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Abstract

DNA duplexes are known to be quite stable in the condensed phase but recent mass spectrometry results have shown that DNA complexes ar¢
also stable (at least for a limited time) in the gas phase. However, very little is known about the overall shape of the complexes in a solvent-free
environment and what factors influence that shape. In this article, we present recent ion mobility and molecular modeling results that address
some issues concerning the gas-phase conformations of DNA duplexes. Examples include the effect of metal ions on Watson—Crick base
pairing, investigating the onset of helicity in duplexes as a function of strand length, comparison of the stabilbyaofdCAT base pairs,
and examining the formation of quadruplex structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and review articles have been written describing the useful-
ness of mass spectrometry in characterizing DNA duplexes
DNA duplexes are stabilized by a number of factors but in the gas phasf—10]. The types of results gathered from
hydrogen bonding between bases on the two strands and basthese studies range from the determination of base compo-
stacking within each strand are the major contribufais sition and sequence of DNA strands to the identification of
Solvent is believed to be just as crucial to the stability of ligand binding sites and post-translational modification sites.
the duplex because it can provide screening of the negativelyDespite this wealth of data, the overall gas-phase structures
charged phosphate backboifigs Thus, most structural and  of the duplexes and the factors that influence these structures
characterization studies of DNA are performed in the con- and the interactions between the two strands are not well un-
densed phase and obtaining gas-phase data has been believe@rstood (not to mention whether the gas-phase structures are
to be nearly impossible as an increase in charge repulsionrepresentative of their solution phase counterparts or undergo
from the absence of solvent screening and the reduced favorimajor conformational changes).
ability of base stacking should significantly destabilize the  Several groups have attempted to address these issues us-
duplex structurg?]. ing selective dissociation of the duplexes and have shown
However, in 1993 Ganem et gB] and Light-Wahl et that specific hydrogen bonding and base stacking may, in-
al. [4] demonstrated that DNA duplexes could be success-deed, be conserved in the transfer from solution to the gas
fully transferred, intact, from solution to the gas phase using phase. Gabelica and DePauw, for example, used collision-
electrospray ionization mass spectrometry (ESI-VE}) A induced dissociation (CID) to examine a series of 16-mer
year later, Doktycz et al. showed that DNA duplexes could duplexeqd11,12] They observed that the relative kinetic sta-
survive in the gas phase for hundreds of milliseconds in a bilities of the gas-phase duplexes correlated well with rela-
quadrupole ion traf6]. Since that time, a number of papers tive stabilities in solution measured by thermal denaturation
(monitored by UV spectrometry). CID fragmentation yields
* Corresponding author. Tel.: +1 805 893 2893; fax: +1 805 893 8703. als0 paralleled calculated solution melting enthalpies. They
E-mail addressbowers@chem.ucsb.edu (M.T. Bowers). attributed these results to the retention of hydrogen bonding
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in solution. Schnier et al. studied the kinetics of dissociation
of several complimentary and non-complimentary 4- to 7-
mer duplexes using blackbody infrared radiative dissociation
(BIRD) [13]. They observed that activation energies for dis-
sociation of complimentary duplexes were higher than those

and base stacking interactions in the gas phase that are preser[ lon J [
Source
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of non-complimentary duplexes and these activation energies':ig- 1. Schematic of the basic ion mobility/mass spectrometry instrumental

correlated with solution dimerization enthalpies, thus, indi-
cating that Watson—Crick pairing was conserved in the gas
phase (corroborated by molecular dynamics calculations).
Griffey et al. examined the CID fragmentation of 8- to 14-

mer duplexes with mismatched base pairs and observed pref

erential cleavage at the site of the mismatch (suggesting that

Watson—Crick pairing was preserved in the rest of the duplex)
[14].
Although these studies indicate that DNA duplexes con-

serve a portion of their solution phase character in the gas

phase, their overall conformation in the gas phase remains
major question. In solution, DNA duplexes are often helical,
taking on A-, B-, or Z-forms, but very little is known about

whether these helices exist in the gas phase and what fac

tors influence them. In this article we will report on some of
our recent ion mobility and molecular modeling studies that

have focused on these issues and examine factors such as ho

metal ions affect Watson—Crick pairing and the importance
of strand length and sequence on the overall conformation o
the duplex.

