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ABSTRACT: MA’AT analysis has been applied to methyl f-p-ribofuranoside (3) and
methyl 2-deoxy-f-D-erythro-pentofuranoside (4) to demonstrate the ability of this new
experimental method to determine multi-state conformational equilibria in solution.
Density functional theory (DFT) was used to obtain parameterized equations for >20
NMR spin-coupling constants sensitive to furanose ring conformation in 3 and 4, and
these equations were used in conjunction with experimental spin-couplings to produce
unbiased MA’AT models of ring pseudorotation. These models describe two-state north—
south conformational exchange consistent with results obtained from traditional
treatments of more limited sets of NMR spin-couplings (e.g, PSEUROT). While
PSEUROT, MA’AT, and aqueous molecular dynamics models yielded similar two-state
models, MA’AT analysis gives more reliable results since significantly more experimental
observables are employed compared to PSEUROT, and no assumptions are needed to
render the fitting tractable. MA’AT models indicate a roughly equal distribution of north

MA’AT and Molecular Dynamics Models of the Pseudorotational
Equilibrium: Methyl 2-Deoxy-p-D-erythro-pentofuranoside
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and south ring conformers of 4 in aqueous (*H,0) solution compared to ~80% north forms for 3. Librational motion about the
mean pseudorotation phase angles P of the preferred north and south conformers of 3 in solution is more constrained than that for
4. The greater rigidity of the f-ribo ring may be caused by synergistic stereoelectronic effects and/or noncovalent (e.g., hydrogen-
bonding) interactions in solution that preferentially stabilize north forms of 3. MA’AT analysis of oligonucleotides and other
furanose ring-containing biomolecules promises to improve current experimental models of sugar ring behavior in solution and help
reveal context effects on ring conformation in more complex biologically important systems.

Bl INTRODUCTION

Nucleic acids display various degrees of flexibility that are closely

Scheme 1. Definitions of the Six Backbone Torsion Angles (&,
B,7, 6, €, and &) in a Poly(ribo)nucleotide”

linked to their biological functions." For example, the binding of P\a

transcription factors and other proteins to DNA causes
substantial bending of the phosphodiester backbone to allow
binding and assembly of the multi-protein/enzyme transcrip-
tional machinery.”’ The rotational degrees of freedom of the
phosphodiester backbone are dictated by six torsion angles
(Scheme 1).* Torsion angles y and & are directly associated with,

)
and torsion angles f and € are indirectly influenced by, furanose I &
P

ring conformation. Significant backbone flexibility is conferred
by furanose rings, which serve as transducers that connect
backbone conformation and nitrogen base disposition. The
latter disposition (quasi-axial/quasi-equatorial N-glycoside bond
orientation) and syn/anti N-glycoside bond conformation ()

: 45
are affected by furanose ring conformation.

“Torsion angle y describes the orientation of the nitrogen base
relative to the sugar (N-glycoside conformation).

To characterize DNA and RNA conformation and flexibility, a
quantitative understanding of furanose ring conformational
equilibria and dynamics is required. Furanose ring conformer
exchange is energetically allowed due to the relatively low energy
barriers (<3—4 kcal/mol) to nonplanar ring conformer
exchange in solution.””E (C3’-endo) (north, N) 2 2E (C2'-
endo) (south, S) two-state conformational exchange (Scheme 2)
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Scheme 2. Pseudorotational Itinerary of a p-Aldofuranose
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“This circular pathway describes a mechanism of exchange between
nonplanar conformers of the ring that does not require the
involvement of the planar form.

is believed to accurately describe furanose behavior in single-
and double-stranded DNA and RNA in solution based on
statistical analyses of NMR and crystal structures.” Which of
these two states is preferred depends on the type of DNA or
RNA duplex (A- or B-type) and on other structural factors (e.g.,
single- vs double-stranded; hybrid duplexes). These conforma-
tional options are exploited, for example, in protein-nucleic acid
recognition” and in the mechanism of intramolecular catalysis by
ribozymes.'”"" In the latter case, furanose ring conformational
change in the C residue at the cleavage site is critical to proper
alignment of its O2’ with an oxygen atom attached to phosphate
on the adjacent C3’, the latter eventually becoming OS5’ on the
new S'-end after cleavage (the two oxygens assume axial
positions in the trigonal bipyramidal transition state of P). In this
case, conversion of E (N form, C3'-endo, favored in ground-
state A-RNA) (Scheme 2) to %E (S form, C2’-endo) in the
transition state is required for catalysis.'"’ Presumably, the
motional properties of the RNA backbone permit transient
access to the 2E form, which then allows productive attack of the
02’ nucleophile on phosphate to generate a penta-coordinate
phosphate transition state and subsequent formation of a 2/,3'-
cyclic phosphate intermediate."" Although not often considered
in the mechanism, the conformation of the f-p-ribofuranosyl
ring may also affect the pK, of O2'H on the C residue, with a
quasi-equatorial orientation of the C2’—02’ bond in ’E
associated with a lower pK, than the quasi-axial orientation of
the same bond in *E, possibly due to a shorter C—O bond in the
former.'” This reduction in pK, would promote hydroxyl
hydrogen abstraction, thereby activating O2 as a nucleophile
and promoting catalysis.

R30.

o R1
cr
7\ AT
RO OH
-D-ribofuranosyl ring (1)
of RNA
RiO~cs o R,
H3 H2g/ "
H4 H1
R,O H2R

2-deoxy-f-D-erythro-
pentofuranosyl ring (2)
of DNA

Conventional experimental conformational analyses of the f-
p-ribofuranosyl (1) and 2-deoxy-f3-p-erythro-pentofuranosyl (2-
deoxy-f-p-ribofuranosyl) (2) rings of RNA and DNA,
respectively, are based on the use of three-bond (vicinal)
'"H-'H spin-coupling constants (*Jyy), intra-ring 'H—'H
nuclear Overhauser effects (NOEs),"*™"° and in some cases
CSA-dipolar cross-correlated relaxation.'®’PSEUROT"® uses
314 values and a generalized Karplus equation'” to calculate the
relative populations of north (N) (°E) and south (S) (’E)
conformers in solution consistent with observations from
statistical analyses of X-ray crystal structures and molecular
dynamics (MD) simulations. The number of useful *J;;; values
in 1 and 2 is limited to 3—5, and the cisoidal *J;;, 3 in 1, and
cisoidal *Jyy; yor and *Jups s values in 2, are compromised by
their more complex dependencies (bimodal) on ring con-
formation, limited dynamic ranges, and by the Barfield
effect."””” While the endocyclic torsion angles 6,—6, (see 3
and 4) are interdependent, the number of useful *Jyy;; values is
too small to determine solution conformation, especially for 1,
unless a two-state N 2 S model is assumed (i.e., the problem is
underdetermined). Conformational models involving three or
more states in equilibrium cannot be treated easily.”’ To address
the problem of underdetermination, *J;;; values are measured at
different temperatures, but it is assumed that temperature affects
only the relative populations of N and S forms and not mean
pseudorotation phase angles P or puckering amplitudes 7,,.
Initial pseudorotation parameters are set by the user at the start
of PSEUROT analysis, and the user defines a subset of
pseudorotation parameters that will be optimized to make the
computations tractable. PSEUROT does not produce proba-
bility distribution models of ring conformation, that is,
experimental plots of conformer probability vs P that are
superimposable on similar plots obtained by computations such
as MD simulation. While Jy; values have been measured in the
furanose rings of oligonucleotides,””>* quantitative interpreta-
tions have not been reported. Systematic, quantitative studies of
Jcc values in oligonucleotides are also lacking, desgite their
potential as furanose ring conformational constraints.”

