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Abstract: The gas-phase conformations of a series of cytosine/guanine DNA duplexes were examined by
ion mobility and molecular dynamics methods. Deprotonated duplex ions were formed by electrospray
ionization, and their collision cross sections measured in helium were compared to calculated cross sections
of theoretical models generated by molecular dynamics. The 4-mer (dCGCG) and 6-mer (dCGCGCG)
duplexes were found to have globular conformations. Globular and helical structures were observed for
the 8-mer (ACGCGCGCG) duplex, with the globular form being the more favored conformer. For the 10-
mer (dACGCGCGCGCQG), 14-mer (ACGCGCGCGCGCGCG), and 18-mer (ICGCGCGCGCGCGCGCGCG)
duplexes, only helical structures were observed in the ion mobility measurements. Theory predicts that the
helical structures are less stable than the globular forms in the gas phase and should collapse into the
globular form given enough time. However, molecular dynamics simulations at 300 K indicate the helical
structures are stable in aqueous solution and will retain their conformations for a limited time in the gas
phase. The presence of helical structures in the ion mobility experiments indicates that the duplexes retain
“solution structures” in the gas phase on the millisecond time scale.

Introduction groups on the DNA backbone and changes to more apolar

solvents have led to major disruptions in the double helical
In 1989, Fenn and co-workers demonstrated that gas-phase 1
. . . structure of the duple¥ Thus, the transfer of DNA duplexes
ions of large biological molecules could be generated and

L from solution to the gas phase, where unscreened phosphates
detected by electrospray ionization mass spectrometry (ESI_can repel each other and base stacking is presumably destabi-
MS).! Two years later, Katta and Chaiand Ganem et &l. P gi1sp y

o lized, should significantly reduce the chances for the survival
reported that specific noncovalent complexes could be trans- 1
: . . of the duplexes! However, DNA duplexes have been observed
ferred, intact, from solution to the gas phase using ESI-MS. . .
. ) . . . in mass spectra for over 10 years. In 1993, Light-Wahl et al.
Since that time, a number of review articles have been published
. and Ganem et al. reported that 20-mer DNA duplékesd
that illustrate the usefulness of ESI-MS to study noncovalent .
. 8-mer DNA duplexe® could be observed by ESI-MS. Since
complexes in the gas pha&e.In fact, ESI has proven to be so

. . : . . . that time, DNA duplexes with as few as 1 base pair and as
invaluable in analyzing biological molecules in the gas phase .
._~~ many as 500 base pairs have been observed by mass spectrom-
that John Fenn was awarded a share of the 2002 Nobel Prize in_, 7, 15 .
- . etry 141> Although many different DNA duplexes have been
Chemistry for its development. . o S
icul I lex that h di studied by ESI-MS, a prevailing question is whether the
One particular noncovalent complex that has attracte mterestduplexeS (or any noncovalent complex) retain any of their

in ESI-MS studies is the DNA duplex. Held together by solution-phase structural features once the solvent is removed.

hydrogen bonding between specific bases on each strand .
. - o . . A number of mass spectrometry studies have shown that there
(Watson-Crick pairs) and stabilized by base stacking within . . .
may, indeed, be a certain level of conservation of the DNA

h strand, DNA lex re known ite r . . . o L .
each strand, duplexes are known to be quite robust structure in the gas phase. Dissociation kinetics of a series of

Hydration is al lievi I rucial role in ilizin . . . e

th)éddal} c:exsag isto ?sviil eesd éﬁalfr)aey sacfegﬁii ?O? theStai?os h?ite%mer duplexes studied by blackbody infrared dissociation
P P g 9 phosp (BIRD) yielded higher activation energies for complementary

(1) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. duplexes as compared to noncomplementary ones, and a

Sciencel989 246, 64. correlation was observed between these activation energies and
(2) Katta, V.; Chait, B. TJ. Am. Chem. S0d.991, 113 8534.
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(7) Smith, R. D.; Light-Wahl, K. JBiol. Mass Spectronil993 22, 493. D. G.; Thrall, B. D.; Smith, R. DJ. Am. Chem. S0d.993 115, 803.
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Figure 1. Space-filling models of the three most common helices observed
for DNA duplexes in the condensed phase. (a) A-form (found at low

humidity), (b) B-form (found at high humidity), and (c) Z-form (found for

alternating purine pyrimidine sequences with high salt concentrations). One

strand is shown in blue, and the other is shown in red.

the enthalpies of dimerization in solutiéh.These results
suggested that WatseiCrick pairing was being retained in the

gas phase. Collision-induced dissociation (CID) studies on 1
mer and 16-mer duplexes yielded fragmentation results that

correlated with thermal denaturation cur¥e’$ and enthalpies

containing the sequence dCGCGAATTCGCG, in water and in
vacuo?® They reported that an elongated, distorted double-helix
structure could exist once the solvent was removed for up to
250 ns. This gas-phase helix contained many of the same
structural features found in water such as hydrogen bonding
and base stacking (although these features were better preserved
in the GC regions than the A regions). Schnier et al.
performed short MD simulations on ¢AlT;, dA7-dA7, and d T+

dT7 duplexes in a solvent-free environméhil hey discovered
that the dA-dT; duplex retained all 7 A pairs after 100 ps
(and 6 of 7 pairs after 400 ps), although the helix partially
collapsed. The other two duplexes (@éA; and dT,-dT), on

the other hand, collapsed into ball-like structures after 40 ps of
dynamics.

