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How do non-Covalent Complexes Dissociate in

Droplets? A case study of the Desolvation of dsDNA

from a Charged Aqueous Nanodrop†

Mahmoud Sharawy,∗a and Styliani Consta,a‡

We present the desolvation mechanism of a double-stranded oligodeoxynucleotide (dsDNA) from

an aqueous nanodrop studied by using atomistic molecular dynamics methods. Central theme in

this study is the stability of a non-covalently bound complex, in general, and that of a dsDNA

in particular, in the droplet environment. Among the factors that may affect the stability of a

complex in an evaporating droplet we examine the increase in ion concentration and the distinct

droplet morphologies arising from the charge-induced instability. We explore in detail a large set

of aqueous nanodrops with excess negative charge, which comprise a dsDNA and Na+, Cl– ions

at various concentrations. We find that for a square of the charge to volume ratio above that of the

Rayleigh limit the droplet attains distinct “spiky” morphologies that disperse the charge in larger

volume relative to that of the spherical drop. Moreover, it is found that it is possible for a non-

covalent complex to remain associated in an unstable droplet as long as there is enough solvent

to accommodate the instability. In the presence of Na+ and Cl– ions, the Na+ ions form adducts

with the double helical DNA in the minor groove, which help stabilise the duplex state in the gas

phase. The negative ions may be released from the droplet. In a DNA-containing droplet with

a net charge that is less negative than 50% of the dsDNA charge, the DNA maintains a double-

stranded state in the gas phase. Several of our findings are in good agreement with experiments,

while the spiky droplet morphology due to the charge-induced instability calls for new experiments.

The results shed light on the association properties of complexes of macromolecules in droplet

environments, which are critical intermediates in electrospray ionisation experiments.

1 Introduction

Detection of the non-covalent interactions within a protein-

ligand, a protein-nucleic acid and a nucleic acid complex has

attracted considerable attention over the past twenty years.1–4

Study of the association properties of biological macromolecules

is important for the understanding of cell functions. Moreover,

association properties play an important role in the analyses of

protein and nucleic acid complexes in analytical chemistry. A

broadly used experimental technique to study these interactions is

electrospray ionization mass spectrometry (ESI-MS)4–13. Electro-

spray ionization transfers macromolecules from a bulk solution

into the gas phase via the generation of droplets. In nano-ESI

the solution is dispersed into a fine aerosol of nanodrops, which
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have initially a radius of approximately 150 nm and contain ex-

cess of thousands of elementary charges.14 In these droplets the

solvent is often water and the ions are ammonium, acetate and

impurities such as sodium and chloride.15 Once the nanodrops

had been generated they decrease in size by the emission of ex-

cess charged species and by solvent evaporation. This constantly

evolving droplet environment is different from that of the mother

bulk solution or that of a neutral droplet with a low concentration

of ions. The reason for the difference is that an electrosprayed

droplet is characterised by: high concentration of ions relative to

that of the bulk solution; strong electric field due to the presence

of charged macromolecules or complexes; large surface to volume

ratio, which is, in general, the main difference between bulk and

finite sized systems16–21. This new environment may affect the

association properties within a non-covalent complex differently

from the bulk solution. Unfortunately, the effect of the evapo-

rating droplet on the non-covalent interactions cannot be readily

detected in experiments. Because of the still unresolved droplet

effects, the preservation of the complex interactions in its journey

from the bulk solution to the gas phase has been hotly debated
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among the scientists who use ESI.5,6,8

It has been recognised that there are two major factors that af-

fect the association of units in a complex: the evaporation rate

and the finite size of the droplet.1,22 The latter one infers that

the two species can be brought together even though they may be

separated in the bulk solution. These two effects have been iden-

tified indirectly by experimental investigation. Effects that have

not been considered so far are the increase in the concentration

of ions in evaporating droplets and the distinct droplet morpholo-

gies arising from the charge-induced instability. These are the two

effects that are examined in the present study.

We examine the stability of a double-stranded DNA duplex

(dsDNA) in an evaporating aqueous droplet by using atom-

istic molecular dynamics simulations. The dsDNA is used as a

paradigm of a complex of macromolecules to helps us understand

the principles of desolvation that hold for a large number of com-

plexes and macromolecules. The dsDNA was used in our study

for the following reasons. The dsDNA is a naturally charged com-

plex of macromolecules with charge −2 e (where e denotes the

elementary positive charge) per base pair, therefore, the charge

distribution is well defined along the macromolecules in moder-

ate to high pH. The dsDNA complex is relative stiff; therefore, the

problem of sampling the conformations is less severe than that

for flexible macromolecules such as poly(ethylene glycol)23. The

third reason is the significant practical applications of DNA in gen-

eral. It is well known that DNA plays a critical role in biology and

medicinal research. Synthetic oligodeoxynucleotides have been

used as gene probes, in complementary DNA hybridisation ex-

periments and in gene therapy.24–27 As with any other biological

molecule, it is important to characterise synthetic oligodeoxynu-

cleotides upon their preparation. ESI-MS is one of the most com-

monly used method to characterise oligodeoxynucleotides.

