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Positive ion electrospray ionization mass spectra have been obtained of deoxyribonucleic 
acids (DNA) and ribonucleic acids (RNA), including transfer RNAs (77-mer, - 25 kDa). For 
several different solution conditions, the charge state distributions of DNA and RNA 
molecules were determined. It is postulated that the production of the multiply charged 
positive ions results from gas phase dissociation of complexes between nitro 
bases and oligonucleotides. 6 1997 American Society for Mass Specfyomefry cg 
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E 
lectrospray ionization mass spectrometry (ESI- 
MS) is a powerful technique for analyzing bio- 
logical molecules [l-3]. Although the electro- 

spray ion formation process is not completely under- 
stood [4], the ions detected in the gas phase are thought 
to reflect the ions present in solution [5,6]. However, it 
is possible that gas phase reactions can contribute to 
the ion formation process of electrospray ionization. 

Because proteins contain acidic and basic amino 
acid residues, the solution conditions generally deter- 
mine whether positive or negative ions will be ob- 
served. Typically, for optimum sensitivity in protein 
analysis, basic solution conditions are used for nega- 
tive ion ESI-MS [7] and acidic solutions are used for 
positive ion ESI-MS. However, proteins in high pH 
solutions (basic) have been observed to produce multi- 
ply charged positive ions [&lo]. 

For deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA) molecules, the purine and pyrimidine bases 
can be protonated, deprotonated or neutral depending 
on the solution conditions. However, the phosphate 
groups (pK, < 1) on the sugar backbone will be depro- 
tonated under all solution conditions, leading to a net 
negative charge on DNA and RNA molecules. Thus, 
DNA and RNA molecules are typically studied using 
electrospray ionization mass spectrometry in the nega- 
tive ion mode [ll-161. Nucleotides (e.g., AMP and 
ADP [17]) and small DNA molecules [e.g., d(pA),, 
unpublished results] can carry 1 to 2 positive charges 
and have been observed by positive ion EST-MS. Re- 
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cently, we have been able to observe positive ions of 
relatively large (up to 25 kDa) DNA and RNA 
molecules using ESI-MS. Understanding how positive 
ions of DNA and RNA are observed may shed some 
light on the electrospray ion formation process. 

Being able to study DNA and RNA in the positive 
ion mode with electrospray ionization may have some 
practical advantages. For example, the instrument can 
be tuned once for positive ions for both protein and 
DNA/RNA analysis. The direct observation of protein 
binding to DNA/RNA and determination of binding 
stoichiometry may be an important application of ESI- 
MS [ 18-201. Positive ion ESI-MS analysis could pro- 
vide an alternative mode for observing all possible 
products for protein-DNA/RNA noncovalent binding 
reactions (i.e., free protein, free oligonucleotide, and 
protein-DNA/RNA complex). It is also possible that 
DNA and RNA sequencing by collisionally activated 
dissociation (CAD) [12, 131 may be more efficient for 
multiply charged positive ions than negative ions. 

The charge state distributions of several DNA and 
RNA molecules were studied using ESI-MS in the 
positive ion mode. The pH range of the solutions 
studied was 3-10. An explanation for observation of 
positive ions of DNA and RNA consistent with experi- 
mental data is presented. 

Experimental 

instrumentation 

ES1 mass spectra were acquired with a double focusing 
mass spectrometer with a mass-to-charge (m/z) range 
of 10,000 (at 5 kV full acceleration potential) 1211. The 
Finnigan MAT 900Q forward geometry hybrid mass 
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spectrometer (Bremen, Germany) is equipped with a 
position-and-time-resolved-ion-counting (PATRIC) 
scanning focal plane detector. A heated glass capillary 
ES1 inlet was used. A countercurrent stream of warm 
nitrogen gas (- 60 “Cl and gas phase collisions in the 
ES1 interface, controlled by adjustment of the voltage 
difference between the tube lens at the exit of the glass 
capillary and the first skimmer element (AVrs>, helped 
desolvate the ESI-produced droplets. A stream of SF, 
coaxial to the spray suppressed corona discharges. 