2. Experimental and theoretical methods
2.1. lon mobility measurements

The mobility of an ion K) is simply a measure of how fast
the ion drifts through a buffer gasq) under the influence of
a weak, uniform electric fieldq) [15].
vi=K - E )

For large ions, the mobility also depends significantly on the
geometric shape ofthe ion. Compactions with small collision
cross-sections undergo fewer collisions with the buffer gas
and hence drift faster than more extended ions. Thus(1§q.
can be re-written as

()
wherety is the drift time of the ionKg, the reduced mobil-

ity (scaled to standard statey; is the ion’s collision cross-
section, andC; andC; are given below15].

273 1

CL=F-Ze5y (33)
16Ny [ 27 \ Y2

Cp = = 3b

2 3e (uka) (30)

setup.

In the above equations,is the drift length;p, the pressure
of the buffer gasT, temperaturey, the drift voltage applied
across the cellN,, the number density of the buffer gas at
STP;e, the charge of the ion, the reduced mass of the ion
and buffer gas; ankl,, Boltzmann’s constant.

A schematic of the experimental setup used to measure
ion mobilities is shown inFig. 1 [16—19] lons are gener-
ated by electrospray ionization (ESI) or matrix-assisted laser
desorption/ionization (MALDIJ20], mass selected with the

aﬁrst mass analyzer, and injected into a drift cell containing

helium. For the ESI experiments, the continuous ion beam

from the source is gated so that the ions can be pulsed into

the drift cell, thus, triggering a timer. For the MALDI exper-

iments (which has a pulsed ion beam), the laser pulse is used
trigger the timer. The ions injected into the drift cell are

quickly thermalized by collisions with helium(L0® colli-

fsions) and drift through the gas at constant velocity under

the influence of a weak electric field. lons exiting the cell are
mass analyzed with a quadrupole mass filter and detected as a
function of time on a multi-channel scalar, yielding an arrival
time distribution (ATD).

Arrival times at the detectot,, are the sum ofy andtg,
wheret, is the time the ion cloud spends outside the drift cell
before reaching the detector. Hence,

, 273p 1 1

760 VK,

and a plot otz versusp/V should yield a straight line with a
slope inversely proportional to the mobility of the ion and an
intercept equal tdy,.

ta=td+1to=1 (4)

Io

2.2. Theoretical modeling

Conformational information about the ions is obtained by
comparing the cross-sections obtained from the ATDs to cal-
culated values of theoretical models. The AMBERZ21]
suite of molecular dynamics software (using the Amber99
force field) as well as DFT calculations (using the B3LYP hy-
brid functional and the LACVP basis s§2p,23]calculations
were used to generate candidate structures of the duplexes
and their corresponding collision cross-sections were calcu-
lated using an angle-averaged projection md¢aé|25]and
a hard sphere scattering mogiz$]. In the molecular dynam-
ics calculations, hundreds of low energy structures are gener-
ated via a simulated annealing method that has successfully
predicted low energy structures for numerous biological and
synthetic polymer§l8,27—-32] The average cross-section of
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the lowest 5-10 kcal/mol structures (which usually have only
minor structural differences) is then compared to experiment
for conformational identification. In the DFT calculations,
only one low energy structure is obtained for a given starting
geometry and its cross-section is calculated 10 times and av-
eraged for comparison to experiment. Starting geometries of
the DNA duplexes were obtained using the NUCGEN utility
in AMBER 7 as well as published X-ray structures.