%
HO H2R
methyl 2-deoxy-f-D-erythro-
pentofuranoside (4)

The present work describes the apglication of a new
experimental method, MA’AT analysis,”**" to investigate
furanose ring conformation and dynamics in solution (the
method is named after the Egyptian goddess, MA’AT). An
advantage of this method is that the assumption of a two-state
*E/*E model, or indeed of any potential model, is not required to
fit the experimental data, and computational data (e.g, MD
simulations) are not required to assist in the interpretation of
experimental data. MA’AT analysis was applied to two model
furanoses, methyl -p-ribofuranoside (3) and methyl 2-deoxy-f-

https://doi.org/10.1021/acs.biochem.1c00630
Biochemistry 2022, 61, 239—251


https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

D-erythro-pentofuranoside (4), with the expectation that
successful modeling of these simple rings will be extendable to
more complex systems containing spin-isolated furanosyl ring
constituents (e.g, DNA and RNA oligonucleotides; furanose-
containing oligosacharides). We show here, for the first time,
that MA’AT analysis can treat multi-state conformational
equilibria, thereby broadening its applicability beyond the
single-state treatments described previously”* " to conforma-
tional elements in saccharides and other biomolecules such as
exocyclic hydroxymethyl group conformation, exocyclic C—O
bond conformation, and pyranosyl ring pseudorotation, where
two or more conformational states are likely to coexist in
chemical exchange in solution.

B EXPERIMENTAL SECTION

Experimental NMR Spin-Coupling Constants in 3 and
4. All NMR spin-coupling constants (Ji, Jer and Joc) used in
MA’AT analyses of 3 and 4 were taken from prior work.”

B COMPUTATIONAL METHODS

Geometry Optimizations. Density functional theory
(DFT) calculations were conducted within Gaussian16>' using
the B3LYP functional’””’ and the 6-31G* basis set’* for
geometric optimization. Twenty-one initial structures of 3° and
4¢ (the superscript “c” denotes an in silico structure, to be
distinguished from the chemical compounds 3 and 4) were built
using GaussView corresponding to the 10 envelopes (E), 10
twists (T), and planar conformers as defined by the Altona-
Sundaralingam35’36 pseudorotation model for five membered
rings. Each ring conformer, except for the planar form, has a
unique pseudorotational phase angle, P, that specifies the ring
atoms that are displaced out of the plane defined by three (T
forms) or four (E forms) contiguous atoms in the ring. The
puckering amplitude, 7,,,, defines the extent to which the atoms
are displaced from this plane. Equation 1 was used to calculate P
from the five endocyclic torsion

_ 6, +6,)—(6,+0,)
3.0776,

tan P
(1)

angles defined in Scheme 3 and eq 2 was used to calculate 7,
Initial and optimized puckering parameters, P and 7,,,, for 3° and

Scheme 3. Definitions of the Endocyclic Torsion Angles
6,—0, Used in Eqs 1 and 2

04
67 O 4 C1-C2-C3-C4
6;: C2-C3-C4-04
ca €1 4, C3-C4-04-C1
64 0y 6 C4-04-C1-C2
6,: 04-C1-C2-C3

C3 Cc2

&%

4° are listed in Table S1 (see the Supporting Information).
Exocyclic torsional constraints in 3° and 4° that were applied
during geometry optimization are summarized
6
cos P ()
in Schemes S1 and S2 and Table S2 (see the Supporting

Information). During geometric optimization, two of the five
endocyclic torsion angles were fixed to ensure that the in silico

T =
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structure retained its initial ring conformation. For 3° and 4°, the
exocyclic C1-C2—02—H (3 only), C2—C3—03—H, and C3—
C4—C5—0S torsion angles were rotated in 60° increments
through 360° to produce ring conformers containing different
combinations of staggered and eclipsed C—O and C-C
rotamers. All remaining geometric parameters were optimized.
These calculations produced 4536 optimized structures of 3°
and 756 optimized structures of 4°. Geometry calculations
included the effects of solvent water, which were treated using
the self-consistent reaction field (SCRE)*” and the integral
equation formalism (polarizable continuum) model
(IEFPCM)*® as implemented in Gaussian16.

Calculations of NMR Spin-Coupling Constants. [,
Jew and Jec values were calculated in geometry-optimized
structures of 3° and 4° using Gaussian16>" and DFT.”>* The
Fermi contact,””~*' diamagnetic and paramagnetic spin-orbit,
and spin-dipole™ terms for each J-coupling were calculated
usin§ the B3LYP functional and a tailored [Ss2p1dI3slp] basis
set,*”** and raw (unscaled) calculated J-couplings are reported.
All spin-coupling constant calculations included the effects of
solvent water, which were treated using the self-consistent
reaction field (SCRF)*” and the integral equation formalism
(polarizable continuum) model (IEFPCM)”® as implemented in
Gaussianl6.

Prior work in this laboratory using the B3LYP functional and
6-31G* basis set to obtain optimized geometries, and the B3LYP
functional and [Ss2p1dI3s1p] basis set to calculate [y, Jop, and
Jcc values, has shown that J-couplings calculated in this manner
have errors of <5% when secondary effects on their magnitudes
are accounted for, and when only geminal (*]) or vicinal (*])
values are considered. The latter longer-range J-couplings are
relatively small in magnitude, ranging in absolute value from 0 to
10 Hz on average, translating into absolute errors of +0.2—0.3
Hz in most cases. These errors are comparable to those
associated with the experimental J-couplings and have been
found not to significantly affect the results of MA’AT modeling.

