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Abstract: Determination of the conformational flexibility of the furanose ring is of vital importance in
understanding the structure of DNA. In this work we have applied a model of furanose ring motion to the
analysis of deuterium line shape data obtained from sugar rings in solid hydrated DNA. The model describes
the angular trajectories of the atoms in the furanose ring in terms of pseudorotation puckering amglitude (
and the pseudorotation puckering phasé-ixing g, the motion is thus treated as Brownian diffusion through

an angular-dependent potentiflp). We have simulated numerous line shapes varying the adjustable parameters,
including the diffusion coefficienD, pseudorotation puckering amplitudg and the form of the potential

U(g). We have used several forms of the potential, including equal double-well potentials, unequal double-
well potentials, and a potential truncated to “second order” in the Fourier series. To date, we have obtained
best simulations for both equilibrium and nonequilibrium (partially relaxed) solid-state deuterium NMR line
shapes for the sample '{ZH]-2'-deoxycytidine at the position C3 (underlined) in the DNA sequence
[d(CGCGAATTCGCG)}, using a double-well potential with an equal barrier heighUgf= 5.5T (~3.3
kcal/mol), a puckering amplitude gf= 0.4 A, and a diffusion coefficient characterizing the underlying stochastic
jump rateD = 9.9 x 10° Hz. Then the rate of flux for the €D bond over the barrier, i.e., the escape velocity

or the overall rate of puckering between modes, was found to be Q@ Hz.

Introduction NH;,
The furanose ring plays a pivotal role in DNA structure. In a cs Base d
general, A-form DNA exhibits a CZ&ndo configuration (see o NZ
Figure 1b), and B-form DNA exhibits C&ndo configuration o cr l
(see Figure 1c)and therefore the' 2leoxyribose ring must have
o N

some degree of inherent conformational flexibility. Because the
furanose ring may act as a buffer between the structurally labile
phosphodiester backbone and the rigidly stacked base pairs,
determination and quantification of the conformational flexibility
of the furanose ring is of vital importance in understanding the
structure of DNA.

X-ray crystallography and solution NMR have both contrib-
uted high-resolution structures of DNA, but neither technique
has conclusively addressed the question of the conformational €

flexibility of the furanose sugars. Due to steric hindrance and cs c2 Base
ring strain, the five-membered furanose ring must be nonplanar, \ c /

and conformational changes are accomplished by changes in -0

the dihedral bond angles of the furanose ring. Due to the limited c3 cr

resolution of X-ray structures, conformational motions of the Figure 1. (a) Nomenclature for the carbon positions within a
furanose ring would have to be directly deduced from motions yeqxyrinose ring. (b) Schematic of G&ndo conformation. (c) Sche-
of all the heavy atoms within the sugar, where whole amplitudes matic of C2-endo conformation. (d) [22H]-2'-Deoxycytidine nucleo-
are small and on the order 0f£0.5 A, or indirectly from side used in this study.
correlation to the delta torsion andle.

To determine dynamic amplitudes, crystallographic data are  Solution NMR can, in principle, determine dynamic ampli-
usually analyzed in terms of rigid body models, in which the tudes, and rates to atomic resolution, but in the case of DNA,
constituent atoms of the furanose ring are assumed to move asesults deduced from various types of NOE, scalar coupling,

a unit, as is the coupled base and its Wats@nick pair part- and relaxation studies are far from unanimous in their views.

ner34Such methods are very informative of amplitudes of mo- Each of the solution NMR methods mentioned has strengths

tion around assumed motional axes. and weaknesses when applied to studies of localized motions.
* To whom correspondence should be addressed. NOE'’s between protons within furanose rings are sensitive to
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the exact nature of the averaging, or even its presence, can béarriers encountered as the-O bonds move along these
obscured by spin diffusion effects. Scalar couplings can be trajectories. We will show that solid-state deuterium line shapes
related to dihedral angles within the context of a Karplus-like vary markedly as a function of the assumed trajectories and
model, whose semiempirical extension to coupled protons in potential barrier. Theoretically derived models of internal motion
DNA is complicated by cross-relaxatiénAlso, the small of DNA can thus be directly tested by solid-state deuterium
magnitudes of scalar couplings preclude an insight into the NMR.

dynamic nature of furanose ring conformation. The so-called  The sequence of interest for this particular study is [d(CGC-
model-free relaxation analy$isis very widely used in protein GAATTCGCG)}, where C3 (underlined) is [22H]-2'-deoxy-
studies, and several such studies of DNA dynamics have cytidine, shown in Figure 1d. This sequence was the first
appeared. 1° Like all methods based on order parameters, successfully crystallized full turn of DNA in the B-form,
model-free studies assume the local, internal motions in questionperformed by the Dickerson research grélThis sequence
occur on time scales widely separated from the overall molecular contains the binding site for tHecoRIrestriction-modification
motion. For DNA duplexes on the order of 12 base pairs in system —GIAATTC—, where the {” indicates the cutting site
length, this suggests that local motions of the furanose ring mustfor the endonuclease, and the underlined residue is the target
occur on a time scale much less than a nanosecond. If this failsfor the methyltransferase. The structure and dynamics of this
to be the case, order parameter studies will be less useful forparticular sequence have been studied extensively by numerous

accurately quantifying furanose ring dynamics.