Chemicals 

The ammonium salts of d(pA),, d(pT),, d(pT)12, 
d(pT),,, d(pC),, and d(pC),, and the sodium salts of 
d(pT), and d(pT), were purchased from Sigma Chemi- 
cal (St. Louis, MO, USA). These oligonucleotides were 
used without further purification. The transfer RNAs, 
tRNAfmet ( E. Coli) and tRNAphenylalanine (brewer’s 
yeast), were purchased from Sigma and purified by 
ethanol precipitation as an ammonium salt 111, 221. 
?-RNA stem-loop 1, W-RNA stem-loop 2, TAR 31-mer, 
and TAR 28-mer were chemically synthesized [23], and 
purified by gel electrophoresis and ethanol precipi- 
tated as ammonium salts. The concentration of RNA 
was determined by UV spectrophotometry. 

Sample Preparation 

For the homo-oligonucleotides, 0.1 mM stock solutions 
were prepared in 10 mM ammonium acetate (NH,OAc, 
pH 6). ESI-MS solutions were prepared at a concentra- 
tion of 40 pmol/pL in 10% (v/v) methanol. The pH 
was adjusted to pH 3, 6, or 10 by addition of acetic 
acid, 10 mM NH,OAc, or ammonium hydroxide, re- 
spectively. In addition, ESI-MS solutions were pre- 
pared in 10 mM aniline, imidazole, diethylamine, and 
triethylamine. For TAR 28-mer, TAR 31-mer, EcoRl, 
tRNAf”” and tRNApheny’alanine, ESI-MS solutions (10 
pmol/FL) were prepared in a similar manner. For 
*-RNA stem-loop 1 and stem-loop 2, a 13 pmol/pL 
stock solution was prepared in 10 mM NH,OAc, 10% 
(v/v> methanol and 0.25 mM 1,2-cyclohexanediamine 
tetra-acetic acid (CDTA) 1221. The pH 10 solution was 
prepared by adding 20 ~1 of 2.5% NH,OH and 20 FL 
acetonitrile to 60 PL of the stock solution. For the pH 6 
solution, the stock solution was used. The pH 3 solu- 
tion was prepared by adding 40 PL of 80/15/5 ace- 
tonitrile/water/acetic acid (v/v/v) to 60 @L of the 
stock solution. 

Results and Discussion 

Several ribonucleic acids were available to us for mass 
spectrometric analysis. We have been using ESI-mass 
spectrometry to study protein-RNA recognition events 
[19]. Tat protein from human immunodeficiency virus 
(HIV) is a viral trans-activator that is essential for viral 
replication. Tat is required to increase the rate of tran- 
scription from the HIV long terminal repeat (LTRI and 

its action is dependent on the region near the start of 
transcription in the viral LTR called the trans-activa- 
tion responsive (TAR) element. TAR RNA contains a 
three nucleotide bulge that is essential for Tat binding 
and activity. HIV-l nucleocapsid protein (NCp7) is 
responsible for encapsulation and packaging of ge- 
nomic *-RNA during viral particle assembly. A 44-mer 
RNA containing the HIV-l v region is folded into two 
stem-loop structures. TAR RNA and RNAs corre- 
sponding to the individual step-loop structures of W- 
RNA were synthesized for these studies. The struc- 
tures are shown in Figure 1. In Table 1, the maximum 
and average positive charge observed by ESI-MS are 
listed for the different solutions conditions studied. 
Above pH 6, the solution pH did not affect the maxi- 
mum or average charge observed. No signals or very 
weak signals were observed at pH 3. It is unclear 
whether the oligonucleotides are degraded or insolu- 
ble under these conditions. Figure 2 shows an example 
of positive ion spectra for tRNAfmet (MW 24926.3) and 
tRNAphenyla’alune (MW 24622.2). The positive and nega- 
tive ion spectra of TAR 31-mer are compared in Fig- 
ure 3. 