Light-Wahl et al.28, who first observed the dsDNA complex by

ESI-MS, have already posed the fundamental questions regarding

the origin of the signals in the mass spectrum. In their experi-

ments mild electrospraying and desolvation conditions led to the

observation of the dsDNA signal. At the same time, signals of

the monomeric constituents were also identified. In ESI-MS ex-

periments it has also been found that the intact duplex was not

observed when dsDNA was sprayed from distilled deionized wa-

ter. The natural questions that arise are how the desolvation pro-

cess affects the stability of the dsDNA and how the ions affect the

duplex stability.

Molecular simulations may provide insight into the stability of

dsDNA in droplets. We found that, so far, the number of com-

putational studies is very limited. The computational studies of

dsDNA dynamics and interactions have been restricted to either

one of the two cases, bulk solvent29–31 or gas phase.32 Many of

previous studies on dsDNA have not adequately addressed the fol-

lowing questions: the morphologies of a charged nanodrop con-

taining DNA, the complete process of solvent and ion evapora-

tion, a complete description of the charge states of dsDNA in the

gas phase, and the minimum concentration of cations required to

stabilise the duplex state of dsDNA in the gas phase.

To answer these questions we perform atomistic molecular

dynamic simulations of the 11-mer all adenine-thymine (A ·T)

DNA duplex in aqueous nanodrops with various concentrations

of sodium and chloride ions. We examine two settings of aqueous

droplets that contain a [dsDNA]20−. In the first setting the droplet

is composed of water and a sole [dsDNA]20−, which renders the

droplet its negative charge. In the other setting the aqueous

droplet contains [dsDNA]20− and ions (Na+ and Cl–). The princi-

ples of the desolvation found in our studies are not restricted to

the particular [dsDNA]20− complex. Nucleic acids but also pep-

tides33 may show similar desolvation behavior, which enables us

to find universal patterns of desolvation.

Theoretically, the emission of single charged species has been

explained by Rayleigh’s model21,34 and ion-evaporation mecha-

nism.35,36 In Rayleigh’s model the stability of a droplet is deter-

mined by two competing factors: the surface tension force that

holds the droplet intact and the Coulomb repulsion between the

charges of the same sign that tends to fragment the droplet. The

Rayleigh’s model dictates that the stability of the droplet with re-

spect to small fluctuations is determined by the ratio the square

of the charge to the droplet volume. The critical value of this

ratio where the two competing factors compensate each other is

known as the Rayleigh limit, which reads:

Q2 = 64π
2
ε0γR3

0 (1)

where Q denotes the charge of the droplet, ε0 the vacuum per-

mittivity coefficient, γ the surface tension and R0 the radius of the

droplet. When the surface interactions are dominant (the droplet

is said to be found below the Rayleigh limit), the droplet evolves

through evaporation of solvent molecules until it reaches the

Rayleigh limit. At that moment the charged species are released

to remove the excess charge. The droplet is found once more

below the Rayleigh limit. This cascade of evaporation and fis-

sion events continues till the droplet disintegrates completely. We

want to emphasise at this point that Rayleigh’s model deals with

mobile charges. When the charge is bound on a macromolecule or

in complexes of macromolecules the validity of Rayleigh’s model

becomes questionable. Simulations have revealed that a charged

macromolecule33 or complexes of macromolecules19 may induce

instabilities that cannot be described by the conventional descrip-

tion of the surface energy as the product of surface tension times

surface area. These simulation findings have been discussed in

Ref. [19,33]. In the present study we examine the various man-

ners that the charge-induced instability of the droplets is mani-

fested during desolvation. In the analysis of the data we compare

the simulation findings with Rayleigh’s model and we address its

validity.