Solid-state deuterium NMR brings its own particular strengths,

experimental techniques including X-ray crystallography,®
atomic force microscop3f, solution NMR13:27-23 and solid-

weaknesses, and limitations to DNA studies. Its limitations are state NMR2430|n particular, the furanose ring dynamics have
of a practical nature. It relies on selective isotopic labeling and been studied for this sequence in detad? 20
thus cannot easily survey the wealth of sites accessible by We have obtained excellent fits for both equilibrium (fully

crystallography and solution NMR. A strength of the technique

relaxed) line shapes and nonequilibrium (partially relaxed) line

is the wide dynamic range of motion that can be probed by shapes that demonstrate the utility of deuterium NMR for

solid-state NMR methods, a fact that follows directly from the

broad solid-state NMR line width of deuterium-200 kHz).
The most common and simple models of furanose ring

dynamics portray it as an exchange between two conforthéfs,

defining the trajectories and energetics of internal biomacro-
molecular motions in an exact and quantitative manner.

Materials and Methods

although r?ce”t expenimental analyses of proton scalar CO,UDl,ing Chemical Synthesis of Selectively Deuterated DNALo investigate
constants in DNA assume exchange between a greater distribusranose ring dynamics, T22H]-2'-deoxycytidine (Figure 1d) was

tion of conformers?® Although activated exchange between

discrete conformations of the furanose ring is a good ap-

proximation of internal molecular motions when kinetic barriers
exceed 5.8 kcal/mol (1QT), theoretical estimates of the barrier
to exchange between G@ndo and C3endo (see Figure 1, parts
a and b respectively) range from only 0.5 kcal/iHola
remarkably low barrier indicating virtually free pseudorotation,
to about 2-5 kcal/mol8 Therefore discrete site exchange may
be a poor approximation for furanose ring motions in DNA. A
more physically realistic model of furanose ring motion is almost

certainly necessary for accurate analysis of NMR relaxation and

line shape data.

prepared by the method of Robins et al. with some minor modifications
to the solvent systentd.[2"'-?H]-2'-Deoxycytidine was converted to

its N*-benzoyl-5-O-(DMT)-2'-dC-3-CED-phosphoramidite derivative

as described previousk Oligonucleotides were synthesized by using

an ABI Model 394 automated DNA/RNA synthesizer and purified on
Sephadex size-exclusion columns as described previously, salted (10%
NaCl by weight), packed iosta 5 mmsolid-state NMR Kel-F sample
chamber, and hydrated by vapor diffusion in a humidity chamber
containing saturated saltsn-depleted water (75% relative humidity
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in which angular displacements of«@ bonds are treated

according to the Smoluchowski theory of Brownian motion
through a potential barrier. Within the context of this theory,
analysis of solid-state deuterium NMR equilibrium and non-

equilibrium line shapes requires assumptions regarding the

trajectories of the €D bonds and the form of the potential
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at 20 °C).3% Water content was quantified gravimetrically by the
parametelW (moles of water molecules/moles of nucleotide) and is
accurate tat1 water per nucleotide.
Solid-State NMR SpectroscopyAll experiments were performed
on a home-built NMR spectrometer, operating at a deuterium Larmor
frequency of 76.776 MHz, corresponding to a magnetic field strength
of 11.75 T. A quadrupolar echo pulse sequence with an eight-step phase
cycling scheme was implemented with a delay ofi40between 90
pulses (typically, 2.43.0 us in duration) and a dwell time of 200 ns
during acquisition. Data acquisition was initiated prior to the echo
maximum. The time domain data were left-shifted and apodized with
3000 Hz Lorentzian line broadening prior to Fourier transformation.
Partially relaxed line shapes and spiattice relaxation times were
determined by using an inversion recovery pulse sequence, which
incorporated a 180composite pulse to ensure broadband excitation.
To obtain powder-averaged Zeeman sgattice relaxation timegT120) ) ) o ) )
the integrated intensity of the powder spectrum was monitored as a "19ure 2. Representation of the projection of the furanose ring atomic
function of recovery time and analyzed using a nonlinear least-squarestraectories during rigid pseudorotation. Adapted from ref 37.
fitting routine® Please note that in all experimental spectra, the center
isotropic peak is due to residual HDO. We have used an extension of the basic model of Herzyk and Rabczenko
Calculation of Dynamically Averaged Deuterium Line Shape to generate atomic coordinates for each ring substituent, and specifically
Spectra. The geometry of the furanose ring is described by the positions for the deuterium atom at the Zite. This extension of the Herzyk
of the 4 carbon atoms and the single oxygen atom, where the cyclic Rabczenko model simply assumes that the carbons in the ring &re sp
nature of the furanose ring actually reduces the number of independenthybridized, i.e., the bond configuration has tetrahedral symmetry.
geometrical parameters. The concept of pseudorotation was originated 10 calculate and visualize the furanose ring trajectories, we used a
by Kilpatrick et al3 to treat the conformation of cyclopentane, and C+ software library, molecular tool kit (mtkf. The mtk library allows
through the years has been adapted to a number of app”cationsthe modeling of molecules similar to apIaStiC “ball-and-stick” model.
including the description by Altona et al. of the conformation of In such a model, each atom has a certain configuration of “holes”,
furanose rings in DNA! reflecting the allowed bond hybridization. In the case of carbon, this
A number of general models of pseudorotational motion have been configuration is typically tetrahedral. Tetrahedral symmetry implies that
developed for furanose rings. In particular, Herzyk and RabcZénko if the geometry of two bonds to a single carbon is known, then the
developed a general geometrical model of furanose ring conformation. configuration of the other two bonds can be calculated, based upon
This model predicts structures of tAeo-furanoside fragments that are ~ the known ones. The carbon element in the mtk library supports by
in excellent agreement with crystal structures. The Cartesian coordinatesdefault tetrahedral symmetry and the coordinates for a substituent
of the jth atom in the furanose ring are, according to Herzyk and attached to such a carbon may therefore easily be extracted. In this
Rabczenko: particular case, the carbon tetrahedral symmetry is oriented to first
satisfy the geometry of the ring itself, as calculated from the pseu-
. . 47\ . 4q1j dorotation coordinategandg, then the coordinates of any substituent
%= I’j[SII’IZ(cp + ?) Sinoy — COS:(QD + ?) 00311'] + R coxy are calculated.
(1a) With these assumptions we have determined furanose ring dynamics
in terms of the trajectory of the deuterium atoms (Figure 3a). In Figure