In this paper, we address this issue by reporting on the gas-
phase conformations of a series of duplexes containing cytosine
and guanine [d(CG)d(CG),, n = 2—9] using ion mobility and
molecular modeling methods. [d(C&J(CG)] ions were
sprayed from solution using ESI, and their collision cross
sections in helium were measured using ion mobility-based

2. methodg” 28 Structural information about the ions was obtained

by comparing the experimental cross sections to calculated
values of low-energy structures obtained from theoretical

of dissociatiof n solution, suggesting a conservation of DNA Modeling.
structure in the gas phase. Other. Clp studies have shown thatExperimentaI Section
gas-phase cleavage of duplexes is directed toward mismatched

base paird® H/D exchange studies on DNA oligonucleotides

lon Mobility Experiments. Poly d(CG) oligonucleotidesr{= 2—9)

showed a decrease in the rate of exchange for duplexes agvere purchased from Sigma-Genosys (The Woodlands, TX) and were

compared to single strands, indicating the duplexes may be

protected by internal WatserCrick pairing?!

used without further purification. The oligonucleotides were resus-
pended at a concentration of 300 in a 20 mM NH,OAc/H,O solution
(pH 7.0). They were annealed at 96 for 5 min, slowly cooled to

Although these studies indicate that DNA duplexes conserve room temperature (or below thel,), and stored at 16C, except for
a certain portion of their solution-phase character in the gas the 4-mer and 6-mer which were stored &@ The duplex solutions
phase, their overall conformation remains a major question. In were then diluted to 7&M and sprayed in a 98:2 (viv) NJOAC/
solution, the most common conformations of the DNA duplex NH4OH solution or a 49:49:2 §0/MeOH/NH,OH solution.

are the double helices shown in Figure 1. Under normal
physiological conditions, the duplex is usually in a B-DNA form,

which is a right-handed double hef%23 A-DNA is another

The instrument used for the ion mobility measurements has previ-
ously been described in det&ilso only a brief description will be
given here. lons are generated by nanoelectrospray ionization and

right-handed double helix, shorter and wider than B-DNA, that injected into an ion funnel via a 3-in. long capillary. The voltage applied

has been observed under low humidity conditi&hg-DNA is

a left-handed double helix, more elongated and slender than
B-DNA, that has been primarily observed in alternating cytosine/

guanine-rich sequences under high salt concentratfdriew-

to the needle is typically between 1 and 2 kV with respect to the
capillary. The ion funnel essentially acts as an ion guide, compressing
the stream of ions exiting the capillary and directing them toward the
drift cell. The funnel is also used as an ion trap, allowing conversion
of the continuous ion beam from the ESI source into a short ion pulse

ever, there has been no direct experimental data indicatingfor the mobility measurements without diminishing the total ion current.

whether these helices exist in the gas phase.

After injection into a 4.5 cm long drift cell, the ions are quickly

There have been theoretical studies that have addressed thi§ermalized by collisions with-5 Torr of helium gas and drift through
issue. Rueda et al., for example, performed lengthy 300 K the cell under the influence of a weak, uniform electric fieldt25
molecular dynamics simulations on a 12-mer and 16-mer dupleX,V/Cm)' lons exiting the cell are mass analyzed with a quadrupole mass

(16) Schnier, P. D.; Klassen, J. S.; Strittmatter, E. F.; Williams, EJ.FAm.
Chem. Soc1998 120, 9605.

(17) Gabelica, V.; DePauw, B. Mass Spectron2001, 36, 397.

(18) Gabelica, V.; Rosu, F.; Houssier, C.; DePauwREpid. Commun. Mass
Spectrom200Q 14, 464.

(19) Gabelica, V.; DePauw, Hnt. J. Mass Spectron2002 219, 151.

(20) Griffey, R. H.; Greig, M. J.; An, H.; Sasmor, H.; Manalili, 8. Am. Chem.
Soc.1999 121, 474.

(21) Hofstadler, S. A.; Sannes-Lowery, K. A.; Griffey, R. HMass Spectrom
200Q 35, 62.

(22) Langridge, R.; Wilson, H. R.; Hooper, C. W.; Wilkins, M. H. F.; Hamilton,
L. D. J. Mol. Biol. 196Q 2, 19.

(23) Langridge, R.; Marvin, D. A.; Seeds, W. E.; Wilson, H. R.; Hamilton, L.
D. J. Mol. Biol. 196Q 2, 38.

(24) Fuller, W.; Wilkins, M. H. F.; Wilson, H. R.; Hamilton, L. D.; Arnott, S.
J. Mol. Biol. 1965 12, 60.

(25) Wang, A. H. J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.; vanBoom,

J. H.; van derMarel, G.; Rich, ANature 1979 282 680.

filter and detected as a function of time, yielding an arrival time
distribution (ATD) collected on a multichannel scalar.

To quantitatively measure the ion mobility and collision cross section,
the following procedure is utilize®: 32 A pulse of ions is injected at

(26) Rueda, M.; Kalko, S. G.; Lique, F. J.; Orozco, M Am. Chem. So2003
125, 8007.

(27) Bowers, M. T.; Kemper, P. R.; vonHelden, G.; vanKoppen, P. ASdlence
1993 260, 1446.

(28) For reviews, see: Clemmer, D. E.; Jarrold, MJAMass Spectroni997,
32, 577. Wyttenbach, T.; Bowers, M. Top. Curr. Chem2003 225, 207.