2 Model and computational methods

To study the stability of a dsDNA in aqueous droplets, we sim-
ulated droplets that were composed of (i) water and a sole
[dsDNA]20− and (ii) water, [dsDNA]20−, Na+ and Cl– ions. The

[dsDNA]20− that we used in this study was the 11-mer A ·T ds-
DNA (d(ApApApApApApApApApApA)2). The 5′ ends lack a phos-
phodiester linkage at the 5′ positions and are terminated by a
hydroxyl group. The 20 phosphodiester linkages were fully de-
protonated and gave a total charge of −20 e. The helical struc-
ture was initially in B-tract conformation and made one turn.
The [dsDNA]20− was solvated by water molecules modelled by
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[dsDNA+5Na++5Cl-]20-

( i )

( i i )

( i i i )

( i )

( i i )

( i i i )

( i )

( i i )

( i i i )

( i )

( i i )

( i i i )

(a) (b) (c) (d)

[ssDNA+3Na
+]7- [ssDNA+2Na

+]8-

[dsDNA+10Na++5Cl-]15- [dsDNA+20Na++10Cl-]10- [dsDNA+25Na++10Cl-]5-

[dsDNA+5Na+]15- [dsDNA+10Na++2Cl-]12- [dsDNA+20Na++9Cl-]9- [dsDNA+25Na++10Cl-]5-

[dsDNA+10Na+]10- [dsDNA+20Na++7Cl-]7- [dsDNA+25Na++10Cl-]5-

Fig. 6 Desolvation of dsDNA from a droplet that contains 1500 H2O molecules, Na+ and Cl– ions. The initial nanodroplet carries a negative charge

that may change during desolvation. The snapshots in each column show (i) the initial state of the droplet, (ii) an intermediate state, and (iii) the

dsDNA at the latest stage of the desolvation, where it is almost bare of water molecules.

tion process. It is apparent from the desolvation snapshots in Fig. 6c,

d that the salt dissolution increases gradually in the nanodrop, for the

nanodrop size decreases throughout the desolvation of the dsDNA. We

observe “transient” aggregations of NaCl. Some of these aggregations

are in the form of [2 Na+ +Cl–] in the nanodrops that comprised ∼ 600

H2O(Fig. 6c-ii,d-ii); then, permanent dissolution of NaCl in the smaller

nanodrops (Fig. 6c-iii,d-iii). Similar aggregation has been found in our

previous study on the effect of counterions on the charging of a macro-

molecule. 42 In particular, we have found that the [Cl−−2Na+] complexes

are formed in large droplets where the concentration of Na+ and Cl– ions

are low. Then, larger aggregates were increasingly formed, as the con-

centration of the ions increased. The increase in ion concentration was a

result of the continued decrease in droplet volume.

3.3 How does a charged droplet accommodate the instabil-

ity?

In the Sec. 3.1 and 3.2 we demonstrated that the charge of the droplet

in the instability regime is dispersed via three mechanisms: (i) by release

of charged species when the charged species found in the droplets are

non-covalently bound to macromolecules; (ii) by spiky formations of the

solvent distribution when the charged species are covalently bound to

macromolecules; and (iii) by unwinding of the dsDNA when the solvent

surface is not sufficient to disperse the charge away from the charged

macromolecule. In our studies, examples of (i) are the release of the

Cl– ions from droplets containing dsDNA and the separation of the two

strands of dsDNA when they are found at certain charge states at the

latest stage of a droplet lifetime. Manifestation of (ii) is the formation of

spikes on the surface of the droplet that increase its surface area. The third

mechanism is demonstrated by the unwinding of the dsDNA at the later

stage of the droplet lifetime. We have found instances where mechanisms

(i) and (ii) may take effect concurrently. In this event, the presence of

the spikes may affect the manner that a single ion is released relative

to systems where all the charges are not bound to each other. In this

section we discuss these mechanisms across the spectrum of all the dsDNA

systems that have been studied for this manuscript.

Fragmentation of the droplet. Fig. 7 shows the net charge of

1500 H2O nanodrops during desolvation. For comparison, the estimated

Rayleigh prediction is also shown. The estimated Rayleigh limit for the

1500 H2O nanodrop at T = 350 K is −10 e. In the Rayleigh estimate,

we used an approximate surface tension value of 0.0432 Nm−1 for TIP3P

water model at T = 350 K 41. The initial droplet states with charge −20

e and −15 e are above the Rayleigh limit. In these droplets Cl– ions are

readily released so as the droplet charge is lowered near to that predicted
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Table 2 State of the 11-mer dsDNA-residue and charge in the gas phase. The dashes denote the aqueous droplets with no ions. These droplets

contain only a dsDNA and no ions. The initial nanodrop composition corresponds to that of Table I. It is noted that (i) dsDNA denatures into two

strands in the gas phase when the net charge of the dsDNA-residue is more negative than −10 e; and (ii) there is no Cl– ion evaporation when the

net negative charge is equal to or less than −5 e.