2.3. Sample preparation
Fig. 2. Lowest energy structures of (a) [(d@GG) + 5Na— 4H]* and (b)
All DNA samples were purchased from Sigma-Genosys ['(dTT-dTT-d_TT).+ 10Na— 9H]+ obtaingd by molecular mechan?cs calcula-
(The Woodlands, TX) and used without further purifica- _tlons. Cytosine is shown in red, guanine in blue, and thymlne_ in gre_e*n. Na
. . . ions are yellow and the phosphate groups are orange. TheéoNa bind
tion. The samples were annealed ip@or NH;OAc with preferentially to oxygen atoms on the phosphate groups and bases.
duplex concentrations ranging from 30 to 30@ and
NH4OAc concentrations ranging from 20 to 150 mM. In the
MALDI experiments (metal-dinucleotide complexes), 2,5- that the N& ions initially cluster around the deprotonated
dihydroxybenzoic acid was used as the matrix and a wa- phosphates, but as more Nare added, they become more
ter/methanol mixture as the solvent (§82] for full pro- dispersed and bind to multiple sites and groups in the du-
cedure). In the ESI experiments, the annealed DNA solu- plex/triplex. In order to accommodate all of the'Nans and
tions were diluted to 30-75M in H,O and sprayed in a  maintain the +1 charge state commonly observed in MALDI
98:2 mixture of NHOAC/NH;OH or a 49:49:2 mixture of  experiments, the bases must deprotonate along with the phos-
H,O/MeOH/NH,OH. phate groups. Thymine and guanine are the only good candi-
dates and can deprotonate at N3 and N1, respectively. How-
ever, the Naions do not necessarily bind to those particular

3. Applications deprotonated sites, preferring instead to coordinate to oxy-
gen atoms. Examples of duplex and triplex structures with
3.1. Metal ions and Watson—Crick bonding multiple N& ions are shown ifFig. 2

Fig. 3 shows arrival time distributions (ATDs) for a
Theimportance of metal cations interacting with DNAwas dCGdCG duplex cationized by a variety of alkali, alka-
first realized in the 1920s when Hammarsten reported on theline, and transition metal iorfd5]. Single, symmetric peaks
need for metal cations to be presentin cells to help neutralizeare observed in the ATDs for all the metal-duplex ions
the overall negative charge on DN&3]. However, metal-  (Fig. 3a), except those cationized by GWAg*, [Zn?*—H]*,
DNA studies did not really begin in earnest until the late 1960s and [C&*—H]*. In those casesF{g. %), two peaks are
after Rosenberg and co-workers discovered that cispagn ( present, indicating two distinct isomers exist that have signif-
[Pt(NH3)2Cl2]) was an effective antitumor agent and ensuing icantly different collision cross-sections (and hence geome-
work suggested that the binding of Pt to DNA bases was tries). The cross-sections extracted from the shortest-time
largely responsiblg34—37] In recent years, a major focus peaks inFig. 3 (229+ 2,&2) are comparable to those deter-
of metal-DNA studies has been identifying the role metal mined from the ATD peaks ifig. 3a but the cross-sections
cations play in stabilizing quadruplex structuf@g8—41] extracted from the longest-time peaksHiy. 3b are~12%
Metal cations are usually found near the negatively larger (255: 3A2).
charged phosphate groups on the DNA backbone but numer- The lowest energy structures determined for the
ous studies have shown that metals can bind almost anywheréNa'[dCG-dCG] and CH[dCG-dCG] duplexes are shown
on the DNA moleculg42]. The next most popular sites are in Fig. 4. In the sodiated duplexF{g. 4a), the N4 ion
the nucleobases and recent ab initio calculations have everbinds to carbonyl oxygens on all four bases, disrupting the
indicated that the proper placement of metal cations on nucle-Watson—Crick hydrogen bonding between cytosine and gua-
obases can actually enhance Watson—Crick bonding betweemine. In the modeling (using the AMBER 7 program), the
complimentary pairp43,44] One particular site thathasgen- Na"-duplex was initially placed in a “Watson—Crick” geom-
erated recent interest is the O6 atom on guanine bases. It is agtry but it quickly rearranged into the more compact structure
this site that metal cations such as™aK* bind, stabilizing shown inFig. 4a. The calculated cross-section of this struc-
quadruplex structurd88—41] ture (228t 25\2) agrees very well with experimental values.
MALDI-TOF spectra obtained in our lab on a series of Molecular dynamics calculations on the other alkali and al-
dinucleotides cationized by Nandicated that up to 7 Na kaline metal-duplex ions yield similar structures.
could bind to a given duplex and up to 10 Neould bind DFT calculations (B3LYP/LACVP}22,23]were used to
to triplexes, withn Na* ions replacing if— 1) hydrogens generate optimized structures for the*@luplex ions us-
[32]. lon mobility and molecular modeling results indicated ing Watson—Crick geometries and the “globular” geometry
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Fig. 3. Arrival time distributions (ATDs) of (dAC@CG) cationized by different alkali, alkaline, and transition metals (generated by MALDI). Two peaks,
corresponding to globular and Watson—Crick structures, are observed only faf tnetls.