_ . 4] 47\ . . 3b, multiple trajectories of the'"2deuteron are displayed as a function
Y= —rj[SInZ(go + ?) cosy — 0052(50 + ?) S'mj] + Rysina, of the puckering amplituda. In Figure 3c,d, corresponding trajectories
(1b) are shown for the "2carbon atom.
To simulate the solid-state deuterium NMR line shape we need to
2\1/2 4] transform the Electric Field Gradient (EFG) tensor from the frame of
= (g) q COS(‘I" + ?) (10 its Principal Axis System (PAS) to a molecular fixed frame (MF).

The deuterium high-field quadrupolar coupling Hamiltonian is given
whereg, is the polar angle locating thj#éh bond,r; is the radius of the by
projection of the pseudorotation trajectory onto the plane of the

undistor_ted rngR is thg distance from the geometr_ic c_enter_of the H. — e_QI.\~/_~ @)
planar five-membered ring to the center of the projection ofjthe Q" 2h

trajectory onto the plane of the undistorted furanose ring, assumed to

be circular in ideal pseudorotation (see Figure)s the puckering  \whereQ is the nuclear quadrupole momehis the nuclear spin angular
amplitude (in A), andp is the pseudorotation phase. BecaysdR momentum operator, afdis the electric field gradient (EFG) tensor.

can be determined from the geometry of the furanose ring (see eqs 3ror a deuterium nucleus tiwaxis of the principal axis system (PAS)
and 4 from Herzyk and Rabczenko), egs-taeduce the dynamics of  of the EFG tensor is parallel to the-® bond axis. The deuterium

the furanose ring to two parametegsandg. If g is fixed, the motion EFG tensor is approximately axial and has the form
of the furanose ring is only dependent uppn

Equation 1 describes the coordinates of the heavy atom framework

of the furanose ring. However, the experimental data in this deuterium e 100
NMR study are not obtained for a member of the furanose ring itself, Veas = 2 010 ©)
but rather for a deuterium substituent at tHeske (see Figure 1d). 00 -2
(33) Weast, R. CCRC Handbook of Chemistry and Physiésth ed.; whereq is the field gradient. The molecular-fixed (MF) frame, defined
Boca Raton, FL, 1979. in Figure 2, is related to the coordinates of the heavy atoms of a planar
(34) Tycko, R.Phys. Re. Lett. 1983 51, 775-777. (and fictitious) furanose ring.
(35) deFontaine, D. L.; Ross, D. L.; Ternai, BJJMagn. Resorl975
18, 276. (38) Karlsson, T.; Levitt, M. HMoleculix, an interactie visualization
(36) Kilpatrick, J. E.; Pitzer, K. S.; Spitzer, BR. Am. Chem. S0d.947, and simulation software packageoster presentation at Experimental NMR
69, 2483-2488. Conference, 2000.
(37) Herzyk, P.; Rabczenko, Al. Chem. Soc., Perkin Trans.1®85 (39) Abragam, APrinciples of Nuclear Magnetisn©xford University

1925-1930. Press: New York, 1961.



Modeling Furanose Ring Dynamics in DNA

b

Figure 3. Calculated carbon and deuterium trajectories. (a). Trajectory
of the 2’ deuteron for the puckering amplitude= 0.4 A, along with

the associated' Zarbon trajectory. (b) Deuterium trajectories as a
function of puckering amplitude. (c) Enlarged view of the carbon
trajectory at puckering amplitudg= 0.4 A. Note the figure eight shape.
(d) Enlarged view of the carbon trajectories as a function of puckering
amplitudeq. Note that two different views are shown.

Since the EFG tensor is assumed to be axially symmetric, only two
Euler anglesp and¢, are needed to describe the transformation from
the PAS frame to the MF frame. The angksind¢ were calculated
by the mtk library as a function of puckering amplitudpsnd puckering
phasep, and subsequently fed into the deuterium line shape simulation
program.

Analysis of equilibrium and nonequilibrium solid-state deuterium
NMR line shapes follows the equation of motion for the transverse
magnetization of the spin 1 nucleus:

M,
i = li02(®) + RQIM. @

where the “” refers to the 0— +1 transition and the " refers to
the —1 — O transition.R(RQ) is an operator that describes the specific

J. Am. Chem. Soc., Vol. 123, No. 41, 20033

motion of the C-D bind. As mentioned, a large body of theoretical
and empirical data argue that there are significant energy barriers to
structural changes in furanose rings.
A form of Smoluchowski’s diffusion equation
P 32
P _ O L
at kBT (‘/’)aq) kBTU

has been used to describe the motion of heme groups in préteins,
amino acid side chains in proteiffsand lipid chaing? In eq 7,¢ is

the pseudorotation phase anglé(¢) is the potential energy as a
function of ¢, andP is the orientation probability distribution for a
C—D bond. Note that by using the pseudorotation phase, the problem
has been rendered in 1-dimensional form. For the purpose of solving
eg 4 numerically, the operator

