition influenced by cross-correlation effects. Interestingly,
gives aT;g relaxation time of 31 s (i.e., B). It is noteworthy the presence of different amounts of deuterated water in the
sample (6-50%) does not affect the overall shape of the volume

that the same results for a decrease of autocorrelation peak B
are observed in the absence of the G-quadruplex, i.e., when only
I5NH4* ions are present in solution.

(45) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.Magn.
Reson.1992 97, 359-375.

(46) Kettani, A.; Gueron, M.; Leroy, J. LJ. Am. Chem. S0d997, 119, 1108- (47) Wei, A.; Raymond, M. K.; Roberts, J. D. Am. Chem. Sod 997, 119,
1115. 2915-2920.
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decrease of°NH," ions in bulk solution as a function of the increase of the cross-peak’s volume duédH," ion move-
mixing time nor autocorrelation peak volumes at long mixing ment defined bykys. At longer t, values the curvature is

times. governed byT; relaxation (Figure 3). The corresponding rate
U and L Autocorrelation Peaks Show a Distinct Temper- constantkyg is 7.2+ 0.5 s and factorf is 0.464 0.01. The
ature Dependence A series of 2D 1°N—I1H NzExHSQC movement offSNH4" ions from binding site U into the bulk is

experiments with mixing times from 13 ms to 1.6 s in the therefore characterized by a residence timekyg)/ of ap-

temperature range from 273 to 298 K have been recorded in 5proximately 139 ms at 298 K. The iterative fitting procedure

K steps. The autocorrelation peak for binding site U shows showed that the best fit of the experimental data to eq 3 is not

considerable changes of its volume integral with temperature very sensitive to th@;yg relaxation time. The slope of the curve

(Figure S2a in the Supporting Information). At all temperatures is gentle after the maximum point has been reached, which is

the steep slopes at shorter mixing times up~@00—300 ms consistent with slow; relaxation. The optimized value fakus

are followed by a more moderate decrease at longer mixing was 39+ 18 s.

times. At 298 K the volume of autocorrelation peak U drops  As the system is under equilibrium conditioA@\H4" ions

by 80% till a mixing time of 300 ms. On the other hand, it are also moving in the reverse direction from the bulk to binding

drops by only 40% till the same mixing time at 273 K. The site U. The least-squares fit of the experimental data as a

decrease of autocorrelation peak U varies with temperature,function of mixing time using eq 3 provided a rate constant

which has to be correlated with the rate 8INH;* ion key of 5.8 & 0.9 s'L Interestingly, the BU cross-peak is

movement. The rate constars (6—19 s'1) andB; (0.4-5.1 characterized by a smaller relaxation tinfggyy) of 12+ 4 s at

s1) that best fit the experimental volume integrals for binding 298 K (Figure 3). Relaxation of®NH4" ions inside the

site U as a function of the mixing time using eq 2 increase G-quadruplex is more effective than in the bulk solution.

with an increase of temperature from 273 to 298 K (Table S1  Activation Energy for the Movement of 1°NH 4" lons from

in the Supporting Information). Binding site U into the Bulk Solution. The kinetic profiles of
Temperature variation of a decrease of volume of autocor- ¥®NH," ion movement from binding site U to the bulk were

relation peak L as a function of the mixing time in the 273  determined in the temperature range from 273 to 298 Kin 5 K

298 K temperature range shows almost negligible variation with steps. The rate constakig is reduced considerably at lower

temperature (Figure S2b). The rate consBnshows a slight temperatures. At 273 and 278 K the UB cross-peak appeared

decrease from 11 to 7% while rate constar; (0.8 s'1) does only at mixing times longer than 900 ms. The volume integrals
not exhibit temperature dependence from 273 to 298 K (Table were very weak at temperatures below 283 K, which prevented
S1). their quantitative analysis. The use of an Arrhenius relation
Exchange Rate Constants for'>NH,© lon Movement based orkyg rate constants in the 28298 K temperature range
between Binding Site U and the Bulk The UB cross-peak is  afforded an activation energ¥4) of 66 + 8 kJ mol (Figure
expected to increase as a function of the mixing timg @s S3in the Supporting Information). The corresponding activation

15N H4* ions move from binding site U into the bulk solution.  enthalpy and entropy values according to Eyring theory are 63
At the same time the UB cross-peak decreases due to relaxatiork] mol! and —17 J motK~1, respectively.