shown inFig. 4a as starting structures. Cwas added to both  the resulting structure has an average cross-sectionthatagrees
duplex conformers at many different potential binding sites. well with the value obtained from the longest-time peak in
In each case, the starting geometries remained intact throughthe ATD. If the Cu ion is positioned near N7 and O6, the pre-
out the optimization procedure and the energies of the final ferred site on free base paij#2,43] the resulting structure
structures of each form were within 1 kcal/mol of each other. (although a Watson—Crick geometry)44.0 kcal/mol higher

In the globular structure, the Ciion is in a similar position in energy.

as the N& ion, coordinating to the carbonyl oxygen on each Watson—Crick structures are observed experimentally
of the four bases. The cross-section of this structure agreesonly for dCGdCG duplexes cationized by-Umetals. This
well (within 2%) with the value extracted from the fastest- result is not well understood as similar ion mobility studies
time peak in the ATD. In the “Watson—Crick” geometry, the on dAT-dAT duplexes yielded no Watson—Crick structures,
Cu' ion binds to carbonyl oxygens on the cytosine bases andregardless of the metal cation. One possible explanation may
to the NH groups on the guanine bases. Remarkably, the lo- lie in the fact that these four'l metal cations can also be
cation of the Cti ion between the bases does not disrupt the classified as soft acids (although Zris a borderline acid)
W-C hydrogen bonding between cytosine and guanine andwhereas all of the other metal cations are hard acids or bor-
derline acids[46,47] Hard acids tend to form complexes
that are dominated by electrostatic interactions but soft acids
form complexes with more covalent character. Soft acids also
tend to prefer to bind to nitrogen atoms rather than oxygen
atoms. In the Watson—Crick structure showrfig. 4b, the

Cu' ion binds to the N2 atoms on guanine and appears to help
bridge the NH group on guanine and the O2 atoms on cy-
tosine, keeping the Watson—Crick hydrogen bonding intact.
If the metal ion has a high preference for binding to oxygen
atoms (like N&), the bases must rearrange to accommodate
the metal ion and thus, disrupt the hydrogen bonding between
the bases.

3.2. Size effects—onset of helicity

In the condensed phase, DNA duplexes can adopt a hum-
_ _ ber of different structures but are commonly found in a dou-
Fig. 4. (a) Lowest energy structure for NdCGdCG) obtained by molecu- ble helix arrangement. X-ray studies of DNA fibers have re-

lar mechanics calculations. Nainds to carbonyl oxygens on all four nucle- led th basi f fi f the double heli h
obases. (b) Lowest energy structures fof @CGdCG) obtained by DFT ~ V€@l€d tNree basic contormations ot the doublie helix (shown

calculations. In the Watson—Crick structure;"@inds to O2 on the cytosine 1IN Fig. 5): the B-form, which is stable at high humidity
bases and N2 on the guanine bases. (~92%) [48], the A-form, which is dominant at lower hu-
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(dCG),;d(CG), Duplexes

globular

[6-mer -3H]*

[8-mer + Na - 5H]*

Fig. 5. Canonical structures of the three main types of helical duplexes: A-,
B-, and Z-DNA.

helical

midity (~75%)[49], and the Z-form, which has been found

for (dCG), repeats at high salt concentratids$]. As de- [10-mer -5H]>

scribed previously, mass spectrometry studies have shown

that DNA duplexes can survive in the gas phase and conserve

at least some of the Watson—Crick hydrogen bonding and

base stacking interactions that are present in the X-ray data.