(@)|P ™

2
Rig) = [3 i (¢)—+—U"(¢)] ®)

dp  kgT

can be discretized. Following the procedure of Nadler and Schtfiten,
R can be represented by a matrix with elements

R == Poisisa
7'V Pisa
Rj=—(Ri-1t Ry, J=I 9)
R; = 0, otherwise
whereP; is the a priori probability given as
o Ul@lkaT
Pi==—7— (10)
where
— ~U(g)keT
zZ= Ze (10a)

andr, is the correlation time. We may express the correlation time
in terms of the diffusion coefficienD, or the kinetic rate constakt
and a unit angular sted as

dynamics in question, and may be represented as a linear operator in
the case of continuous motions or as a matrix in the case of discrete
jumps.Q is the solid angle that relates the principal axis (PAS) frame
of the EFG tensor to the lab-fixed frame. Because the EFG tensor is
approximate|y Symmetric‘ a Sing|e static an@|m|ates its PAS frame It should be noted that the diffusion coefficiebtis not for motion

to the static field direction. Hence the angular dependent frequenciesbetween two sugar conformations, but for an excursion along the
are: energetic pathway, i.e., between two adjacent and discrete sites along
the trajectory. Discussion of rates between sugar conformations is given
in the Conclusion.

To simulate the deuterium line shape of the mobilé-I2bond, a
form of the potentiald(¢) must be chosen. Theoretical studies of the
wheree?qQis the quadrupolar coupling constalnts Planck’s constant, conformational dynamics of furanose rings in DNA and RNA assume
and P(co®) is the second-order Legendre polynomial. Molecular & double-well potentiawith well minima closely corresponding to
motion modulate®) and thus additional transformations are required the C2-endo and C3endo configurations of the furanose ring, shown
to one or more frames intermediate to the PAS frame and the LAB In Figure 1.
frame. The form of these additional transformations is obtained by using A simple approximation to a double well potential has the form
the addition properties of spherical harmorfits.

It remains to assume a form of the operda®R§f2). If the pseudoro-
tation motions were freely diffusivéy(2) would simply be the three-
dimensional diffusion operator

82
+ —_ —_
W )

2
DV?= D( J
where D is the diffusion coefficient associated with the stochastic

(11)

43 equPz(cos‘)) ®)

Wy =

UO
U(@) =1 ~ cos2) (12)

whereUg is the barrier height. Assuming values fds, a puckering
32 ©) amplitudeq, anglesé and ¢ for each of the 10 sites (determined by

(41) Nadler, W.; Schulten, KProc. Natl. Acad. Sci1984 81, 5719~
5723.

(42) Wittebort, R. J.; Szabo, Al. Chem. Physl1978 69, 1722-1736.

(43) Wittebort, R. J.; Olejniczak, E. T.; Griffin, R. G. Chem. Phys.
1987, 86, 5411-5420.

(44) Nadler, W.; Schulten, KJ. Chem. Phys1986 84, 4015-4025.

(40) Brink, D. M.; Satchler, G. RAngular MomentuOxford University
Press: London, 1968.
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T T is significant motional averaging. The horns of the spectrum
have shrunk, and there are three distinct spectral peaks visible
within (indicated by arrows). The sharp middle peak is from
a residual HDO. The spinlattice relaxation time[T;z[] was
determined to be 4Z 5 ms, and a series of partially relaxed
line shapes are shown in Figure 11a.

Types of DNA Motion. In addition to simulating the motion
' of the particular sugar ring in question, it is necessary to resolve
' other types of motion that are present in the sample. Hydrated
solids have numerous advantages when resolving DNA motions.
Bending and torsional motions can be neglected for short
b DNAs* Also, end-to-end tumbling can be neglected, as this
type of motion is restricted in the solid state, even with a sample
of intermediate hydration (1& W < 20). Last, there is simple
rotation around the helical axis. Previous work has shown that
200 : 5 : 500 this rotation is effectively _simulgted by a six-site juﬁ‘i”p/,vi_th
KHz a half angle ofy = 20° (orientation of the C2-D bond with
respect to the longitudinal helix axis), valuesgf= 0°, 60°,
Figure 4. Line shapes for (a) [ZZH]-C3 (under"ned) from [d(CGC- 1200, 1803, 240’, and 300 for the six sites, and a rate Constan_t
GAATTCGCG)L with W = 6 and (b) [2-H]-C3 with W = 11.6 of k = 10* Hz. Use of these parameters for the overall helix
(symmetrized). Note the three distinct spectral peaks indicated by the motion has produced good agreement in previous work for
arrows; the center isotropic peak is due to residual HDO. several different DNA samples with different types of local
motions occurring*4°> Therefore, these parameters will be
the trajectory calculations mentioned above), and the diffusion coef- ~gnsidered well determined and remain constant for our
ficient D, a motionally averaged deuterium line shape can be calculated. simulations of the local motions. The resulting spectra will then

More complicated forms fot)(¢) may be obtained by expandingina o, o superposition of this longitudinal helical rotation and the
Fourier series ip and truncating at appropriate orders, or raising the local motion of the furanose ring

baseline of the potential surface. Truncated formsUgp) will be ) ) ) ) )
investigated in addition to the potential in eq 12. Simulations of Furanose Ring Dynamics with Use of the