(Taus). In the simplest way, the volume integral of a cross-  1®NH4" lon Movement from Binding Site L into the Bulk .

peak is defined by a combination of two effects which can be LB cross-peak volumes were used to determine the exchange

described by the following equation: rate constank, g using eq 3. The LB volume integrals increase
g B to a mixing time ¢m) of 3 s (Figure 4). At longer mixing times,
V(r,,) = Affe” 91 — e k)] 3) the integration of the LB cross-peak was prevented dug to

) noise along the chemical shift of autocorrelation peak B. The
whereV, represents the volume integral of a cross-peak (€.9., fact that autocorrelation peak L does not reach zera &fteis

UB), Ticis the corresponding spirfattice relaxation timerm in agreement with slow movement 8NH," ions to the bulk
is the mixing time of the 2D NZEXHS?_C experiment, aad and slowT; relaxation. Relaxation tim®&;,g is however poorly
corresponds to the rate constantfdH, " ion movement (€.9.,  gefined by the experimental data, and the value of 39 s obtained

kug). ParameteA is a scaling factor and represents the sum of o cross-peak UB was used in the fitting procedure 1H,*
scaling factorshy and A, obtained through the analysis of the jons that move from binding site L into bulk solution are

corresponding autocorrelation peak using eq 2. It was kept fixed probably exposed to the same proton exchange as ions that move
during the iterative fitting. Parametérepresents reduction of .4, binding site U, a scaling factéiof 0.46 has been used in

Ve due to a loss in cross-peak volume by proton exchange. In e fitting to eq 3. The least-squares fit of the volume integrals

the special case with no proton exchange betw&ehl," ions (Vis) as a function of the mixing time in the range from 0.3 to
in the bulk solution and surrounding water molecules, parameter 3 g 5t 298 K afforded a rate constant of 0.6+ 0.1 51 (Figure
f would be 1. 4). The residence time for théNH,;" ion occupying binding

Analysis of the volume of UB cross-peak reveals that its it |_js thus~1.7 s at 298 K. It is noteworthy that the volumes
maximum value is reached at a mixing time-6700 ms (Figure of the | B cross-peaks were small at temperatures below 298
3). At the same mixing time the volume of autocorrelation peak k \which prevented quantitative analyses of tkes rate

U drops to zero:®NHj" ions which were located at binding  ¢constants at lower temperatures and thus determination of the
site U at the beginning of the NMR experiment moved into the 5 ivation energy.

bulk solution or underwent; relaxation. Volumes of the UB
cross-peak could not be accurately determined at mixing times
shorter than 30 ms due to their low intensity. The first part of  The dimeric d(GT4Gas), G-quadruplex structure consists of
the UB curve up to a mixing time o700 ms is related to an  three G-quartet planes with the two outer G-quartets spanned