However, very little is known about the overall conformation

of the duplexes in the gas phase and whether they retain any

helical character. [14-mer -7TH]”
In this section, we briefly describe some recent ion mobil-

ity measurements designed to answer some questions about

the gas-phase conformations of DNA duplexes and in partic-

ular address how the length of the duplex affects its shape

[51]. Fig. 6 shows arrival time distributions for a series of

helical

deprotonated d(CG)d(CG), duplexes generated by electro- helical
spray ionization. ATDs are shown for the 6-me(3) to the

18-mer =9) and indicate a dramatic change in structure at [18-mer -9H]>

the 8-mer length. The ATD for the 8-mer is the only one with

two peaks, indicating two distinct isomers exist, and the time

difference between thg two peaks corresponds to a difference —
in cross-section of 1382 (a 25% change!). arrival time

Theoretical structures aSSIQneq to each d({XELG) Fig. 6. ATDs and theoretical structures of d(GE(CG), forn=3—-9. The
duplex, based on molecular modeling (AMBER 7) and com- gmajlest duplexes are globular butthe larger duplexes have helical structures.
parison of experimental and theoretical cross-sections, areThe transition point appears to benat 4 (8-mer length) where both globular
also shown irFig. 6. The 4-mer (not shown) and 6-mer du- and helical structures are observed in the ATD.
plexes are globular with only one G pair hydrogen bonded
in a Watson—Crick arrangement. The fastest-time peak in the
8-mer ATD can also be assigned to a globular structure (with pairs) throughout 2 ns of 300K dynamics and the average
three Watson—Crick pairs) but the longest-time peak in the cross-sections of the final structures match the experimen-
ATD can only be assigned to a more extended structure.  tal value extracted from the longest-time peak in the ATD.

In the theoretical modeling of the 8-mer, the duplex was Similar results are obtained for the 10-mer through 18-mer
initially arranged in a canonical A, B, or Z helix. However, duplexes and examples of the final helical structures from
during the 700 K simulated annealing procedure used to gen-the 300 K dynamics are shown kig. 6 (starting with the A
erate low-energy candidate structuf&6], all three helices helix).
collapsed into lower energy globular forms. If the 8-mer du- One ongoing question in ESI-MS studies is whether the
plexis placed in a water box, on the other hand, it will remain structures of biological molecules in the gas phase are repre-
helical. When the water box is removed, the helical structure sentative of their condensed phase counterparts, allowing a
will become distorted but will notimmediately collapse intoa relationship to be drawn between solvent-free measurements
globular conformation. In fact, the 8-mer duplex will remain and those performed in solution. In the d(GE[CG), se-
in a quasi-helical structure (retaining seven of eight W—C ries, molecular modeling predicts that globular conformers
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are the lowest energy gas-phase structures for all of the du-
plexes but the ATDs clearly indicate helical structures are
present for the larger systems. This can only be accounted
for if the larger duplexes were originally helical in solution
and retained those “solution phase” structures for a limited
time (at least on the experimental time scale of 1 ms) in the
gas phase. The gas-phase conformations of the duplexes ar¢
not textbook A-, B-, or Z-DNA helices (and they may not have
been that way in solution), but they certainly retain helical
structures and preserve a high percentage of Watson—Crick helical in solution metastable helix globular
pairs in the gas phase. Thus, the structures observed in the ion

mobility data are most likely metastable helical structures. As Fig. 7. Possible schematic of events that explains the results ob_taingd for
the length ofthe duplex ncreases, the tim it takes for the s 00 CONICO dnkesent-a"9) Toe wlocesaepelcn
helical structure to relax and rearrange into its lowest-energy nejical structures will eventually collapse into the lowest energy globular
globular form most likely increases as well. For example, the forms, but as the length of the duplex increases, the time it takes for the
helical structure is a minor component in the ATD for the collapse to occur also increases.