(29) Wyttenbach, T.; Kemper, P. R.; Bowers, M Ifit. J. Mass Spectron2001,
212 13

(30) Kemper, P. R.; Bowers, M. T. Am. Soc. Mass Spectrod®9Q 1, 197.

(31) vonHelden, G.; Hsu, M.-T.; Gotts, N.; Bowers, M. J.Am. Chem. Soc
1993 115 8182.

(32) Gidden, J.; Kemper, P. R.; Shammel, E.; Fee, D. P.; Anderson, S. E,;
Bowers, M. T.Int. J. Mass Spectron2003 222, 63.
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low energy into the mobility cell. A weak, homogeneous electric field,

polymer§”! and is described as follows. The initial structures are

E, is applied across the cell, causing the ion packet to drift toward an energy minimized, annealed at 700 K for 30 ps (to allow the structure
exit aperture. Collisions with the helium buffer gas bath broaden the to overcome low-lying barriers and change shape), exponentially cooled
ion packet width and serve to bring a balance between the force imposedto 50 K over a variable time step, and energy minimized again. The

by the electric field and the frictional drag force. As a consequence,

the ions drift at constant velocityp, proportional to the applied field
E:

vp =KE (2)
The proportionality constark, is termed the mobility. To obtain values

independent of temperatuieand pressure, the reduced mobilitK,
is usually determined:

o= (il 272
0

760 T )

Kinetic theory has been appli®dto this system, resulting in an
expression oK, as a function of the collision system parameters.

zﬂ(Zn)l’z 1

) oo 3)

°  16N\uk,T
whereq is the ion chargel is the buffer gas densityn is the reduced
mass of the collision partnerl, is Boltzmann’s constant, ard® is
the collision integral. For hard sphere collisio§¥(? is identical to
the collision cross section. Using egs 3, it is straightforward to obtain
an expression for the arrival timg in terms of the instrument and
molecular parameters:

2
_ 2 27316p

AT K, 760T V @)

wherel is the drift cell length)V is the voltage across the cell, akd

final structure is saved and used as the starting structure for another
annealing/minimization cycle. The process is continued unti-30D
low-energy structures are generated.

For ions with less than 200 atoms, the angle-averaged collision cross
section of each structure is calculated using a temperature-dependent
projection modet?43 For larger ions, collision cross sections of each
structure are calculated using hard-sphere scattering and trajectory
models developed by the Jarrold grai® The average cross section
of the lowest 5-15 kcal/mol structures (which typically have only minor
structural differences) are then compared to experiment. In some cases,
families of conformers can be identified in the theoretical modeling,
and so the average cross section of each family is compared to
experimeng®41

ESI studies of DNA typically yield negative ions because of the
ease at which the phosphate groups can be deprotonated. The overall
charge state of the duplex can be readily identified from the mass
spectra, but the exact locations of the deprotonation sites, needed for
the modeling, are not known. However, two sets of data exist that aid
in the assignment of charge sites. First, CID studies on DNA duplexes,
in which the main fragmentation pathway is the dissociation of the
duplex into its two individual strands, indicate that the overall charge
tends to be more or less evenly distributed among the two strands (i.e.,
AB7~ fragments into A~ and B).16-1% This particular charge
distribution may be the result of a number of unrelated things but
certainly provides a starting point for assigning charge sites. Second,
ion mobility measurements on {J — nH]"" single-stranded oligo-
nucleotides have shown that the best agreement between experimental
and theoretical cross sections occurs when the deprotonation sites are
dispersed along the phosphate backbone rather than placed on adjacent
phosphate& Thus, the deprotonation sites on the d(G&CG), duplex

is the time the ions spend outside the drift cell before detection. Hence, ions were divided among the two strands and dispersed along each

a simple plot ofp/V versust, yields K, from the slope and thus the

strand, with at least two neutral phosphate groups between every

cross section using eq 3. In a typical experiment, the pressure is helddeprotonated group.

constant, while four or five different drift voltages are applied. The

The 8-mer duplex was also modeled in solution by placing the initial

resultant plots are always very linear with correlation values near B-DNA structure in a water box. The box contained200 water
0.9999. Multiple measurements are made on each system with molecules that were parametrized with the TIP3P mé/dedjuilibration
reproducibility better than 1%. These small variations are probably due of the system was performed as follows. An initial minimization of

to small pressure fluctuations during the measurements.

1000 steps using steepest descent methods with 500 kcel#nol

In all experiments reported here, the ATDs were measure over a positional restraints on the DNA duplex was followed by 25 ps of

wide range of injection voltages (3100 eV). In all cases, similar

molecular dynamics (with 1 fs time steps) at 300 K and constant

ATDs were obtained, indicating neither isomerization nor dissociation pressure. This was followed by another 1000-step steepest descent

was induced during the ion mobility process.
Calculations. Structural information about the ions is obtained by

minimization with 25 kcal/moi2 position restraints and 3 ps of
molecular dynamics at 300 K. A series of 600-step minimizations were

comparing the experimental cross sections determined from the ATDs then used in which the positional restraints were reduced by 5 kcal/
to calculated values of theoretical models. Candidate structures of themol-A2 each time. The final structures (with no restraints) were then

d(CG)-d(CG), duplex ions were generated using the AMBER37.0
set of programs with the parm99 force fikdCanonical A- and B-form
starting geometries were created using the NUCGEN utility within
AMBER, and Z-forms were generated using Hypercl## series of

simulated annealing/energy minimization cycles were then used to
generate hundreds of low-energy gas-phase structures of each duple

heated from 100 to 300 K over 2 ps. The production run dynamics
were run for 10 ns at 300 K, and structures were saved every 500 ps.