Discussion
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by diagonal- and edge-type loops. It represents a good modelessentially the same within experimental error. The actual rate
system to evaluate how structural features can control hoppingof >NH,* ion movement from the bulk solution into the
of cations along the central cavity and into the bulk solution. G-quadruplex is probably influenced by the bdfNH4* ion
The structure of d(64G4), exhibits two'>NH4* ion binding concentration in a complex way. The movement in the reversed
sites, which have been labeled as U and L. Although both direction is in addition influenced by the concentration of the
binding sites are localized between the two stacked G-quartets,G-quadruplex. In the simplest case of first-order kinetics the
they are different in their thermodynamic and kinetic properties, ratio of rate constants fot’NH;" ion movement out of and
which is also reflected in a considerable difference in the proton into the d(GT4Gs)2 G-quadruplex can be used to estimate the
as well as nitrogen chemical shifts of boutiH,* ions. We equilibrium binding constant and respective populations of
have demonstrated previously that the two cation binding sites Vacant and occupied binding sites. The population of vacant
within the G-quadruplex core differ to such a degree i+ binding sites would be below a few percent, which clearly has
ions at binding site U are replaced first during titration with 0 be considered as the upper limit. In complete agreement, there
K+ jons#! Upon a further increase in the concentration df K is no experimental evidence of vacant binding sites within the
ions, both binding sites are taken up by fons. Interestingly, ~ 4(GsT4Ga)2 G-quadruplex which are long-lived and result in a
the three dication forms have been involved in slow exchange SeParate set of signals with distinct chemical shifts corresponding
on the NMR time scalé! In the present investigation we extend 0 @ combination of partially occupied species.
our studies and focus on the dynamicd®fH,* ion movement Itis interesting to note that in the course of titration of single-
within d(GsT4Ga)2. Our experimental data unequivocally prove Stranded d(@T4G,) we have observed that the appearance of
that 5NH," ions do not move between binding sites U and L. imino protons corresponding to the folded G-quadruplex is
This observation is in contrast #NH,* ion movement between  Strictly correlated with the appearance of two boufidH,*
the three binding sites inside the closely related d¢G.). lon _S|gnalslSS|muJ}aneously. For example, at a 0.8 mM concen-
G-quadruplex, wheréNH,* ions have been shown to move tration of *NH,™ ions (ca. 0.5 equiv with respect to the
back and forth along the central cation cavtyAdditionally, hypothetical G-quadruplex) the majority of oligonucleotide is
autocorrelation and cross-peak signals for §(§&,), are much pr;asent as a single strgnld (Figure S4 hm the Supporting
longer lived and are observed till mixing times up to 5 s. lnuZ[jTuatlng).stlrtu::Stulrtpvc\)/istf\Ib5((a)°/too%rceupaarﬁct if%:(la?ti(i:r)f bci;r;din
15N H4* ions move from binding sites U and L into the bulk d P 0 pancy 9

. . sites, where either binding site U or binding site L would be
solution. The comparison of volumes of UB and LB cross-peaks

P o0 occupied by®™NH4" ions. 1NH4" ions at binding sites U and
has demonstrated that movementiH,™ ions from binding L which exhibit equal intensities are both important for

site U to the bulk solution is 12 times more frequent. The G _q,adruplex formation (Figure S4b). A further increase in the
corresponding rate constants are 7.2 and 0'6far the UB concentration of5NH,4* ions leads to more folding of oligo-
and LB processes at 298 K, respecnvely. The examination of |, ;cleotide d(GT4Gy) into the G-quadruplex structure (Figure
the 3D structure along the central axis of g{Ws4). has S5 in the Supporting Information). In the course of titration
revealed that the diagonal loop represents a larger stericsingle-stranded and G-quadruplex structures ofsG.) are
hindrance for cations to leave the G-quadruplex core in jn slow exchange on the NMR time scale.

comparison to the edge-type loop (Figure 1b). Nevertheless, 15\H4* ions in the bulk solution are exposed to efficient

steric restraints of the diagonal loop do not preVéNH," ion proton exchange above pH*8This is demonstrated through
movement from binding site L into the bulk although it requires broadening of autocorrelation peak B, which has served as an
structural change*®NH," ions at binding site L could hypo-  jyternal pH meter. The volumes of cross-peaks corresponding
thetically move to binding site U from where the ions are in {5 the movement of5NH.* ions from binding sites U and L
faster exchange with the bulk solution. However, the energetic jhtg the bulk also critically depend on the pH value of the
barrier for the movement between the two binding sites is sample. In the case of the UB and LB cross-peaks we have
evidently too high, indicating that partial opening of the middle opserved 54% loss of signal by proton exchange at pH 4.5 and
G-quartet, which is required for ions to get through, is 298 K. An increase of pH to 5.5 resulted in 70% loss of the
energetically a more demanding process than opening of thecross-peak volumes at 298 K. Higher pH values result in broader
outer G-quartet followed by a conformational change of the spectral lines which complicate their quantitative analyses.
diagonal loop. Moreover, in such a hypothetical case the  The gecrease of the volume integrals of the autocorrelation
G-quadruplex structure witho&tNH," ions would be unstable  peaks has been interpreted in terms of a biexponential function.
and would probably unfold. The structure of the loops also A steep decrease of the volumes of autocorrelation peaks U
controls the efficiency of!SNH4™ ion movement into the and L at shorter mixing timeg§ ~ 200-300 ms at 298 K) is
G-quadruplex. The rate constag of 5.8 s* corresponds to  followed by a more moderate decrease at longer mixing times.
movement of°NH4* ions from the bulk to binding site U at  The steepest decrease at short mixing times has been observed
298 K. The comparison of theys andkgy rate constants could  for autocorrelation peak B and interpreted in terms of very
suggest that®NH," ion movement from the bulk into the  efficient proton exchange with water. The decrease of autocor-
G-quadruplex is slower than the reverse process. The analysiselation peaks U and L is not pH dependent, which suggests
of the individual rate constant is however complicated due to that proton exchange from the bouktiNH4* ions is not the
different relaxation times in the bulk and within the G- major factor controlling the drop of autocorrelation peak
quadruplex as well as by imprecision of the integration of cross- volumesVy and V_ at short mixing times. The initial steep
peak BU in proximity of the huge autocorrelation signal of bulk decrease 0¥, andV, is characterized by rate const&it which
15NH4" ions. As a result, théqyg andkgy rate constants are  exhibits some temperature dependence in the-288 K range
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(Table S1). The decrease ¥f; andV, at longer mixing times