8-mer duplex but becomes the dominant form in the ATDs of

the 10-mer through 18-mer duplexes. This process is shown

schematically irFig. 7.

spray

d(AT),d(AT),, Duplexes
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[Bmer - 3H]"
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arrival time (us)
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Fig. 8. ATDs and theoretical structures for d(AT)(AT), for n=3 — 7. Watson—Crick AT pairs are shown in orange. Unpaired adenines are green and unpaired
thymines are brown. Also shown are cross-section vs. dynamics time plots for the 10- and 14-mer. Structures were saved every 5 ps and theingross-secti

calculated.
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Fig. 8shows ATDs and theoretical structures for a series of sequences are common in triplex structures, and direct repeat
deprotonated d(AT)d(AT), duplexes generated by electro- sequences can lead to mispaired DNA structures.
spray ionization. Like the d(CG)keries, the smallest d(AT) In the previous section, it was shown that DNA duplexes
duplexes are globular whereas the longer duplexes retain hewere not only stable in the gas phase; they could retain he-
lical structures. However, several significant differences exist lical structures provided the length of the duplex chain was
between the d(CG)and d(AT), series. First, the percentage sufficient. The results also showed, however, that hydrogen
of A-T pairs that remains in a Watson—Crick arrangement bonding and base stacking were better preserved in {Ge C
(shown in orange iffrig. 8) is significantly smaller than that  duplexes than the A duplexes. This is not a surprising re-
observed for the @G pairs. In the latter case, 85-90% of sult as DNA melting temperatures and denaturation curves

the CG pairs remained in a Watson—Crick arrangement after have long indicated that-G pairs are more difficult to dis-

2 ns of 300 K dynamics (for the 8-mer through 18-mer). That rupt than AT pairs[2,12]. In this section, we further explore

number drops to 50% for the d(AT) 10- and 14-mer duplexes. the differences betweenG and AT base pairs and focus on
The second difference centers around the transition pointhow the sequence of the duplex affects its overall gas-phase

from globular to helical structures, shifting from+ 4 in the
d(CG), series ton=5 in the d(AT), series. The ATD for
the d(AT) 8-mer duplex could not be attainfgll] but the
ATD for the 10-mer shows two distinct isomers are present
(like the d(CG) 8-mer) and molecular modeling indicates the
d(AT) 10-mer is not as stable in the gas phase as in the d(CG)
case. A plot of cross-sections versus dynamics time for the
d(AT) 10-mer is shown ilfrig. 8. Structures were saved every

1 ps for the first 10 ps and every 5 ps after that. Starting with
a canonical B-DNA helix, the 10-mer immediately (before
1 ps) converts into structutk which is tentatively assigned

to the longest-time peak in the ATD based on comparison
of experimental and theoretical cross-sections. Strudtise
not stable and quickly converts into struct@evhich is as-
signed to the fastest-time peak in the ATD, afte20 ps of
dynamics. The main difference between the two structures
is that the unpaired A and T bases begin to fold around the
duplex and stack differently, forming a less helical structure.
After ~750 ps, theory predicts structuewill collapse into

a more compact structure (breaking two mord& pAairs) but

this final structure is not observed in the ATD. In any case, the
d(AT) 10-mer is clearly not as stable in a helical arrangement
as the d(CG) 10-mer (which retains 9 of 10 Watson—Crick
pairs). The d(AT) 14-mer duplex will remain helical through-
out 1000 ps of 300 K dynamics (the final structure at the end
of the dynamics run is shown Fig. 8) but it only retains 7

of 14 AT pairs and has a significant bend in the middle that
is not observed for the d(CG) 14-mer duplex.