(37) Wyttenbach, T.; von Helden, G.; Bowers, M.JIl.Am. Chem. S0d.996
118 8355.
(38) Gidden, J.; Wyttenbach, T.; Batka, J. J.; Weis, P.; Jackson, A. T.; Scrivens,

X, J. H.; Bowers, M. TJ. Am. Soc. Mass Spectro@999 10, 883.

This process has been successful in generating low-energy structure¢39) Gidden, J.; Bowers, M. TEur. Phys. J. D2002 20, 409.

that match experimental data for numerous biological and synthetic (40
41

(33) Mason, E. A.; McDaniel, E. WTransport Properties of lons in Gases
Wiley: New York, 1988.

(34) Case, D. A,; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., lll; Wang,
J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton,
R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui, V.; Gohlke, H.;
Radmer, R. J.; Duan, Y.; Pitera, J.; Massova, |.; Seibel, G. L.; Singh, U.
C.; Weiner, P. K.; Kollman, P. AAMBER 7 University of California,
San Francisco, 2002.

(35) Cheatham, T. E.; Cieplak, P.; Kollman, P.JABiomol. Struct. Dyn1999
16, 8458.

(36) Hyperchem 7.0, Hypercube Inc., 2002.
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) Baker, E. S.; Gidden, J.; Fee, D. P.; Kemper, P. R.; Anderson, S. E.; Bowers,
M. T. Int. J. Mass Spectron2003 227, 205.
) Gidden, J.; Bowers, M. TI. Am. Soc. Mass Spectro@003 14, 161.
(42) Wyttenbach, T.; vonHelden, G.; Batka, J. J.; Carlat, D.; Bowers, M. T.
Am. Soc. Mass Spectrot997, 8, 275.
(43) Wyttenbach, T.; Witt, M.; Bowers, M. T1. Am. Chem. SoQ00Q 122,
3458

(44) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schwartz, G. C.; Jarrold,
M. F. J. Phys. Chem1996 100, 16082.

(45) Shvartsburg, A. A.; Jarrold, M. Ehem. Phys. Lettl996 261, 86.

(46) Hoaglund, C. S.; Liu, Y.; Ellington, A. D.; Pagel, M.; Clemmer, D.JE.
Am. Chem. Sod997 119, 9051.
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a) dCGCGCG (6-mer)
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[
“/ Na* adducts. L{
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m/z

[Duplex]*

l / Na* adducts
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[Duplex]*

\ 1211

1206 (| 1217

[SS]*+ [Duplex + Na]*

[sS

1222 1228

Na* adducts
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m/z
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[ss1™
[SSI-
[SSF*

[SS]*
[Duplex]® A
A
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,\/ Na* and NH," adducts

1150 1250 1350

550 650 750 850 950 1050

m/z

Figure 2. Electrospray ionization mass spectra of (a) dCGCGCG, (b)
dCGCGCGCG, and (c) dCGCGCGCGCGCGCG. The spectra shown in
(a) and (b) were obtained using a®CH;OH/NH,OH spray solution, and
the spectrum shown in (c) was obtained using an®AC/NH,OH spray
solution. The inset in (b) shows the sodium splitting for thé charge
state of the 8-mer duplex. The abbreviation SS stands for single strand.

Results

Mass Spectra.Figure 2 shows ESI mass spectra of the poly
d(CG) 6-mer, 8-mer, and 14-mer oligonucleotides. Deprotonated
single-strand and duplex ions are present in the mass spectr
of each oligonucleotide, but Nand NH;™ adducts are observed
as well. The spectra shown for the 6-mer and 8-mer were
obtained using a ¥D/CH;OH/NH,OH spray solution, but the
spectrum shown for the 14-mer was obtained using the NHOAc/
NH4OH spray solution (which likely accounts for the increased
abundance of Nif adducts). If the HO/CH;OH/NH,OH
solution is used to spray the 14-mer ions, the only significant
differences in the mass spectra are the absences eftttharge
state duplex and the Nfi adducts. The duplex peaks are
significantly smaller than the single strands (although they have
enough intensity to perform ion mobility measurements).
However, the focus of this study is on the ion mobility
measurements, and so the mass spectra are mainly used to veri
that duplexes have been formed and to identify the charge stat
of the ion.

To determine whether duplexes are actually formed in
solution, circular dichroism spectra were obtained for the poly

(S)

——— B-mer

——8-mer

14-mer

ellipticity (mdeg)

220 240 260 280

wavelength (nm)

300

ellipticity (mdeg)

-30
200

240 260 280 300

wavelength (nm)
Figure 3. (a) CD spectra of the poly d(CG) 6-mer (red), 8-mer (blue), and
14-mer (black) in 50:50 HD/CH;OH. (b) Expected CD spectra for A- (blue),
B- (red), and Z-DNA (green) duplexes (see text).

d(CG) 6-mer, 8-mer, and 14-mer in a 50:5G60Q4CH;OH
solution. The spectra were measured on an Olis RSM 1000
spectrometer using a 0.1 cm path length quartz cell and are
shown in Figure 3a. CD spectra characteristic of A-, B-, and
Z-DNAG8-51 are shown in Figure 3b. The spectra show a strong
negative band near 255 nm and a positive band near 280 nm,
which is characteristic of a B-DNA duplex (A-DNA and Z-DNA
duplexes should yield spectra with a large maximum near260
270 nm). The bands become more intense as the length of the
oligonucleotide increases, which is expected as longer oligos
should more easily form duplexes and single strands most likely
still exist for the 6-mer and 8-mer oligos.