A natural approach would be to assume that pseudorotation involves Brownian Trajectory Model. The first step toward developing
exchanges between a discrete number of sites on the pseudorotatiom dynamical model for comparison to experimental data is to
trajectory. In some cases, only two sites are assuthbdt this has determine the model’s dependence on the various adjustable
produced poor results for S|mu|at|ng solid-state deuterium NMR Spectra. parameters There are Several adjustable parameters W|th|n the
F_or our sim_ulations_ we have d_is_cretized a trajectory_for thg furanose simulations, including the diffusion coefficieB, the puckering
ring Fo 10 sites, which is a sufficient number to _effectlvely _S|mulate a amplitude q (which determines the spatial position and the
continuous process as has been shtifhand site populations are . . f th in th . dth |
determined by eq 10. For a¥-site exchange process, eq 4 becomes trajectories 9 the atoms in the sugar ”ng)_’ andt e_aCtua_ orm

of the potentialU(¢). We have generated a library of simulations
N to illustrate the dependence of our model upon these adjustable
Mj,i = Z’(iwjidjk + Rjk)Mki (13) parameters.
= Figure 5a-c illustrates the forms of the first three potentials
we have used for our simulations. Figure 5a shows a double

coherence frequency; is a function of the angled and¢ and the well potential with equal barrier heights, described analytically

angles {,0) that relate the molecule-fixed frame to the lab frame, PY €d 12. Figure 5b shows a double well potential with unequal
ie. barrier heights, as described in eq 15. Figure 5¢ shows a potential

described by eq 16, which is a second-order truncation of the
_ _3qQ1 e 2 3. Fourier series. Particular simulations will refer to these to
0y = F; =5 7]5(8cosO — 1)-(3cost — 1) — ;sin20-cose; + indicate the form of the utilized potential energy surface.

@) + §sin29-sir12®-c052(zsi +0)| (14 _ Figure 6&_>re shows_a series of deu_terlu_m line sh_ape simula-
4 tions, varying theg-independent diffusion coefficientD,
] ] ] ) between adjacent and discrete coordinates along the trajectory.
and the matrix element]; are given by eq 9. Numerical solutions to Figure 6 shows the model’'s dependenceDbby varying the
eq 13 were accomplished with the program MXET1, developed by the coefficient over several simulations. from a valuelbt= 1.9
Vold group#47 Please note that center spikes in all simulated spectra : y . .
x 10P kHz (Figure 6a) to 1.9x 10° kHz (Figure 6e). The
are due to dc offset. . . B S
puckering amplitude is fixed af = 0.4 A, the potential is
Results and Discussion described by eq 12 and Figure 6a, and the barrier height is fixed
at Ug = 5kgT (~2.9 kcal/mol). There is a dependence of the
line shapes upon this parameter observed over several orders
of magnitude.

Figure 6f—j shows a series of simulations as a function of
the puckering amplitudg, from a value ofg = 0.2 A (Figure
6j) to q = 0.6 A (Figure 6j), while keeping the paramet&rs=
(45) Alam, T. M.; Drobny, G. PChem. Re. 1991, 91, 1545-1590. 9.9 x 10° Hz andUy = 5kgT constant, and the potential is
o gf)lggsﬂélghl\_ﬂM%ér?ogg&ﬁbgi%;zvggl%#; Vold, R. R Ellis,  described by eq 12 and Figure 5a. There is a dramatic
(47) Vold, R. R.; Vold, R., LDeuterium Relaxation in Molecular Solids ~ dependence on this parameter, which is fundamentally a measure

Academic Press: San Diego, 1991; Vol. 16, pp-831. of amplitude of the furanose motion. The motion of the deuteron

where the complex transverse magnetizabbn= Mx. + iMv+. The

Deuterium Line Shape and Relaxation Data for the 2
Deuteron in C3. Figure 4a,b shows the C3 line shape at
hydration leveld¥ = 6 and 11.6, respectively. The classic Pake
doublet is visible in the lower hydration level only (Figure 4a),
and is lost upon increased hydration (Figure 4 b), where there
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Figure 5. Graphs of the analytical forms of the different potentials
used in this investigation: (a) for eq 12 representing an equal double
well potential, (b) for eq 15 representing a double well potential with
unequal barrier heights, and (c) for eq 16 representing the second-
order truncation of the Fourier series. A series of potential energy
surfaces, ef, where the one of the two wells is raised relative to the

other, but the barrier heights are kept equal. The baseline has been

raised from zero to approximately (d) 1/6 the height of the barrier, (e)
1/3 the height of the barrier, and (f) 1/2 the height of the barrier. The
barrier heights have remained equal at a valugof 5kgT (2.9 kcal/
mol), so the baseline has been raised to approximately (d) 0.5, (e) 1,
and (f) 1.5 kcal/mol, respectively.
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Figure 6. A series of simulations,-ae (discussed in the text), varying
the diffusion coefficientD, for the potentiall(¢) = (Uo/2)(1 — cos2p)
with Up = 5kgT: (@)D = 1.9 x 10°P Hz, (b)D = 1.9 x 1(° Hz, (c)D
=1.9x 10’ Hz, (d)D = 1.9 x 1(® Hz, and (e)D = 1.9 x 10° Hz.
The constant parameters are a puckering amplituee0.4 A andUy

= 5kgT. A series of simulationsj (discussed in the text) varying the
puckering amplitude, for the potentialU(¢) = (Uo/2)(1 — cos2p):
Hag=02A (@q=03A (hg=04A, ()g=0.5A, and ()q

= 0.6 A. The constant parameters are diffusion coeffic2rt 9.9 x
10® Hz andUg = 5KkgT.
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Figure 7. A series of partially relaxed simulated line shapes varying
the height of equal potential barriers. The barrier heights artl{s

4kgT, (b) Up = BkgT, (c) Up = 5.5gT, and (d)Uy = 6ksT. Note that

the null of the inversion (crossover point) has a distinct dependence
on the barrier height. The constant parameters are diffusion coefficient
D = 9.9 x 108 Hz and puckering amplitudg = 0.4 A.