NMR Spin-Coupling Equation Parameterization. Equa-
tions relating DFT-calculated spin-couplings in 3¢ and 4° to
pseudorotational phase angle, P, were parameterized using all
geometry-optimized structures except those having relative
energies greater than 10 kcal/mol, as described previously.””*
The latter cutoff was applied to remove structurally distorted
conformers whose inclusion would adversely affect equation
parameterization. Plots of J-couplings in structures 3°and 4“as a
function of P (Scheme 3) were parameterized and are found in
the Supporting Information (eqs S1—S58). The curves were fit
to the following modified Karplus-like equation (eq 3) using R.

"Jy (Hz) =k + acos @ + b sin € + ¢ cos 20

+ d sin 20 (3)

This generalized form of the Karplus-like equation was first
described by Pachler.** He proposed the use of this
trigonometric function to account for asymmetry in the Karplus
curve caused by the substitution of a hydrogen atom in the
coupling pathway. This trigonometric polynomial form was
adopted because it provides the best parameterization to the
DFT data with the smallest number of terms. This form of the
equation is also amenable to simple integration, making it
compatible with MA’AT analysis®*° for modeling torsional
populations in solution. The goodness-of-fit of each equation
was expressed as a root-mean-square deviation (RMSD).

https://doi.org/10.1021/acs.biochem.1c00630
Biochemistry 2022, 61, 239—251


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch3&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Aqueous Molecular Dynamics Simulations of 3¢ and
4°. Initial structures of 3° and 4° were built using the
Carbohydrate Builder module available at the GLYCAM
website (http:// www.glycam.org).45 The GLYCAMO06"® (ver-
sion j) force field was employed in all simulations. Structures 3¢
and 4° were solvated with TIP3P*” water using a 12 A buffer in a
cubic box and the LEaP module in the AMBER14 software
package.*® Energy minimizations for solvated 3¢ and 4° were
performed separately under constant volume (500 steps steepest
descent, followed by 24 500 steps of conjugate-gradient
minimization). Each system was subsequently heated to 300 K
over a period of 50 ps, followed by equilibration at 300 K for a
further 0.5 ns using the nPT condition, with the Berendsen
thermostat™ for temperature control. All covalent bonds
involving hydrogen atoms were constrained using the SHAKE
algorithm,5 allowing a simulation time step of 2 fs throughout
the simulation. After equilibration, production simulations were
carried out with the graphics processing unit (GPU)
implementation®" of the PMEMD.MPI module and trajectory
frames were collected every 1 ps for a total of 1 us. One to four
nonbonded interactions were not scaled,®” and a nonbonded
cutoff of 8 A was applied to van der Waals interactions, with
long-range electrostatics treated with the particle mesh Ewald
approximation. Output from each MD simulation was imported
into Prism>” for visualization.

B RESULTS AND DISCUSSION

Spin-Coupling Ensembles in Methyl f-p-Ribofurano-
side (3) and Methyl 2-Deoxy-f-p-erythro-pentofurano-
side (4)—General Considerations. Furanosides 3 and 4
contain 28 and 35 spin-coupling constants, respectively, that are
potentially sensitive to ring endocyclic torsion angles 6,—0,
(Scheme 3 and Tables 1 and 2). Conventional determinations of

Table 1. NMR Spin-Coupling Constants Sensitive to Ring
Endocyclic Torsion Angles 6,—0, in Methyl f-p-
Ribofuranoside (3)

Spin-Coupling Constants in 3

g Jen Jen Jen Jec Jec e
3]Hx,mh Jom  Jeum Jorms Jerea Jorcs Jeres
(0,) (00) (62)
e Jomw  Jem oy Jeres Jeacs Jercs
(6o) (6,) 0)
3 1 2 3 1
Tusms Jesms Jeams Jeang Jesca Jeacs
(CH) 6,
1 2 3
Jeana Jesm Jesm
(6,)
Jesm Jesny
(63)
Jeams Joura
(o
3
Tesas
(CH)
Subtotals of Spin-Coupling Constants in 3
3 4 6 7 3 2 3

Total Spin-Couplings = 28"
%] Values Only: 12 Spin Couplings (36,; 40,; 20,; 105; 20,)

“In parentheses: the endocyclic torsion angle in 3 that can be
evaluated by the indicated J-coupling. bThe sum of all J-couplings in 3
that can be used, in principle, to evaluate ring conformation. “The
total number of vicinal J-couplings in 3 that are exgected to depend
strongly on specific endocyclic torsion angles. “Dual-pathway J-
couplings.
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ring conformation in 3 in solution use three *Jyy;; values (~11%
of 28), whereas five [,y values (~14% of 35) are used for
similar determinations in 4. Significant structural information
encoded in numerous J-couplings in these rings has largely
remained untapped.

The 28 J-couplings in 3 fall into seven groups: *Jy, ‘Jer, T
Tew Jeo Joo and *¥Jcc (Table 1). The vicinal J-couplings
(total of 12) can be further distinguished based on differences in
their coupling pathways: *Juccn “Jeccw Jeoew Jeceo and
*Jcocc: The vicinal J-couplings have positive signs, and their
magnitudes depend heavily on the torsion angle subtended by
the coupled nuclei (Karplus dependencies®>"). Specific °J
values can therefore be associated with specific ring endocyclic
torsion angles §,—0, (Table 1) with a high degree of confidence.
This study aimed to apply these ] values collectively to model
ring conformation in 3.

While not investigated herein, some of the 16 remaining J-
couplings may be useful as additional conformational con-
straints in 3 or in the f-p-ribofuranosyl rings (see structure 1) of
ribonucleosides/tides and oligoribonucleotides. 'Jcy values in
aldofuranosyl rings depend on C—H bond orientation.”” A given
C—H bond can adopt either a quasi-axial or quasi-equatorial
orientation depending on furanosyl ring conformation. For
example, the C1—HI1 bond is quasi-axial in E, and quasi-
equatorial in 'E (Scheme 2). All else being equal, a given C—H
bond is typically longer when quasi-axial than when quasi-
equatorial, and the associated 'Jy; (ax) will be smaller than Jyy
(eq) (Scheme 4) (longer C—H bonds have less s-character and
yield smaller 'y values).”” However, as generally observed for
'J and % values in saccharides and complicating their
interpretation in conformational terms, additional structural
factors affect ']y magnitudes, such as vicinal lone-pair effects
involving either the ring oxygen (which reinforce the above-
noted bond orientation effects) or the oxygens of exocyclic
hydroxyl groups (Scheme 4).°° Similar behaviors are observed
for YJ¢ in vicinal diol fragments.61 For example, 'J¢, ¢, in 3 is
influenced not only by 6, (i.e., rotation about the C1—C2 bond)
but also by rotations about the C1—01 and C2—02 bonds, with
the effects of the latter rotations stronger than rotation about 6,
(Scheme 5).°!