Because the poly d(CG) strands are self-complementary, care
must be taken in assigning the peaks in the mass spectra.
Ebuplexes with odd charge states can be unambiguously identi-
fied, but duplexes with even charge states have the saine
value as single strands with half the number of charges.
However, duplexes with even charge states can be identified
by examining the difference in the/z values of the Naadducts
associated with the duplex. Such a multiplet is shown for the
8-mer (with a—4 duplex) in the inset of Figure 2. In this 8-mer
mass spectrum, the peak ratz 1206 can be assigned to the
deprotonated duplex with @4 charge state or a single strand
with a —2 charge state. However, each™added to the-2
single strand should yield a differencenviz of 11. A —4 charge
state duplex should yield a sodium splittingrofz 5.5 for each

220

fMB) Riazance, J. H.; Baase, W. A.; Johnson, W. C., Jr.; Hall, K.; Cruz, P.;

Tinoco, I., Jr.Nucleic Acids Resl985 13, 4983.

(49) Segersnolten, G. M. J.; Sijtsema, N. M.; Otto,Blochemistry1997, 36,
13241.

(50) Poehl, F. M.; Jovin, T. MJ. Mol. Biol. 1972 67, 375.

51) Trantirek, L.; Stefl, R.; Vorlickova, M.; Koca, J.; Sklenar, V.; Kypr,1J.

Mol. Biol. 200Q 297, 907.
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Na" added. Thus, the peak a¥z 1211 must be a sodiated

duplex ion and is assigned as [duplexNa — 5H].4~ As will

be shown in the ion mobility results, it is important to be able

to unequivocally assign the duplexes in the mass spectra. 3
lon Mobility. Arrival time distributions for the poly d(CG) [4-mer + Na - 4H] ‘

duplexes, measured at 300 K, are shown in Figure 4. Spectra

are shown for the 4-mer to the 18-mer. The ATD for the 8-mer

is the sodiated adducin(z 1211) because it can be positively

identified as a duplex on the basis of ite/z value and

interference from single strands will not appear in the spectra.

ATDs for the—9 charge state of the 14mer duplex and kL

charge state of the 18mer duplex are similar to those obtained

for the —7 and—9 charge states shown in Figure 4. [6-mer - 3H]3‘
Single peaks are present in all of the ATDs, indicating that

only one family of conformers is present, except for the 8-mer.

In the latter case, two peaks are present in the ATD that are

separated by 7ms (corresponding to a difference in cross

section of 130 A). The ions are mass filtered after the drift

cell, so the two peaks must be significantly different conforma-

tions of the duplex. The collision cross sections of each duplex,

obtained from a series of ATDs with different voltages applied

across the cefi9-32 agre listed in Table 1.

100 us

globular

’ x10

helical

[8-mer + Na - 5H]4'

Discussion

4-mer and 6-mer DuplexesExamples of the lowest energy
structures of the 4-mer and 6-mer duplexes are shown in Figure
5. The duplexes were initially placed in a canonical A-, B-,
and Z-DNA geometry, but they both immediately collapsed into
more globular structures during the simulated annealing pro-
cedure. This is not a surprising result as neither duplex is long  [10-mer - 5H]5'
enough to constitute a full turn in a helix and the globular forms
are significantly more stable>(100 kcal/mol) than the initial
helical starting structures.
The 4-mer duplex most likely does not exist as a helix in

solution because if§y is 9 °C, but the lowest energy structure

does have some residual interactions between bases in each

strand. However, none of them are in a Wats@mick arrange-

ment. The Na ion binds to a deprotonated phosplataut also 2
binds to carbonyl oxygens on the badédf two adjacent [14-mer - 7H]

phosphate groups are deprotonated, the iia will bridge both
sites (as well as bind to a base). In the 6-mer duplex, two
Watson-Crick pairs remain intact near each end of the duplex,
but the two strands are very much intertwined, and the duplex
has lost any sense of helicity.

The average cross sections of the lowestl8 kcal/mol
globular structures of each duplex are compared to experimental
values in Table 1. In each case, experiment and theory agree  [18-mer - 9|-|]9—
within 2%. Also listed in Table 1 are the calculated cross
sections of the initial A-, B-, and Z-helical structures. The cross
sections of the helices are15% larger than experimental
values, well outside acceptable limitsZ%). Thus, these small

duplexes can definitely be assigned to globular structures in arrival time
the gas phase Figure 4. Arrival time distributions (ATDs) of the poly d(CGXuplexes.

. . In each instance, care was taken to ensure pure duplex peaks in the mass
8-mer Duplex. Assignment of the 8-mer duplex SFrUCture IS spectra were used for the ATDs (see text). Two peaks appear in the ATD
more complex because two peaks are present in the ATD of the 8-mer duplex, indicating two different conformations are present.