3.3. Sequence effects (CG versus AT)

In reality, DNA duplexes are not likely to be in an exact
A-DNA or B-DNA form, even in the condensed phase. One
reasonis that the base composition and sequence of the duplex
can induce local variations in structui®g2]. Long runs of
adenine, for example, can cause the DNA duplex to bend and
extended runs of guanine bases in DNA can lead to triplex or
quadruplex formation. @G runs have been shown to induce
local A-form structures in an otherwise B-form DNA duplex

conformation.
Fig. 9 shows ATDs and theoretical structures of a series
of 14-mer duplexes (with 7 charge states) containing

(a)d(ATATATATCGCGCG)
f\

450 550 650 750
arrival time (us)

(b) d{(ATATCGCGCGATAT)
Il

450 550 650 750
arrival time (us)

850

(c) d(CGCGATATATCGCG)

after 1 ns of
300K dynamics after 50 ps of
;WL Egond, \300K dynamics

. ~g——AT pairs

~—— CG pairs

450 550 650 750 850
arrival time (us)

and A+T rich sequences are known to actually form stable Fig- 9. ATDs and theoretical structures for a series of 14-mer duplexes with
unwound structures. The overall base sequence can also havg 2"d CG groups in different sequences. In each case, maepairs

d . | h fthe DNA dupl | d lue) are retained than-& pairs (orange). No AT pairs remain intact if
adramatic resulton the Strucmre_‘ ofthe up eX_' nverte they are placed on the ends of the duplex. Unpaired adenine is green, thymine
repeat sequences can form cruciform structures, mirror repeais brown, cytosine is red, and guanine is gold.
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and GG pairs in different sequences. In each case, me& C DNA helices) are shown ifig. 10 The A-form agrees best
pairs are retained (shown in blue) thanTApairs (shown with experiment, butin both cases all five@pairs (shownin

in orange). The AT pairs appear to more easily disrupted blue in the figure) remain intact whereas only two of th& A
when they are placed at the ends of the duplex as neither thepairs (shown in orange) are still bound to each other at the
d(ATATATATCGCGCG) nor d(ATATCGCGCGATAT) du- end of the dynamics run. One interesting structural feature is
plex have any AT Watson—Crick pairs left at the end of that the unpaired A and T bases will interact with th&C
1ns of 300K dynamics. If the A pairs are placed in the pairs. This is most notable at the end of the duplex where an
middle of the duplex [i.e., d(CGCGATATATCGCGHig. X] Ade base hydrogen bonds to Gua (NH7) and a Thy base
two A-T pairs are retained and the overall structure becomeshydrogen bonds to Cyt (G2IH5) on the end G5 pair. Both
more elongated, resembling d(CGCGAATTCGCG) struc- Aand T bases are weakly bound to th&®air, forming only
tures generated by molecular dynamics calculati&®. one hydrogen bond between it and the base pair, but nonethe-
This elongated structure, assigned to the longest-time pealess are the beginnings of the formation of an intramolecular
in the ATD, is quite stable (lasting at least 1 ns in the 300K triplex-like structure.

dynamics) but eventually collapses into a more compact form

(in which an additional @ pair is broken) that is assigned 3.4. Quadruplex formation

to the fastest-time peak in the ATD.

Shown inFig. 10are the measured ATD and theoretical In 1988 Sen and Gilbert reported that a DNA sequence
structures for the 5 charge state of a d(GAX(TC)s 10-mer rich in guanine could form stable four-stranded structures,
duplex generated by electrospray ionization. This particular presumably held together by Hoogsteen bonding between
sequence has been shown to form a variety of different in- the guanine basg86]. Since that time, a number of NMR
tramolecular triplex structurg$3-55]but also contains A’ and X-ray studies have verified this quadruplex structure,
and GG base pairs, so that comparisons can be made betweeshowing a planar array of G-quartets stacked on top of each
the two types of Watson—Crick bonding. The lowest energy other[2,36—-39] More recently, ESI mass spectrometry stud-
gas-phase structures of d(GAJ(CT) are globular but the  ies have shown that quadruplexes can exist in the gas phase.
average cross-sections of these structures are significanthySeveral papers have reported “magic number” quartet adducts
smaller than the experimental value. During 300 K dynamics of guanine and guanosirig7-59]} Goodlett et al. have ob-
simulations, the duplex remains in a helical arrangement for served d(CGC@CG) tetramerg60], and Rosu et al. have
at least 1 ns and the final structures (starting with A- and B- detected tetramers of d(TGGGGT) in ESI mass spg6fih