Jecn values are also likely to show useful dependencies on
6,—0, since they are affected by the relative orientations of
electronegative atoms appended to the C—C fragment. These
relative orientations change as 3 undergoes pseudorotation. For
a fixed combination of exocyclic C—O bond torsions, *Jccy
values in 3 show a nearly linear dependence on specific
endocyclic torsion angles (Figure S5, Supporting Information).
However, like oy and 'J¢¢, exocyclic C—O bond rotation
influences *Jccy values, especially C—O bond rotations
involving the carbon bearing the coupled hydrogen.®”

In 3, three dual-pathway C—"°C spin couplings (*"*Jcc)
exist between C1 and C3, C1 and C4, and C2 and C4, each
involving two pathways, one geminal (for **J¢, c;, C1-C2—
C3) and the other vicinal (for ***J, ¢;, C1—04—C4—C3). The
structural dependencies of dual-pathway '*C—'3C spin
couplings in saccharides have been investigated using conforma-
tionally defined model compounds®® and are generally small,
making them less attractive for MA’AT modeling of aldofur-
anosyl rings.

The structural dependencies of spin-couplings in 3 discussed
above also apply to 4 (Table 2). In the present work, 15 3] values
are available for MA’AT modeling of 4 given their strong and
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Table 2. NMR Spin-Coupling Constants Sensitive to Ring Endocyclic Torsion Angles §,—0, in Methyl 2-Deoxy-f-p-erythro-

pentofuranoside (4)

Spin-Coupling Constants in 4

T T Yen Jen *en Jec Jee G o
Ter s Temor (04)° Yerm ek *Teius (0o) Yerca Jeres (02) ey
Timzs (04) Yeamar e ks Teius (62) Yeres Teacs (01) *Jeica
s (0o) Yeomas oo Teama (61) Yesce eace

Trs s (00) Yesms Jerms ez (04)

i s (01) Yeams esmr *Jeam (65)

Jesas *Jeaar (60)

s *earns (00)

Teas esus (01)

Subtotals of Spin-Coupling Constants in 4
1 S S 8 8 3 2 3

Total Spin Couplings = 35"
%] Values Only:“ 15 Spin Couplings (56; 46,; 20,; 165; 30,)

“In parentheses: The endocyclic torsion angle in 4 that can be evaluated by the indicated J-coupling. ®The sum or all J- couplings in 4 that can be
used, in principle, to evaluate ring conformation. “The total number of vicinal J-couplings in 4 that are expected to depend strongly on specific

endocyclic torsion angles. “Dual-pathway J-couplings.

Scheme 4. Bond Orientation (A) and Oxygen Lone-Pair Effects (B—D) that Influence C—H Bond Lengths and 'J;; Values in

Saccharides”

SR

quasi-axial/
quasi-equatorial
C—H bond orientation

effects
(increase rcp)

vicinal lone-pair

1,3 lone-pair
effects
(decrease rcp)

1,4 lone-pair
effects
(decrease rcp)

“Pseudorotation of the ring in (A) allows a given C—H bond to adopt quasi-axial or quasi-equatorial orientations, which affects their lengths and
corresponding 'Jy values. The effects shown in (A)—(D) collectively determine C—H bond lengths and thus 'Jc; magnitudes in furanosyl rings.

Scheme 5. 'J.c Behavior in Vicinal Diol Fragments”
Ha Hy
| 2 |
R17ca_prcb*R2
pE rE
HO

OH

1
Je,.cp

“!Jc.c, depends on rotation about a but is also strongly influenced by

rotations about 8 and 7.°° The effects of the latter rotations are caused
by oxygen lone-pair orbital interactions with covalent bonds in the
HO-C,—C,—OH fragment (vicinal effects on the C,—C, bond
length).

essentially singular dependencies on specific endocyclic torsion
angles 6,—0,, but additional J-values may prove useful in MA’AT
modeling of the 2-deoxy-f-p-erythro-pentofuranosyl ring in 2'-
deoxyribonucleosides/tides, 2’-deoxyribooligonucleotides, and
related systems. In oligoribonucleotides and oligodeoxyribonu-
cleotides, conformations about the C3'—03’ bonds of each
residue are often highly constrained by oligomer backbone
conformation, thus potentially simplifying conformational
interpretations of 'Jcy, 'Joo, and YJccy values in these rings by
eliminating lone-pair effects arising from O3'.
Parameterization of Equations for Geminal and
Vicinal 'H-'H, "*C-"H, and '3C-"3C Spin-Coupling
Constants in 3 and 4. A wide range of J-couplings potentially
sensitive to ring conformation in 3 and 4 was investigated by
DFT to determine the degree to which they depend on
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pseudorotational phase angle, P. These dependencies are shown
in Figures S1—S4 in the Supporting Information. Parameterized
equations for each J-value were obtained from the fitting of these
plots (see eqs S1—S58 in the Supporting Information). Based on
these results, 20 and 22 redundant J-couplings were found to be
sufficiently sensitive to pseudorotation phase angle P in 3 and 4,
respectively, and relatively unaffected by secondary structural
effects to render them useful in MA’AT analyses For 3, these J-
values included ]Hl HY ]HZ H3 ]H3 H4) ]c1 HY ]cz HD ]cz H3)
Jesmr Jesns Jerms Jeimw Jeamw Jesuy Jeauy Joam
Jesuy Tescs Jeres Jeacs ~Jercy and *ey cq (Table S3,
Supporting Information). For 4, these J-values included
Tuspa ey
Jevmw Jevms Tesmon Jeans Jevns Jovns Jerus Jesmn
Jeapn Jesrnn Jesrms Jesuy Jercs Jeaes and *eicy
(Table S4, Supporting Information).