(indicating two different conformers exist). The lowest energy Any small asymmetries in the remaining ATDs are due to noise and are
structures of the 8-mer [duplex Na — 5H]*~ are globular not reproducible. Collision cross sections of the ions can be extracted from

| - v : the ATDs and are listed in Table 1.
although 2-3 Watson-Crick pairs remain intact. This globular
structure is shown in Figure 6a. As in the 4-mer duplex, the

Na' ion binds primarily to the deprotonated phosphates but also
(52) Favre, A.; Gonnet, F.; Tabet, J. I@t. J. Mass Spectroni999 191, 303. binds to carbonyl oxygens on the bases. The average collision
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Table 1. Experimental and Theoretical Collision Cross Sections y +_ eyt
(A2) of the d(CG), Duplexes 8-mer [duplex + Na~ - SH]

theory?
duplex expt? globular ~ A-helix ~ B-helix  Z-helix

[4mer+ Na— 4H]3~ 352 350 407 392 405
[6mer— 3H]3~ 430 440 533 515 502
[8mer+ Na— 5H]*~ 536, 667 541 671 643 654
[10mer— 5H]>~ 718 640 734 783 763
[14mer— 7H]"~ 1006

[14mer— 9H]*- 1013 850 1016 1034 1035
[14mer+ NH4 — 8H]"~ 1011

[18mer— 9H]*~ 1268

[18mer— 11H]J1~ 1272 991 1254 1221 1205

[18mer+ NH, — 10H~ 1265

a19% reproducibility error? Globular cross sections are averages of the
lowest 5-10 kcal/mol structures; cross sections of the helices are of the
starting helices for the 4-mer and 6-mer and are determined from 300 K
dynamics simulations for the 8-mer to 18-mer (see tex% standard
deviation.

Z-form

a) 4-mer [duplex + Na* - 4H]* A-form B-form
Figure 6. Space-filling models of the 8-mer [duplex Na — 5H]*~ ion.

(a) Lowest energy globular structures generated by the 700 K simulated
annealing procedure. (b) Final structures after 2 ns of 300 K dynamics
starting with canonical A-, B-, and Z-helices. One strand is illustrated in
blue, and the other is in red.

8-mer ATD a helical structure that has retained its shape (to
some extent) from solution?

To test this theory, the A-, B-, and Z-helix of the 8-mer duplex
were investigated using 300 K molecular dynamics simulations
(instead of the 700 K simulated annealing cycle). The dynamics
were run for 2 ns, and every 5 ps the structure was saved and
its cross section was calculatétPlots of cross section versus
time are shown in Figure 7. For the A- and B-helix, the cross
sections decrease rapidly over the first 250 ps, but the helices
appear to eventually find an “equilibrium” type structure, as
the cross section remains relatively constant for the remainder
of the simulation. The cross section of the B-helix decreases
more rapidly than that of the A-helix and eventually yields a
structure that has a smaller cross section than the A-helix. The
cross section of the Z-helix decreases somewhat over the first
50 ps, but it quickly finds its “equilibrium” structure, which is
Figure 5. Lowest energy structures for the (a) 4-mer duplex with the very similar to the starting Z-helix.
addition of 1 N& ion gnd (b) 6—_mer duplex. One strand is shown in red, The final structures of the A-. B-. and Z-forms. saved at the
and the other strand is shown in blue. . T T .

end of the dynamics runs, are shown in Figure 6b. The average
h Cross section of the final 5075 structures of each form are
listed in Table 1. In each case, theNan stays near its initial

cross section of the globular structure agrees very well wit
the experimental cross section obtained from the fastest-time ™~ - oo
peak in the ATD (see Table 1). However, none of the 400 position proximate to a deprotonated phosphate. Unlike in the
structures generated in the simulated annealing process havgIObUIar form, where Na also binds to a base, the Naon

. . . remains on the outside of the helix and does not bind to any of
cross sections that match the experimental value derived from . )
. . the bases. Molecular dynamics simulations on the deprotonated
the longest-time peak in the ATD (6672

' ] i 8-mer duplex without Na yielded structures similar to those
Structural studies on DNA in solution have shown that the shown in Figure 6b.

double helix is quite stable when sufficiently hydrated, even |, the A- and B-forms, 7 of the 8 WatseiCrick pairs remain

for small duplexe$-** This appears to be true for these poly intact, with the broken pair located3 base-pairs from the end.
d(CG) duplexes as well because the 8-mer duplex, when placedn the z-form, all 8 Watsor Crick pairs remain intact, and the

in a water box, retained its B-form helix throughout 10 ns of final structure is similar to the initial Z-helix. Although the C
300 K molecular dynamics simulations. However, extended and G bases are still paired, the final “gas-phase” helices bend
molecular dynamics simulations (up to 250 ns) on complemen- and twist differently than their initial “condensed-phase”
tary 12-mer and 16-mer duplexes in solution and the gas ghase counterparts. Thus, helical parameters such as helix pitch, base
have shown that the double helix is partially conserved in the tilt, and roll are not strictly defined A-, B-, or Z-parameters
gas phase for a limited time once the water box is removed. (although the sugar puckers and base orientations (syn vs anti)
Therefore, the question arises: is the longest-time peak in thedo remain the same). In any case, the cross sections of the
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7401 A_helix 10-mer [duplex - 5H]
cit‘ 720 a) globular (700K annealing)
s
5 700
[
(5]
g 680
<
© 660
640 " - . .
0 5 1.0 1.5 2.0
time (ns)
191 B helix
% 690
s
5 670
3 A-form B-form
g 650 Figure 8. Space-filling models of the 10-mer [duplex 5H]>~ ion. (a)
o) Lowest energy globular structure generated by the 700 K simulated
(&) annealing procedure. (b) Final structures after 5 ns of 300 K dynamics when
630 starting with A-, B-, and Z-helices. One strand is blue, and the other is red.
610 5 : o s 20 transferred intact into the gas phase. Once free of the solvent,
) ) ) ) the 8-mer helix will eventually collapse into the lower-energy
time (ns) globular form, but the kinetics of the process must be taken
into account. For the 4-mer and 6-mer duplexes (assuming they
700 . o . . .