Initial ion composition Gas phase
Ions Net charge/e Remaining ions DNA-residue charge/e DNA state

-a −20 - −20 denatured
- −20 - −20 denatured
5 Na+ +5 Cl– −20 5 Na+

−15 denatured
5 Na+

−15 5 Na+
−15 denatured

10 Na+ +10 Cl– −20 10 Na+
−10 inverted zipped-upb

10 Na+ +5 Cl– −15 10 Na+
−10 inverted zipped-upb

10 Na+a
−10 10 Na+

−10 inverted zipped-upb

10 Na+
−10 10 Na+

−10 inverted zipped-upb

15 Na+ +10 Cl– −15 15 Na+ +3 Cl– −8 duplex
15 Na+ +5 Cl– −10 15 Na+ +3 Cl– −8 duplex
20 Na+ +10 Cl– −10 20 Na+ +7 Cl– −7 duplex
15 Na+

−5 15 Na+
−5 duplex

20 Na+ +5 Cl– −5 20 Na+ +5 Cl– −5 duplex
25 Na+ +10 Cl– −5 25 Na+ +10 Cl– −5 duplex

a Initial droplet comprised 6500 water molecules. b Illustration for the inverted zipped-up structure is shown in Fig. 11.
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Fig. 11 Schematic picture of the [dsDNA+10 Na+]10– conformation and

charge distribution in gas phase. During the transition of

[dsDNA+10 Na+]10– from the droplet into the gas phase, the two

strands slid in opposite direction about half their length. The two strands

twist at the points indicated by two arrows such that their backbones are

held together by the excess of Na+ ions. There is no net charge in the

central region (highlighted by the bubble), where the two halves of the

strands are held together by 10 Na+ ions. The exposed halves

contribute a net charge of −10 e.

strands contributed a net charge of −10 e. The location of the Na+ ions

in the centre of DNA and the location of the negative charge of DNA at

the termini agrees with the experimental findings of Favre et al. 60,61 It is

important to note that this is not a zipping-up of the DNA duplex; the two

strands twisted so that their bases in the knot region pointed outward.

The overall mechanism can be thought of as an “inverted” zipping-up of

the DNA duplex.

4 Conclusions

We presented the desolvation mechanism of a double-stranded

oligodeoxynucleotide (dsDNA) from a charged aqueous droplet. The ds-

DNA carried its full negative charge and it was embedded in two droplet

environments: (i) pristine aqueous droplets and (ii) droplets that con-

tained Na+ and Cl– ions at various concentrations. A common mechanism

of desolvation in all the droplets of various ion concentrations was solvent

evaporation. The desolvation also proceeded by the release of solvated

Cl– ions in droplets with Na+ and Cl– ions. During the desolvation, we

studied the role of two key effects into the stability of dsDNA: the distinct

droplet morphologies that arise from the charge-induced instabilities and

the increase in the ion concentration during the shrinking of the droplet.

We find that aqueous droplets that contain [dsDNA]n− (n = 20) with and

without Na+ ions may attain spiky morphologies when the overall charge

of the droplet is above the Rayleigh limit. The formation of spiky struc-

tures on the surface of the solvent is a way for the system to manifest

the charge-induced instability when the charge is bound along the back-

bone of a macromolecule or complex of macromolecules. This form of

instability is a general feature of the behaviour of charged droplets with

bound charge that it is expected to hold regardless of the length of the

dsDNA or even more so, of the nature of the macromolecule. One can

envisage that charged aqueous droplets of dsDNA with a small number of

counterions (for instance with the commonly used NH+
4 or Na+ ions) may

be present in electrospray ionization (ESI) aerosols especially when dis-

tilled deionised aqueous solution is sprayed in the negative ion mode. We

demonstrated the possibility that in the instability regime a complex may

stay intact as long as there is sufficient amount of solvent to accommodate

the instability by the formation of spikes. The complex may dissociate

only in the last stage of the droplet life-time when there is not enough

solvent to transfer away the polarisation charge from the complex.

In droplets with ions, Na+ ions may form adducts with the double he-

lical DNA in the minor groove. The adducts help to stabilise the duplex

state in the gas phase. The negative ions may be released from the droplet,

while no positive ions are released. In higher concentrations of Na+ and

Cl– ions, at the latest stage of desolvation, sodium chloride aggregates

are formed on the surface of dsDNA. In a DNA-droplet with a net charge

that is less negative than 50% of the DNA charge, the DNA maintains the

double-stranded state in the gas phase. However, the conformation of the

dsDNA may change depending on the location of the ions on the strands.

In ESI, it is common to have NH+
4 counterions. Even though in the pre-

sented simulations we studied Na+ ions, our findings can be generalised

for the case of NH+
4 ions. Several studies have examined the binding of

NH+
4 in DNA in the bulk solution. 62–64 All the studies agree that NH+

4 ions

may bind in the minor groove of dsDNA in a similar manner to Na+ ions.

In summary, the presented study allowed us to identify general features

pertinent to the desolvation process of complexes of macromolecules from

droplets. Our findings may assist to determine ESI conditions in a system-

atic manner so as the association properties of complexes are preserved
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between the bulk solution and the gas phase.
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