is characterized mainly by rate constdi The temperature
dependence of rate constaBsandB, corresponding td/, is
small, which is related to slow®NH4" ion movement from
binding site L. On the other hand, tfB andB, rate constants
corresponding t&/y exhibit a higher temperature dependence,
which suggests more efficienlt®™H;+ ion movement and

demonstrated that there is no exchang®fH,* ions between
binding sites U and L, and therefore, d{GGs), does not
resemble an ion channel. HowevEiNH," ions move between
the two binding sites and the bulk solution. The quantification
of volume integrals of the UB and LB cross-peaks has shown
that 1>NH,* ion movement into the bulk solution is 12 times
more frequent from binding site U than from binding site L.

relaxation processes. However, autocorrelation peak volumesThe steric hindrance imposed by the diagonal-type loop

Vi andVy are influenced by a combination of several competing
factors (including dipole-dipole-correlated relaxation) which
have not been dissected.

The temperature dependence of rate condtgsthas been
used to calculate an activation energy of 66 kJ Thdbr
exchange of*NH4" ions from binding site U within d(eT4Ga)2
to the bulk solution. In comparison, the activation energy for
exchange of N&ions inside the d(@4Gs)2 G-quadruplex is
22 kJ mot13% The 3 times lower activation energy is in
accordance with the smaller ionic radius of N@ns, which
can move more freely along the central axis of the G-quadruplex.
The movement of bigge®NH," ions requires partial opening
of the G-quartets. We have shown previously that idfidH 4"
ions move 7.5 times faster when a Nin is occupying the
neighboring outer binding site of the d{GG,), G-quadru-
plex32 However, the activation energy for cation movement
depends on structural features of the individual G-quadruplex.

compared to the edge-type loop requires significant conforma-
tional rearrangements fofNH4" ions to leave or enter the
G-quadruplex core. Furthermore, the diagonal loop can induce
a higher energy barrier for the partial opening of the outer
G-quartet, which is required fdfNH," ions at binding site L

to move through into the bulk. Our findings suggest that each
G-quadruplex structure might have its own lowest energy
pathway in which ions will move inside as well as exchange
into the bulk solution. In principle, thé>NH,* ion at each
binding site within the G-quadruplex can move to one of the
two neighboring binding sites or into the bulk solution in the
case of the outer binding site. An understanding of the influence
of different loop orientations on the rate @PNH;" ion
movement is important to establish more general rules with the
ultimate aim to predict which of the outer cation binding sites
will exhibit faster ion movement. Our study represents a step
toward the prediction of the preferred direction!&fiH," ion

The absence of cross-peaks for the movement between bindingnovement based on a 3D model of the G-quadruplex. Such

sites U and L within d(@T4G4)» suggests that the energy barrier
for 1"NH,4* ions to move is prohibitively high.

Our study demonstrates that cation movement through
G-quadruplexes can be controlled by their inherent structural
features. Apart from the first indication that G-quadruplexes
with fold-back loops are not suitable candidates for ion channels,
such knowledge is potentially useful in the design of synthetic
ion channels where kinetics or gating of ion movement can be
achieved through chemical modifications that influence the
energy barriers for G-quartet opening.

Conclusions

In the present paper we describe a novel and unique
observation of®NH," ion movement within the G-quadruplex
structure and with the bulk solution. NMR experiments have
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knowledge is expected to guide future efforts to build synthetic
ion channels based on G-quadruplex structures.
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