Table 1. Comparison of SpirtLattice Relaxation Timés

DNA sample or potential barrier

height for simulations M1z ms
[2""-2H]-C3 (underlined) from the DNA 4245
sequence, [d(CGCGAATTCGCG)]
2 x AkgT 19
2 x BkgT 34
2 x 5.5%gT 47
2 x 6kgT 65

a A series of spir-lattice relaxation times, for [22H]-C3 (under-
lined) from the DNA sequence [d(CGCGAATTCGCGg)Eompared
to several simulations with variable but equal potential barrier heights.
The simulations vary the barrier heighl, for the potential form
U(p) = (Ud/2)(1 — cosZp), from eq 12. The constant parameters are
diﬁu’gion coefficientD = 9.9 x 10® Hz and puckering amplitude =
0.4 A.

5.5gT, and &gT, respectively. The null of the relaxation
inversion has a distinct dependence on the potential barrier
height. This indicates that analysis of the barrier height will be

a significant tool for determining an accurate model and
parameter set to simulate experimental data. Table 1 summarizes
the [T1z0values calculated by integration of the partially relaxed
simulated spectra and fitting to an exponential curve.

In many studies of furanose ring motion, the barriers for the
double well potential are unequal. For example, Levit and
Warshel calculated a barrier &f2 kcal/mol at Ol-endo, near
a pseudorotation phase angle ofd®M(.12 Olson and Sussman
proposed a potential energy function that was used to estimate
the pseudorotational motions of ribose andd@oxyribose
sugars'® This potential, which included nonbonded, torsional,
and valence angle strain contributions in addition to an intrinsic

increases as the puckering amplitude increases, and this isgauche energy term to account for the puckering preferences,

exhibited as increased motional averaging of the deuterium line
shape.

Figure 7a-d shows four series of partially relaxed simulated
spectra corresponding to barrier heighis of 4ksT, 5SkgT,

was (for 2-deoxyribose) essentially a double well potential with
barriers of 2 kcal/mol at a pseudorotation phase angle of about
70—-75°, and a second barrier of about 6 kcal/mol at a
pseudorotation phase angle of roughly 270
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Figure 8. A series of simulations (discussed in the text) using eq 15 J\L/L
to describe the potential energy surface, where one of the two barriers 200 0 -200
is larger for a double well potential. For these simulations, one barrier kHz

remains at ks T, and other is varied from (ak8&T, (b) 7ksT, (C) 8sT,
and (d) 1@sT. The constant parameters are diffusion coefficient
9.9 x 10° Hz and varying the puckering amplitude in each set fipm
=0.2t0 0.6 A, in steps of 0.1 A, from top to bottom.

Figure 9. A series of simulations (discussed in the text) using the
potential energy surfaces from Figure-5d The well depth has been
raised from zero to approximately (a) 0.5, (b) 1, and (c) 1.5 kcal/mol.
The simulation parameters a2 = 9.9 x 10° Hz, Uy = 5ksT (2.9
kcal/mol), and varying the puckering amplitude in each set fopm

For simulations using an unequal double well potential, we 0.2 10 0.6 A, in steps of 0.1 A from top to bottom.

have used the following analytical form,

conformations of the furanose ridg.To investigate the pos-
sibility of such effects, a form folJ(¢) truncated to “second

UO
U(p) = 71(1 —cosd), O<g<m (152) order” is explored:

u u
U(p) = %(1 —C0s3), <@ <2 (15b) U(p) = 70(1 — (cos2p + cosdy)) (16)
Equation 13 is shown graphically in Figure 5b. Figure-8a A graph of the angular dependence of the potential in eq 16
shows a series of simulations where one of the two barriers hasis shown in Figure 5c.
its amplitude Uo) varied from &gT (Figure 8a) to 1RsT (Figure Finally, simulations have shown dependence upon raising the
8d), while the height of the second barrier parameter remains baseline of one well with the potential relative to the other
constant at ksT. The puckering amplitude ranges frogn= well. Figure 5d-f shows a series of potentials where the base-
0.2 A, for the top simulations, tq = 0.6 A, for the bottom in line has been raised from zero to approximatelyi{gihe height
increments of 0.1, and the diffusion coefficient remains constant of the barrier, (e)/3 the height of the barrier, and (¥, the
at D = 9.9 x 10® Hz. For the simulations with akgT and height of the barrier. The barrier heights have remained equal