d(GAGAGAGAGA)-d(TCTCTCTCTC)

r;"\. expt = 741 A2

400 500 600 700 800

arrival time (us) T hydrogen
bonds to C
= A hydrogen y
A hydrogen 9~ LA . G/'L
bonds to G (a ;
A-form B-form
Gtheary = 750 AZ Otheary = 838 AZ

Fig. 10. ATDs and theoretical structures for [d(GAKCT) — 5H]°~. The structures shown are the final structures obtained from 2 ns of 300 K dynamics
starting with canonical A- and B-DNA geometriesGCpairs are shown in blue and Rpairs are shown in orange. Unpaired adenines are green and unpaired
thymines are brown. The unpaired A and T bases interact with #8ep&irs, even forming triplex- and quadruplex-like structures at the end of the duplex (see
text).
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4 random strands quadruplex structure
3 (+ 10 kcal/mol)
le; =740 A = 2
theory o i Uﬂ'!eory =780 A

\“"“’al t'”‘/

[4(dTG,T) + 3NH, - 8H)*

[4(dTG,T) + 3NH, - 9H*

|
dTG T |

ATs T | G U, anM‘nw‘»-ﬂfm

800 1000 1200 1400 1600
m/z

Fig. 11. ESI mass spectrum of d(TGGGGT). Also shown are the ATD and theoretical structures for [4(dTGGGT)+8NJ~. The globular structure
(with the four oligonucleotide strands randomly placed together) is the lowest in energy but the cross-section of the quadruplex structureshafithes b
experiment.

Fig. 11 shows the mass spectrum, ATD, and theoretical the resulting lowest energy structure from the simulated an-
structures of a d(TGGGGT) quadruplex obtained in our lab. nealing is shown in the upper right corneirad. 11 The final
The four-stranded species can be readily identified by/fits structure remains in a “quadruplex” geometry with the three
value and is the most intense peak in the mass spectrum. ThéNH4* groups situated between each G-quartet. This structure

guadruplex is only observed in the presence ofsNidnd is ~10 kcal/mol higher in energy than the random form, but
previous mass spectrometry studies have observed similaits cross-section agrees much better with experiment.

results[61]. The ATD for the 5 charge state quadruplex is In the duplex studies, theory predicted that the lowest en-
also shown irFFig. 1Q yielding a single, symmetrlc peak and ergy solvent-free structures were globular but the ion mobil-
an experimental cross-section of 7ZA5A2. ity experiments indicated helical duplex structures were the

In the theoretical modeling, the [4(dTGGGGT) +3NH  sole species observed for larger strands. The reasoning be-
—8HJ°~ ion was initially placed in one of two starting ge-  hind this result was that the duplexes were initially helical
ometries. If the four hexanucleotide strands are randomly in solution and retained that structure for a limited time in
placed together, the resulting lowest energy structure from the gas phase. A similar situation may be occurring here. Al-
the simulated annealing is shown in the upper left corner of though the quadruplex structure is not lowest in energy in the
Fig. 11 This final structure is not a “quadruplex” (which con- gas-phase, it may be the preferred structure in solution and is
sists of a planar array of G-quartets) but the guanine bases irretaining that structure in the gas phase. What is interesting
each strand do preferentially stack on top of each other. How-though, is the fact that the ion mobility results clearly indi-
ever, the cross-section of this structure is 5% smaller than cate that the four-stranded d(TGGGGT) system must be a
experiment (a value that falls outside acceptable error lim- quadruplex, as four randomly placed strands (or non-specific
its). If the four hexanucleotide strands are initially placed in tetramers), will not yield a structure that matches experimen-
a “quadruplex” geometry (using published X-ray dgga]), tal data.
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