Z-helix were helical in solution), this transformation to the globular form
~ 680 must be very fast and occur before the ions reach the drift cell
< because no helical structures are observed in the ATDs. As the
S 660 oligonucleotide increases in length, this transformation is
?) expected to take longer. Molecular dynamics simulations at 300
D 640 K show this trend as they indicate that the 4-mer duplexes
§ collapse into its globular form after 250 ps, the 6-mer duplexes
o 620 collapse after 1500 ps, and the 8-mer duplexes retain a helical

motif for at least 2000 ps. According to the ATD results, the
600 _ _ , , 8-mer helical structures must have gas-phase lifetimes on the
0 5 1.0 1.5 2.0 order of 1 millisecond (the time scale of the experiment) before
time (ns) they collapse into the globular form.

) ) o 10-mer, 14-mer, and 18-mer DuplexesThe ATDs for the
Figure 7. Plots of cross section versus dynamics time for the 8-mer [duplex 10 14 d18 dupl h | K d
-+ Na— 5H]*" ion. The initial geometry of the helix was the canonical (a) -mer, 'm?r’ an -mer duplexes show only O_ne peak, an
A-form, (b) B-form, and (c) Z-form. The dynamics simulations were run the cross sections extracted from the ATDs are quite large (see
at 300 K for 2 ns. Every 5 ps, the structure was saved and its cross sectionTgple 1). In the modeling, the starting geometries for the
was calculated. duplexes were helical, but the structures collapsed into lower-
energy, globular forms during the simulated annealing process.
Examples of the lowest energy structures for the 10-mer [duplex
— 5HI5~, 14-mer [duplex— 7H]"~, and 18-mer [duplex- 9H]°~
are shown in Figures 8a, 9a, and 10a. In each cas® 3
Watson-Crick pairs remain intact, but the structure has lost
any sense of helicity. However, the average cross sections of
these globular forms are $15% smaller than experimental
values.

helices shown in Figure 6b agree well with the experimental
value extracted from the longer-time peak in the ATD as shown
in Table 1. The cross section of the A-form (67%) Anatches
best with experiment, but the cross section of the Z-form (654
A2) is within 2% of experiment. The cross section of the B-form
(643 A?) is ~3.5% smaller than experiment, due to the bend in
the middle of the helix that occurs during the dynamics.

The helical structures shown in Figure 6b &@&00 kcal/
mol higher in energy than the globular form. Yet, the 8-mer  The ATDs for the 8-mer duplex indicate that both globular
duplex ATDs clearly show that helical structures are present in and helical-like structures were present in the gas phase. The
the gas phase. Because the globular form is not likely to single peaks in the ATDs of the 10-mer, 14-mer, and 18-mer
isomerize into a helical structure in the gas phase, the ATD correlate with the peak assigned as helical in the 8-mer, and it
results indicate that at least some fraction of the 8-mer must is not unreasonable that a helical structure becomes more stable
have been helical in solution and a certain portion was as strand length increases.
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Table 2. Relative Energy Differences (kcal/mol) between the
Helical (A-, B-, and Z-forms) and Globular Forms of the Poly
d(CG),, Duplexes

14-mer [duplex - 7H]”"

a) globular (700K annealing)

duplex A-form B-form Z-form
[8mer+ Na— 5H]*~ 130 110 110
[10mer— 5H]>~ 70 150 115
[14mer— 7H]"~ 50 130 90
[18mer— 9H]°~ 60 140 90

In the 10-mer duplex, 9 of 10 WatseiCrick pairs are re-
tained in the A- and B-forms, and all 10 Watse@rick pairs
are retained in the Z-form. The final structures at the end of
the dynamics simulations are distorted versions of their starting
helical structures, but are definitely not globular. The B-form
distorted the most during the dynamics simulation and yielded
a final structure with the largest cross section (9% larger than
experiment). The main disruptions in the B-helix arise from
changes in base stacking within each strand. The bases remain

A-form B-form Z-Aorm stacked during the dynamics run, but they are not all perpen-

Figure 9. Space-filling models of the 14-mer [duplex 7H]"~ ion. (a) dicular to the helical axis as they are in the original B-form, in
Lowest energy globular structure generated by the 700 K simulated gome instances stacking in a T-shaped arrangement. Thus, the

annealing procedure. (b) Final structures after 5 ns of 300 K dynamics when final B-f d tt in th the starti
starting with A-, B-, and Z-helices. A wire frame model of the Z-form is Inal 5-Torm doés not turn In the same manner as the starting

also shown to illustrate the retention of Watsd®rick pairing in the B-helix. The Z-form distorted the least during the dynamics (in
dynamics. terms of changes in base stacking), but the final Z-helix still
5 has a cross section that is 5% larger than experiment. The A-
18-mer [duplex - SHI™ form, however, does yield a final structure whose cross section
a) globular (700K annealing) agrees well (2%) with experiment. The bases in the A-form at

the end of the dynamics run are not all perpendicular to the
helical axis, but the differences are not as great as in the B-form.