6kgT barrier, as well askgT and 1KgT, there is little deviation at a value ofUpy = 5kgT (2.9 kcal/mol), so the baseline has
from the forms of the line shapes with equdds® barriers been raised to approximately (d) 0.5, (e) 1, and (f) 1.5 kcal/
(Figure 6), but with a T or 8kgT height for the second barrier,  mol, respectively. Parts a, b, and c in Figure 9 are series of
there is a noticeable difference for larger values of the puckering simulations corresponding to the aforementioned potentials (i.e.
amplitudeq. from Figure 5, parts d, e, and f, respectively), with the diffusion
The potential function shown in eq 15 and Figure 5b is a coefficientD = 9.9 x 10° Hz and the puckering amplitudpg=
simple approximation of the potential surface proposed by Levitt 0.4 A. As can be seen there is indeed a dependence upon having
and Warshéf and Olsort Such potentials have been proposed unequal potential well depths as well as unequal potential barrier
in part on the basis of X-ray crystallography data, which heights.
indicated the furanose structures are clustered tightly around Comparison of Experimental Spectra to Simulations.
the 2-endo and 3-endo configurations, and by NMR scalar Previous work has shown fair agreement between a motionally
coupling data, which similarly support the existence of two averaged line shape for'{ZH]-C9 from the Dickerson sequence
dominant equilibrium conformations. Ulyanov et al. presents a and a two-site jump model for the furanose ring motion, with
statistical analysis of scalar couplings in DNA furanose rings a half-angle amplitude of 384 While there was reasonable
that support the existence of more than two equilibrium agreement between the fully relaxed experimental line shape
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Figure 10. Best-fit comparison of simulation to experiment. (a) _,-f'\"fL___

Simulation using the following parameters: potentiéd) = (Uo/2)(1

— €0s2p), barrier magnitudéJ, = 5.5T, diffusion coefficientD = —//’\./*\\_
9.9 x 18, and puckering amplitudg = 0.4 A. (b) [2'-2H]-C3 200 o 200 200 ° 200
(underlined) from [d(CGCGAATTCGCG)|with W = 11.6 (sym-

metrized). kHz kHz

Figure 11. Comparison of the partially relaxed line shapes with
and the two-site jump simulation, the model could not effectively identical relaxation delays which correspond to the experiment and
simulate nonequilibrium (partially relaxed) line shapes. Ad- simulation from Figure 16. Note that the variable delay times are as
ditionally, a Brownian diffusion model with a single axis of follows (from top to bottom): 1, 5, 10, 25, 50, 100, and 200 ms. The
angular motion has shown success simulating equilibrium, nql_l of the inversion, where there is the greatest sensitivity to the model
motionally averaged line shapes, but also could not accurately Utilized. shows excellent agreement.
simulate partially relaxed line shap&s® Now it becomes

necessary to utilize our new model to attempt to obtain accurate ) ) i ) !
simulations of experimental data. large amplitude ¥30°) and intermediate time scale regime

Figure 10 shows a best-fit comparison for the fully relaxed (~10°—10° Hz). This model shows a great dependence on its
(equilibrium) line shape for C3 aV = 11.6 (Figure 4b). The pgramgters in 'Fhese regimes, as .|Ilustrat.ed in the series of
parameters for this simulation are a diffusion coefficibnt simulations in Figure 6. Line shape inspection and comparison
9.9 x 108 Hz, puckering amplitudg = 0.4 A, and an equal, ~ @n l_ae used initially to _determlne general magnitudes of_ the
double-well potential with equal wells and equal barrier heights @mPplitude of angular motion and the time scale of these motions.
of Up = 5.5%sT. As can be seen, there is excellent agreement, Howeyer, if one surveys the library _of S|mulat_|ons presente_d,
even down to the small details of the experimental data. The there is often a similarity between simulated line shapes with
three peaks (arrows in Figure 11) observed in the experimentald_'ffe’e”_t parameters. Therefore, a second means to distinguish
spectrum are replicated in the simulated spectrum. As found Simulations from each other becomes necessary, namely to
from simulations, the equilibrium line shape does not have a utilize the rela>_(at|o_n mformat_lon f_rom partially relaxed line
dramatic dependence on the barrier height. However, FigureShapes and spirlattice relaxation times.
7a—d and Table 1 show that the relaxation pattern does have a For example, if one wanted to compare the simulations shown
great dependence on the barrier height. in parts d and e of Figure 6 (which differ in their value for the

Figure 11 shows a direct comparison of (a) the partially diffusion coefficientD from 1.9 x 10° Hz to 1.9 x 10° Hz,
relaxed experimental line shapes for C3Vét= 11.6 and (b) respectively) to experimental data, differences between their
the partially relaxed simulated line shapes with identical delay equilibrium line shapes might be easily obscured under the
times. The simulation parameters are identical to those in Figure spectral noise in the experimental data. However, their-spin
11. Additionally, the[T;z[Jof C3 atW = 11.6 was found to be lattice relaxation times[Tiz[Jvalues, are very different, with
42 + 5 ms, which can be compared to relaxation times for values of(T;z[}= 89 ms for the simulation in Figure 6d(=
simulations from Table 1, where our model with the best fit 1.9 x 10° Hz) and(T:1z00= 18 ms for the simulation in Figure
parameters has @z0of 47 ms. When comparing the fully 6e © = 1.9 x 10° Hz).
and partially relaxed experimental line shapes with the best fit A comparison of relaxation information is useful for deter-
simulations, as well as thé;z[values, we conclude that the  mining a reasonable potential energy surface as well. The
C3 furanose ring is diffusing through a double kb barrier question remains to be asked whether a certain form for the
(~2.9 kcal/mol), with a puckering amplitude of 0.4 A and a potential can be discerned from another, and if there is a better
diffusion coefficient of 9.9x 10® Hz. A discussion of the fit when Comparing to actual SpectrOSCOpiC data. One can use
physical relevance of these simulation parameters follows.  |ine shape inspection again to obtain a general idea of parameter
values, as there is a dependence upon unequal barrier heights
with a very large value for the puckering amplitudg X 0.4

The ultimate goal is to use this model to determine the A), as shown in Figure 8. However, when the puckering
dynamics of any furanose ring, as determined from solid-state amplitude is smallerq < 0.4 A), the line shapes are not easily
deuterium NMR. It is now necessary to look at the utility of distinguished. Therefore an investigation of the relaxation
the model for simulating different line shapes. When the parameters is necessary. Table 2 indicate§Thg values for
amplitudes of motion are smalk@(0°), or in the slow motion several forms of the potentidli(¢), and shows there is a distinct
regime (<10° Hz), it is not easy to distinguish one simulation dependence of the relaxation on the barrier height of an unequal
from another (one can compare parts a and f of Figure 6 asbarrier. The model shows a marked dependence of the equi-
examples). However, one can, upon inspection, determine thatlibrium line shapes upon relative changes in well depth as well,
the furanose ring motions are in these regimes. indicated in Figure 10.