MA’AT Modeling of Ring Conformation and Dynamics
in 3 and 4 and Comparison to Models Obtained by
Aqueous MD Simulations. Different ensembles of exper-
imental J-values (Table 3) were used to model ring
conformation in 3 and 4 using MA’AT analysis to determine
the degree to which the models are affected by the ensemble
used in the analysis. The results of this modeling are shown in
Figures 1—4. For 3, nine different ensembles of J-values (see
Table S3, Supporting Information, to identify which J-values
were used in each fit) yielded nine similar two-state models
describing an exchange between ring conformations with mean

2 3 3 3 3
]HZR,HZS’ ]HI,HZR) ]HI,HZS) ]HZR,HS) ]HZS,H3)

https://doi.org/10.1021/acs.biochem.1c00630
Biochemistry 2022, 61, 239—251


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00630/suppl_file/bi1c00630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00630?fig=sch5&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Table 3. '"H-'H, *C—"H, and "*C—"3C Spin Couplings” in
Methyl f-p-Ribofuranoside (3) and Methyl 2-Deoxy-f-p-
erythro-pentofuranoside (4)

compound

J-coupling 3 4

2] H2R,H2S —13.9

sz 12

*Jr g 54

3] H1,H2S 2.6

Fro s 4.6

3] H2RH3 S.7

3] H2SH3 6'7

T 6.9 42

Yeim 173.9

2] Cl,H2 0

Temar -LS

e s —4.6

Jeam -0.38

Teams 12

2] C3,H2 0.7

2] C3,H2R _6'4

eams -0.7 1.5

Yevms 12 2.7

] C1LH4 2.9 4.8

Y ana 0.9 1.2

Yesm 3.1 33

Jeam 4.5 5.0

Teamn 4.3

3] C4,H2R 2.0

3] C4,H2S 42

Nesms 4.8 4.0

Tescs 23

Jeycs 0.5 0

Teacs 1.8 1.1

PJeics 3.0

*eres 0 0

“ln Hz at ~25 °C in *H,O solvent; +0.1 Hz; data taken from ref 25.
Spin-coupling values of 0 Hz were used in MA’AT analyses when no
discernible line splitting was observed in 'H and '*C NMR spectra,
indicating that the experimental value is <0.7 Hz but not necessarily 0.

P values between 353—359° (N forms) and 171—189° (S
forms), giving average P values of 355 and 179°, respectively,
which correspond to the 3T, (N) and *T; (S) conformers,
respectively (Scheme 2, Figure 1, and Table 4). North
conformers are significantly more abundant (77 + 1%) than
south conformers (23 + 1%). Circular standard deviations
(CSDs) calculated for the N and S forms are comparable (11 + S
and 10 + 4°, respectively). RMSD values calculated from each of
the nine MA’AT models ranged from 0.3 to 0.6 Hz, giving an
average RMSD of 045 + 0.13 Hz. Good agreement was
observed between the average MA’AT model of 3 and that
determined by MD simulation, especially with respect to the
mean P values of N and S forms (differences of 5—7°) (Table 4
and Figure 2). The equilibrium distribution of N and S forms
determined by MD is also similar to that determined by MA’AT
analysis (differences of <2% for each state). Significant
differences, however, were observed between the MA’AT and
MD models of 3 with respect to CSDs, with the former giving
smaller values by 10—20°. MA’AT analysis indicates less
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0.05+

] H
0.04— Hi
] I

0.03

p(©

0.021

0.01

ring conformation

Figure 1. MA’AT modeling of methyl f-p-ribofuranoside (3) ring
conformation in aqueous solution using nine different ensembles of
redundant spin-coupling constants (see Tables 4 and S3). Fit 1, solid
black; fit 2, dashed black; fit 3, solid blue; fit 4, dashed blue; fit S, solid
green; fit 6, dashed green; fit 7, solid red; fit 8, dashed red; and fit 9, solid
yellow. Statistical parameters of each fit are given in Table 4.

conformational mobility about the mean P values for N and S
forms than predicted by MD simulation. The RMSD calculated
from the MD model (0.65 Hz) is larger on average than those
obtained from the MA’AT models (0.45 = 0.13 Hz), indicating a
better fit of the MA’AT models to the experimental J-couplings.

For 4, 13 different ensembles of J-couplings gave 13 very
similar two-state models involving an exchange between ring
conformations having mean P values between 336—357° and
192—207°, yielding average values of 345 + S and 198 + 5°,
respectively, that correspond to E, (north) and E; (south)
conformers, respectively (Scheme 2, Figure 3, and Table 5).
North conformers are slightly more abundant (58 + 3%) than
south conformers (42 + 3%), and approximately 2-fold more S
form is found in aqueous solution than found for 3. The average
CSD value for N forms (25 + 5°) is smaller than that for S forms
(41 £ 3°). RMSD values calculated from the 13 models ranged
from 0.1 to 0.5 Hz, giving an average of 0.34 + 0.14 Hz.
Agreement between the MA’AT models of 4 and that obtained
by MD simulation was fair with regard to the mean P values of N
and S forms. For N forms, MD gave a mean value of 338°, in
close agreement with MA’AT analysis (345 = 5°). However,
MD simulation gave a mean value of 137° for S forms, while
MA’AT analyses yielded an average value of 198 + 5°, a
difference of ~61°. MD gave a slightly larger CSD for S forms
(33°) than for N forms (27°), in qualitative agreement with
MA’AT results. However, the calculated RMSD for the MD
model (0.74 Hz) was significantly larger than the average RMSD
obtained from MA’AT analyses (0.34 + 0.14 Hz), indicating a
poorer fit to the experimental J-couplings compared to the
MA’AT models.

MA’AT Discrimination between Different Conforma-
tional Models of Furanose Rings. As shown above, MA’AT
modeling of furanose ring conformation in 3 and 4 provides
unbiased ring conformer probability distributions involving a
two-site exchange between north and south ring conformers.
Efforts to treat the J-coupling data for 3 and 4 using a one-state
model gave poorer fits of the data than obtained when two-state
modeling was allowed. When a three-state model was allowed,
two-state N/S models identical to those shown in Figures 1—4
were obtained, indicating that three-state models could not be
found that fit the data better than the two-state models.
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Table 4. MA’AT Modeling Results for Methyl f-p-Ribofuranoside (3) Obtained Using Different Combinations of Redundant J-

Couplings Sensitive to Ring Conformation

fit” number of J-values mean 1 (deg)® CSD 1 (deg)®
1 19 35S5.1 16.2
2 16 354.0 7.0
3 15 354.9 8.2
4 13 352.5 8.7
N 12 357.3 179
6 12 352.6 8.2
7 12 359.2 19.4
8 11 353.6 9.5
9 7 356.4 5.7
avg” 355.1 112
STDC 2.1 4.9
MD* 350.1 223

mean 2 (deg)®

CSD 2 (deg)®  peak 1 (%)  peak2 (%))  RMSD (Hz)®

177.5 5.7 77.5 22.5 0.64
178.5 5.8 78.9 21.1 0.64
176.0 6.2 78.6 21.4 0.57
178.8 12.4 77.2 22.8 0.33
183.3 6.7 76.5 23.5 0.41
170.8 17.8 76.1 23.9 0.34
179.5 8.3 76.4 23.6 0.43
176.4 13.5 77.1 229 0.34
189.4 16.0 75.3 24.7 0.32
178.9 10.3 77.0 23.0 0.45

4.9 4.4 1.1 1.1 0.13
171.5 289 783 21.7 0.65

“Nine different combinations of J-couplings used to model ring conformation; the J-values used in each fit are given in Table S3 in the Supporting
Information. bAveraged values obtained for the nine MA’AT fits. “STD = standard deviation. “Obtained from a 1 us aqueous molecular dynamics
simulation of 3 (see text for details). “Mean 1 and CSD 1 were calculated from peak 1; mean 2 and CSD 2 were calculated from peak 2./Obtained
from integration of peaks 1 and 2 obtained from MA’AT modeling or MD simulation. RMSD = root-mean-square deviation.