In the 14-mer duplexes, 12 of 14 Watse@rick pairs are
retained in the A- and B-forms, and all 14 Watsd®rick pairs
are retained in the Z-form. Base stacking also appears to be
better conserved given that the final helices are not as distorted
from their original starting geometries as in the 8- and 10-mer
duplexes. The average cross section of the 14-mer A-form agrees
best with the experimental value {.5%), similar to the results
obtained for the 8-mer and 10-mer duplexes, whereas the cross
sections of the B- and Z-forms are3.5% larger than experi-
ment. Molecular dynamics calculations also indicate that the
A-form is the most stable helix in the gas phase. Helical
structures are higher in energy than the globular forms for all
of the duplexes, but as the length of the duplex increases, the
A-form B-form Z-form magnitude of the energy difference tends to decrease, especially
Figure 10. Space-filling models of the 18-mer [duplex 9H]°~ ion. (a) for the A-form. Table 2 shows this trend.
Lowest_ energy globular structure generated by the 700 K si_mulated In the 18-mer duplex, all WatsetCrick pairs are retained
anne_allng_procedure. (b) Final structures after 5 ns of 300 K dynamics Whenin the A- and Z-forms, and only one Watse@rick pair is
starting with A-, B-, and Z-helices. . . .
broken in the B-form. The resulting helices at the end of the
dynamics simulations appear very similar to the starting helices
for the A- and Z-forms, but the B-form is vastly different. The
bases in the B-form remain stacked during the dynamics run,

shovyn n F|gur§ 7 for the 8-mer duplex.. That Is, the cross but the whole helix bends, yielding a final structure with a cross
sections of the initial A- and B-forms rapidly decrease at the ooy 494 smaller than the experiment cross section. The

beginning of the dynamics but then level out over the final 1500 7_t5rm also bends. but only slightly, which causes a cross
ps. The cross sections of the initial Z-forms do not decrease assection that again is smaller than the experimental value. For
much, and the final structures at the end of the dynamics arethe first time, the A-form helix resulting at the end of the
similar to the original starting structures. The final A-, B-, and  dynamics simulations is larger than the B- and Z-forms (Table
Z-forms obtained at the end of the dynamics are shown in 1). This occurs because the A-form does not bend and instead
Figures 8b (10-mer), 9b (14-mer), and 10b (18-mer). The looks very similar to its starting structure where the bases are
calculated cross sections of each form (averaged over the finalperpendicular to the helical axis. The average cross section of
50—75 structures) are listed in Table 1. the 18-mer A-form correlates best with the experimental value

Plots of cross section versus dynamics time for the 10-mer,
14-mer, and 18-mer duplexes at 300 K are similar to those
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(~1%), and it is the most energetically stable helix in the gas Conclusion
phase, similar to the 10-mer and 14-mer A-forms (Table 2).

Even though the globular forms are the energetically favored [N summary, a growing number of ESI-MS studies have
conformers in the gas phase, only helical conformers are demonstrated that DNA duplexes can be transferred intact from
observed in the ATDs for the 10-mer, 14-mer, and 18-mer Solution to the gas phase. The ion mobility and molecular
duplexes. Thus, the larger duplexes must originally be helical dynamics results presented here for a series of [poly d(CG)
in solution and retain a similar shape when the solvent poly d(CG}] duplexes indicate that not only are duplexes stable
evaporates, at least over the experimental time sealenis). in the gas phase, but they can retain helical structures in solvent-
The CD results on the 14-mer duplex (Figure 3) indicated that free environments. For the 4-mer and 6-mer duplexes, only
it is a B-DNA helix in solution, but comparison of theoretical globular structures are observed. When the duplex reaches the
and experimental cross sections and relative energy differences8-mer length, the globular form is the dominant conformer, but
indicate that it most likely resembles a distorted A-helix in the a small fraction of helical structures are also observed. For the
gas phase. Previous data on DNA duplexes have shown that al0-mer, 14-mer, and 18-mer duplexes, only helical structures
B-form will convert to an A-form at low humidity or whenthe  are observed in the ion mobility experiments. Molecular
solution is changed to more apolar solvet#t$> Therefore, it dynamics calculations indicate that globular forms are the
is not unreasonable to presume that the duplexes can chang@nergetically favorable conformer for the duplexes in the gas
from B-forms to A-forms during the desolvation process that phase, but the relative stability of helical structures increases
occurs in the ESI event. As the ions travel from the source 10 ag the length of the duplex strands increases. Thus, the longer
the drift cell, the duplex distorts from a true A-helix but does duplexes must have been helical in solution and retain that

not yet convert into the lower-energy globular form before it .ontqrmation for a limited time in the gas phase.
reaches the detector.

— — - Acknowledgment. The support of the National Science
(53) Saenger, WPrinciples of Nucleic Acid Structur&pringer-Verlag: New

York, 1984. Foundation under grant CHE-0140215 is gratefully acknowledged.
(54) Franklin, R. E.; Gosling, R. GActa Crystallogr.1953 6, 673.
(55) Ivanov, V. I.; Krylov, D. Y.Methods Enzymoll992 211, 111. JA046433+

15140 J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004