The utility of this model arises when the motions are in the

Conclusions
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Table 2. Comparison of SpirlLattice Relaxation Times for conformations, at a rate of 0:7 10’ Hz, over a potential barrier
Simulations with Different Relative Barrier Heights of 5.5T between the two conformations, and a puckering
form of simulated potential energy surface Tz ms amplitude of 0.4 A. We propose this exact set of parameters of
equal double barrier with &= 5ksT (2.9 kcal/mol) 34 _CS oply as the _furanose rings at different positions do not have
unequal double barrier wittlp ; = 5ksT and 45 identical experimental results. However, C9 has shown large
Uo.2 = 6ksT (3.6 kcal/mol) amplitude motions on the order of 38Ne propose that other
unequal double barrier wittlo, = SksT and 54 dynamic furanose rings could exhibit similar behavior as C3
Uoz = 7keT (4.2 kcalimol) - and have similar energetics. These sites could have a different
unequal double barrier witty; = 5ksT and 58 f i but the f - d still b
Uo2= 8keT (4.8 kcal/mol) set of specific parameters, but the furanose ring could still be
unequal double barrier wittle; = 5ksT and 59 diffusing through a potential energy surface, rather than exhibit-
Uo 2= 10kgT (6 kcal/mol) ing activated exchange. The C9 line shape has a similafiform

a A series of spir-lattice relaxation times for different potentials. to the simulation in Figure 8_b' W_'th a puck(_arlng _amphtude of
The potentials are of double well form, where one barrier height remains 0.5 A. We conclude that a diffusive model is an improvement
constant at KT, while the other varies relative to that value, varied over an activated exchange model for dynamic furanose rings.
from 6keT to 1XkeT, as described by eq 15. The constant parameters  The natural extension of this model is to include all members
a:r%(ﬂﬁks'on coefficienD = 9.9 x 10 and puckering amplitude af of a nucleotide subunit from one phosphate group to the next

S one, and determine whether inclusion of these substituents
affects the sugar ring motion, and vice versa. Additionally, this
can allow for investigation of the motion of other parts of the
nucleotide, and how the dynamics propagate among them, and
how they are correlated. This is currently being investigated.

Another interesting comparison of dynamical models is to
compare the degree of maximum angular displacement. When

The results from our current work show good agreement
between simulations using our model and our experimental data,
as seen in Figures 10 and 11. There is still the possibility of
simulation overlap, and while the work cannot conclusively state
that our model is an exact replication of the dynamics present

in the furanose ring, it can be used to eliminate models that dothere is a puckering amplitude of = 0.4 A, the maximum

not accurately replicate the experimental data. However, the . ; :
y rep P ' angular displacement &= 36°. This compares to the angular

results from this model have shown the best agreement to dateOIiS lacement of) — 38° for previous work Using a two-site
for replicating dynamically averaged deuterium line shapes from . P N P ng
furanose labeled DNA's. jump to model motionally averaged furanose ring line shapes.

The utiity of this model also allows for determination of rates #dd1onaly, "rigid ine shiapes that retain the Pake doublet
between overall puckering conformations as well. The rate at of small amplitude £10°) toyre licate Iing shagé’§'45 These] P
which the C2—D2" bond passes over a barrigg can also be P P pes:

estimated following the treatment of Edholm and Blombrg, are comparable to simulations using our new diffusive model

where the “escape” rate or the rate of passage over the barrie%V;]tgu?apru;ﬁg‘ge?nrgmtggiai; 0.2 A, which has a maximum
is approximated by, o

In addition to aiding in structural studies of nucleic acid

5 ) U2 conformation, the conclusions drawn may have a wider impact.
rate~ | —|? U(p)| [9U(p) D, top It has been proposed previously that the amplitude of local DNA
3(p2 top 3§02 botto 27k T dynamics has a correlation to local helical flexibilf#A°

kT
7 Furanose rings that exhibit large amplitude motions are regions
of increased local conformational flexibility. This increased

For our best f|t’ shown in Figure lOa’b, the simulations have a conformational fIEXIblllty may indicate that the DNA is an active
potential with equal barrier heights and equal well depths, where Participant in proteir-DNA interactions, where the increased
the barrier height i$Jo = 5.5T, a puckering amplitude o local flexibility lowers the energy barrier necessary for protein
= 0.4 A, and a diffusion coefficient dd = 9.9 x 108. Using DNA binding ?”#?again allowing for easier binding to the DNA.
these parameters in calculating eq 15, we obtain an escape ratéf the motion of the furanose rings can be effectively quantified,
of 0.7 x 107 Hz, which is in the intermediate time regime, where  this information may go a long way toward identifying a role
it is expected to observe significant motional averaging for large for the internal dynamics in DNAprotein interactions.

amplitude motions. Addltlona”y, it is similar to the rate be- Acknow|edgment_ This research was Supported by NIH
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