0.030 8000
7000
0.025
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0.020
5000 g
2 5
S 0.015 4000 &
3000
0.010
2000
0.005
1000
0.000 0

’E B, °E E; ’E B *E E, 'E E,
ring conformation

Figure 2. Overlay of the MA’AT model of furanose conformation in 3
with that obtained from aqueous molecular dynamics simulation (1 ps;
GLYCAMO06). The black curve represents the MA’AT model obtained
by averaging the nine models derived from the fits of nine different
ensembles of J-couplings (see Figure 1 and Table 4). The hatched area
in purple denotes the MD model.

0.015

0.010

p(0)

0.005

0.000

ring conformation

Figure 3. MA’AT modeling of methyl 2-deoxy-f-p-erythro-pentofur-
anoside (4) ring conformation in aqueous solution using 13 different
ensembles of redundant spin-coupling constants (see Tables S and S4).
Fit 1, solid black; fit 2, dashed black; fit 3, dotted black; fit 4, solid blue;
fit S, dashed blue; fit 6, dotted blue; fit 7, solid green; fit 8, dashed green;
fit 9, dotted green; fit 10, solid red; fit 11, dashed red; fit 12, dotted red;
and fit 13, solid yellow. Statistical parameters of each fit are given in
Table 5.
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The two-state MA’AT model for 3 describes °T, & T,
exchange (Figure 2), whereas that for 4 describes E, < E;
exchange (Figure 4). Unlike other experimental approaches, the
MA’AT method uses ensembles of redundant spin-couplings to
generate single->*"* and multi-state probability distribution
models of ring conformation with minimal bias and assumptions
about the nature of the model. The furanosyl ring conforma-
tional equilibria determined for 3 and 4 describe typical N/S
exchange in solution, consistent with conclusions drawn
previously using simpler treatments of NMR J-couplings and
other experimental parameters.”'*'>'

The applicability and reliability of MA’AT analysis to model
furanosyl ring conformation in solution was tested by evaluating
whether the method can distinguish between a two-state N/S
model of ring conformational exchange and a single-state model
comprised only of east conformers. While N/S exchange is
believed to occur by pseudorotation via east (°E) conformers,
the population of east forms in solution is believed to be low
based on experimental® and computational®* studies, at least in
simple furanose ring-containing compounds. However, in more
complex structures such as DNA/RNA hybrid duplexes, N/S
exchange in the DNA residues is absent and °E/E; forms are
preferred, whereas the RNA residues highly prefer *E (north)
conformations.®® Experimental® and computational (MD
sirnulationés) studies indicate that, at least in simple systems,
°E forms are less stable than N and S forms by ~4.5 kcal/mo],
and that N/S exchange via east forms may involve a significant
reduction in puckering amplitude (7,,).** If the latter pertains
and were taken to the limit (i.e., 7, = 0° in E forms), then N/S
exchange via ring inversion (i.e., exchange through a planar
intermediate) would compete with pseudorotation as a pathway
for N/S exchange.

Two conformational exchange scenarios were examined to
determine whether MA’AT modeling could shed light on the
role of east conformations in RNA and DNA structure and
function. A classical two-state N/S model involving °E (P = 18°)
and ’E (P = 162°) and a single-state °E model (P = 90°) were
examined (Scheme 2). In the *E & *E model, equal populations
of each conformer were assumed, and CSDs for both
populations, and for the population in the single-state °E
model, were set at 30°. Ensembles of J-couplings in 3 and 4 were
then back-calculated based on the assumed models and
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Table 5. MA’AT Modeling Results for Methyl 2-Deoxy-f-p-erythro-pentofuranoside (4) Obtained Using Different Combinations

of Redundant J-Couplings Sensitive to Ring Conformation

fit” number of J-values mean 1 (deg)® CSD 1 (deg)®
1 22 336.1 31.8
2 19 340.1 32.0
3 18 3389 32.7
4 17 339.0 321
N 16 3429 22.1
6 16 3422 16.9
7 15 346.1 20.7
8 13 345.8 24.0
g 12 349.2 25.6
10 10 344.6 179
11 10 346.1 22.3
12 6 356.9 25.1
13 S 350.3 19.6
avg” 344.5 24.8
STD 5.4 54
MD* 337.5 274

mean 2 (deg)®

CSD 2 (deg)®  peak 1 (%)  peak2 (%))  RMSD (Hz)®

188.6 37.5 63.7 36.3 0.48
194.1 46.0 60.6 39.4 0.49
191.7 43.7 61.8 38.2 0.51
193.2 42.8 61.3 38.7 0.52
196.9 37.9 573 42.7 0.30
199.4 371. 582 41.8 0.22
205.1 41.9 54.9 45.1 0.39
201.0 41.1 58.5 44.5 0.29
205.9 40.8 54.6 45.4 0.30
197.1 36.6 56.3 43.7 0.36
198.0 42.2 56.4 43.6 0.11
206.6 37.5 54.1 45.9 0.29
197.3 41.6 552 44.8 0.10
198.1 40.5 57.5 42.3 0.34

S.3 2.8 3.0 3.0 0.14
137.0 32.9 66.7 33.3 0.74

“Thirteen different comblnatlons of J-couplings used to model ring conformation; the J-values used m each fit are given in Table S4 in the
Supporting Information. Averaged values obtained from the 13 MA’AT fits. “STD = standard deviation. “Obtained from a 1 yis aqueous molecular
dynamlcs simulation of 4 (see text for details). “Mean 1 and CSD 1 were calculated from peak 1; mean 2 and CSD 2 were calculated from peak 2.
JObtained from integration of peaks 1 and 2 obtained from MA’AT modeling or MD simulation. RMSD = root-mean-square deviation.

6000

3 E, °E E,

2E E ‘E E,
ring conformation

'E E

Figure 4. Overlay of the MA’AT model of furanose conformation in 4
with that derived from aqueous molecular dynamics simulation (1 ys;
GLYCAMO6). The black curve represents an averaged MA’AT model
calculated by combining 13 models obtained from the fits of different
ensembles of J-couplings (see Figure 2 and Table 5). The hatched area
in purple denotes the MD model.

corresponding J-couplings were compared (Table 6). The
results showed that many of the J-couplings in 3 and 4 differ in
the two models, although the differences were modest in some
cases. For example, 9 vicinal spin couplings in 3 and 11 in 4 show
differences ranging from 0.8 to 2.4 Hz. The ensembles of back-
calculated J-couplings in Table 6 were then used as input in
MA’AT analyses to determine whether the analyses would return
the same models from which the J-couplings were back-
calculated. Both single-state models for 3 and 4 were reproduced
almost exactly by MA’AT, while statistical parameters
determined for the two-state MA’AT models of 3 and 4 were
virtually identical to those expected (see Table SS in the
Supporting Information). For both 3 and 4, MA’AT fits of the
back-calculated J-couplings gave the lowest RMSDs for the
model from which the back-calculated J-couplings were
originally obtained, demonstrating that MA’AT can distinguish
between the one- and two-state models.

Studies were then conducted to determine whether MA’AT
can distinguish between the one- and two-state conformational
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Table 6. Back-Calculated Spin-Coupling Constants for One-
(°E) and Two-State (°E < 2E) Conformational Models of 3
and 4

methyl 2-deoxy-f-p-erythro-

methyl f-p-ribofuranoside (3) pentofuranoside (4)

J-coupling 1-state 2-state  J-coupling 1-state 2-state
vz 4.10 3.33 raras —-13.97 —13.29
Moz 8.63 6.23 Yo 6.24 5.45
Mz e 6.02 4.70 s 2s 5.88 4.56
Jerm -3.14 -2.15 Yrorms 3.64 495
Jeam —-0.17 —-0.35 Yiasus 9.76 7.08
Jeams 1.61 1.52 iz 4 5.66 446
Jesm 1.31 1.74 YeLm 169.24 172.78
Jeans 027 1.29 Y e1mar —0.07 0.30
s e 0.37 0.71 Y er s —5.82 —4.85
Ferms 3.30 3.33 Jeams 023 0.44
Ferma -0.19 1.85 s mar —4.84 —4.96
3']cz,m 1.03 1.51 2]C3,HZS —1.66 -1.17
Fesm 0.41 1.11 eans 0.08 1.39
Team 0.03 2.44 Jerns 2.96 3.50
Fearn 3.40 2.97 Teuns —-0.16 223
esms 4.55 3.86 Teams 1.27 1.22
Tescs 1.06 1.80 st 0.49 1.60
Jenes 3.62 1.52 Feam 0.03 247
Teacs 221 1.40 Y arar 1.35 2.60
*eies 4.69 441 s 3.87 3.88
eics 2.72 1.17 esms 4.62 3.94
eaca 1.75 2.38 TJescs 142 2.16

Teres 3.99 1.70
Jeacs 2.30 1.54
¥ encs 2.51 2.16
23 c1ca 3.08 1.58
¥ eaca 1.41 2.02

“For the two-state model, equal populations of °E and ’E were
assumed. CSDs for all peaks were set at 30°. See text for details.
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models of 3 and 4 described above and a more complex three-
state model in which °E (P = 18°), °E (P = 90°), and *E (P =
162°) are equally populated. CSDs of each population were
assumed to be either 10 or 30°. Back-calculated J-couplings for
the three-state model were first obtained and then used as input
in MA’AT analysis. MA’AT recapitulated the three-state model
accurately when the fit was constrained to three states. However,
if the fit of the three-state back-calculated J-couplings was
constrained to two states, a two-state N/S model was returned
that had a lower RMSD than the three-state fit. Thus, MA’AT
was not able to identify the three-state model unambiguously.
Further studies showed that this behavior may be due () to the
particular three-state model chosen for the calculations where
equal populations of each state were assumed and (b) to the fact
that °E is located exactly between the assumed °E and *E forms.
Results not shown here suggest that some three-state models in
which one state is °E may be unambiguously determined by
MA’AT, especially when the three states are not equally
populated and/or when the north and south states are not
equally displaced from °E along the pseudorotational itinerary
(e.g, an E, 5 °E 5 ’E equilibrium).

These studies, although limited in scope, suggest that while
any given J-coupling may exhibit small or modest changes in
different conformational models, the collective changes that
occur in multiple J-couplings between different models appear to
be the key factor in enabling MA’AT analysis to discriminate
between different models. In the present case, the degree to
which MA’AT analysis is able to discriminate between one- and
two-state models of 3 and 4 depends on the accuracy of the
measured J-values used in the analyses, with J-couplings having
errors of +0.1 Hz or smaller desirable. In relatively small
molecules, this level of accuracy is achievable if high-quality
NMR data are available and second-order effects are taken into
account, but accuracy is likely to suffer as the molecular weight of
the molecule increases due to complications arising from
increasing correlation times and resonance line-widths.

B CONCLUSIONS

Conformational analysis of oligoribonucleotides and oligodeox-
yribonucleotides requires treatment of furanose ring conforma-
tion. Historically, *J;;;; values have been used in this treat-
ment, ! 311666768 although efforts have been made to include
heteronuclear Jcy; values, at least qualitatively.””~"> Given the
limited number of 3y values available in ribo (1) and 2-
deoxyribo rings (2) and the large number of conformational
states available to these rings, conformational modeling is not
possible without invoking assumptions about the nature of the
model (i.e., confine experimental data analysis to two-state N/S
models). It has not been possible to allow the experimental data
to dictate the model without bias or to avoid fitting a modest
number of experimental constraints to models determined by
MD simulation. The same limitations apply to the conforma-
tional analysis of aldofuranosyl rings having other rin§
configurations, such as a/p-arabino, a/p-lyxo, and a/P-xylo.
Do the latter rings adopt two-state N/S models in solution or do
other models pertain? Recent MD simulations suggest that N/S
models that apply to 3 and 4 are probably not adopted
universally by rings having different configurations.””

The approach described in this study allows probability
distribution modeling of aldofuranosyl ring pseudorotation in
solution based solely on experimental inputs. The MA’AT
method is well suited to furanosyl ring conformational analysis
since these rings contain large numbers of redundant spin-
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coupling constants that display strong dependencies on ring
conformation, which renders multi-state MA’AT modeling
feasible.

MA’AT analysis of the f-ribo (3) and 2-deoxy-f-ribo (4) rings
provides new experimental validation of the two-state N/S
models commonly invoked for these rings, at least for those free
in solution. The MA’AT results show that the mean values of the
pseudorotation phase angles P for 3 are in good agreement with
those obtained by MD simulation, and that relative populations
of the N and S forms determined by MA’AT are very similar to
those predicted by MD. MA’AT analysis of 3 indicates that
averaging about the two mean P values is more restricted than
that predicted by MD. In multi-state modeling with MA’AT
described herein and in unpublished work, mean values of
molecular torsion angles (in the present case embodied in P)
have been found to be very reliable, whereas CSDs are less so.
Thus, while the MA’AT analysis suggests more restricted
conformational averaging for 3 than found by MD, this finding
would benefit from additional experimental validation.

Westhof and Sundaralingam’* have shown that hydroxylation
of furanose and pyrrolidine (proline) rings results in decreased
flexibility. This assertion refers to the activation barrier to N/S
exchange, with that associated with f-ribo or hydroxyproline
rings higher than those associated with 2-deoxy-f-ribo and
proline rings. The present work does not speak to differences in
activation barriers for N/S exchange but does provide new
experimental evidence that less librational averaging around the
preferred values of P is observed for an unsubstituted S-b-
ribofuranoside than for an unsubstituted 2-deoxy-f-p-erythro-
pentofuranoside in the aqueous (*H,0) solution. Apparently,
the loss of the 2-hydroxyl group renders the furanose ring more
flexible. While multiple factors may be responsible for this
behavior, the presence of vicinal hydroxyl groups in 3 may
potentially constrain motion through intramolecular or
intermolecular (with solvent water) hydrogen bonding. Recent
conformational studies of 3 using rotational spectra in a
supersonic jet expansion show that its furanosyl ring adopts a
N conformation (near >T,) in the gas phase almost exclusively.”
Thus, in the absence of the solvent, north geometries of 3 are
intrinsically favored. MA’AT modeling shows that, while N
forms of 3 dominate (77%), a substantial population of the S
form (23%) exists in the aqueous (*H,0) solution. These results
suggest that solvation may preferentially stabilize S forms of the
ring, possibly through more potent intermolecular hydrogen
bonding in the latter and/or to altered strengths of competing
stereoelectronic effects (anomeric and gauche) within the ring.

MA’AT models of 3 and 4 show that both rings adopt two-
state models, but the two dominant ring conformers in each
model differ, especially for the S forms. Conventional PSEUROT
analyses of *Jy; values in 3 yielded a two-state N/S model in
*H,0 with P(N) = 344° (E,), P(S) = 158° (’E), and 94% N
forms,® compared to values of 355°, 179°, and 77%, respectively
(Table 4) determined by MA’AT analysis. Like PSEUROT,
MA’AT analysis indicates that the N form is preferred in
solution, although it is less abundant than indicated by
PSEUROT. X-ray crystal structures of 3 contain two ring
conformations, one with P = 349° and the other with P = 336°,
consistent with E, ring conformations.””’® The dominant
conformer observed in the solution is the same form as that
observed in the crystal. Conventional PSEUROT analyses of
3] values in 4 support a two-state N/S model in *H,0, with
P(N) = 335° (E,), P(S) = 211/234° (*T,/*E), and 52—60% N
forms,””’" compared to values of 345° 198° and 58%,
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respectively (Table S) determined by MA’AT analysis. Given the
uncertainties in both the PSEUROT and MA’AT treatments, the
agreement between the two methods is very good for 4,
supporting the contention that a more equal distribution of N
and S conformers exists in aqueous solutions of 4 compared to
solutions of 3 where the N form is the more favored.

MA’AT and MD models of the 2-deoxy-f-ribo ring 4 were
found to differ with regard to the mean values of P and N/S
equilibria. The discrepancy is particularly significant for the
mean P-value of the S form. These results suggest that the
GLYCAMOG force field may not be parameterized to accurately
predict the solution behavior of this ring. With regard to CSDs,
however, the MA’AT and MD data for 4 are in good agreement,
unlike what was observed for 3.

The probability distribution models obtained from MA’AT
analyses of 3 and 4 show north and south conformer populations
that range from 20 to 80%. However, two-state furanose ring
conformational equilibria may occur wherein one of the states is
minimally populated. Based on general tests of the MA’AT
method using contrived two-state equilibria, the lower limit of
detection of a conformer population is likely to be ~10%. This
limit is partly determined by the number of J-couplings used in
the analysis and the degree to which they depend on a given
torsion angle. J-Couplings with large dynamic ranges and
minimal secondary dependencies on structure lead to more
accurate fits of the data, which in turn may lower the detection
limit of minor populations.

The studies described herein focused on simple furanose rings
to test the multi-state modeling capabilities of MA’AT analysis.
Prior work using the MA’AT method treated systems in which
single-state conformational models gave best fits of the spin-
coupling data.”*"*° Application of the MA’AT method to the
furanosyl rings of oligonucleotides may provide greater clarity
on the conformational behaviors of these rings in both single-
stranded and duplex structures. The ability of the method to
distinguish between single-state east models and typical N/S
two-state models may be particularly useful in studies of RNA—
DNA duplexes, where aberrant furanose ring conformations
may exist.”” Future applications of MA’AT analysis to furanose
rings in oligonucleotides will require determinations of the
effects of phosphate ester functionality on J-coupling behavior in
P-ribo (1) and 2-deoxy-f-ribo (2) rings. The equations reported
herein for 3 and 4 may not be applicable to these phosphorylated
systems. Furthermore, measurements of large ensembles of ring
J-couplings may be challenging in oligonucleotides. Preliminary
studies of an ensemble of nine J-couplings in 3 and 4 that were
chosen because of their expected relative ease of measurement in
these systems showed that, for 3, the resulting model was very
similar to that shown in Figure 2, giving comparable mean P
values for the N and S conformers and similar relative
populations, although the CSDs were smaller (Figure S6A,
Supporting Information). Similar results were obtained for 4,
and in this case, the CSDs for both models were similar (Figure
S6B, Supporting Information). These initial findings suggest
that, even when access to redundant J-values is limited, reliable
MA’AT models of furanose ring conformation in oligonucleo-
tides should be obtainable. In these larger systems, errors in the
experimental J-couplings will increase. However, even with
errors of up to +0.5 Hz, preliminary work indicates that reliable
MA’AT models can still be obtained, especially when the
dynamic ranges of the J-couplings used in the analysis are
relatively large. Additional study will be needed to fully define
the limits of MA’AT analysis as applied to oligonucleotides.
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Likewise, characterizing the pseudorotational properties of six-
membered pyranosyl rings remains an experimental problem
that MA’AT analysis may be able to address, especially in cases
where conformational heterogeneity is expected.”®
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