Proteins and peptides usually contain a mixture of 
acidic and basic residues. Under basic solution condi- 
tions, the acidic residues are deprotonated and nega- 
tive ion mass spectra are obtained with the maximum 
charge frequently correlating with the number of acidic 
residues. Likewise, under acidic solution conditions, 
the basic residues are protonated and positive ion 
spectra are obtained with the maximum charge fre- 
quently correlating with the number of basic residues. 
Recently, both positive and negative ion spectra of 
proteins have been observed over the pH range 3--10 
[9, 101. LeBlanc et al. [lo] have proposed an explana- 
tion for the observation of positively charged proteins 
from basic solutions. In solution, complexes are formed 
between the proteins and nitrogen-containing bases. 
The complexes are desorbed into the gas phase and 
undergo CAD. The complex can dissociate by one of 
two ways depending on the relative proton affinities 
(PA) of the amino acid and the nitrogen-containing 
base. If the proton affinity of the amino acid is greater 
than the proton affinity of the nitrogen-containing base, 
then the proton will reside with the polypeptide (I’) 
(eq 1). If the proton affinity of the amino acid is less 
than the proton affinity of the nitrogen-containing base, 
then the complex will dissociate as in eq 2: 

[P-H-NH,]+ 2 PH++ NH, (1) 

[P-H-NH,]+ 2 P + NH; (2) 

Under conditions where CAD is minimized, complexes 
between proteins and nitrogen-containing bases have 
been observed. This supports the hypothesis that posi- 
tive ions of proteins can arise from dissociation of the 
base/protein complex. The relative signal intensities of 
the positive protein ions correlate with the proton 
affinity of the nitrogen-containing bases and not with 
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Figure 1. The sequences and secondary structures of selected 
RNA molecules. The positive charge may be located on the bulge 
and loop regions. 

the pH of the solution, consistent with the proposal 
that gas phase reaction chemistry of the complex 
formed in the condensed phase is contributing to the 
ion formation process. 

A similar proposal can explain the observation of 
the positive ion signals for DNA and RNA. Because 
our solutions contain 10 mM NH,OAc, there is free 
NH: solution which can complex to the nucleotides 

and the phosphate groups of DNA and RNA. Because 
the proton affinity of the phosphate group is greater 
than that of ammonium ion, CAD of the ammonium 
ion/phosphate group complexes will neutralize the 
negative charge on the phosphate groups. Similarly, 
because the proton affinity of the bases is greater than 
that of ammonium ion [24-271, the bases will be proto- 
nated leading to a net positive charge on the DNA and 
RNA molecules. 

In addition to 10 mM ammonium acetate solutions 
of DNA and RNA, positive ion ES1 mass spectra were 
observed from 10 nthJ aniline, imidazole, diethyl- 
amine, and triethylamine. The proton affinities of ani- 
line, imidazole, diethylamine and triethylamine are 
209.49 kcal/mol, 223.50 kcal/mol, 225.91 kcal/mol and 
232.19 kcal/mol, respectively [28]. Table 2 shows the 
maximum and average positive charge for d(pA), and 
d(pT), as a function of the proton affinity of these 
nitrogen-containing bases. In the case of d(pA), 
(PA(dA) = 223.6 kcal/mol[25]), all four solutions gave 
positive ion mass spectra of approximately equal in- 
tensity. However, the maximum and averaged charge 
decreased as the proton affinity of the base approached 
the proton affinity of adenosine. Using gentle ES1 inter- 
face conditions that minimize CAD, complexes be- 
tween triethylamine and d(pA), were observed. Thus, 

it is plausible that the protonated d(pA), comes from 
the dissociation of a base/d(pA), complex. In the case 
of d(pT), (PA(dT) = 224.9 kcal/mol [25]), positive ion 
spectra were observed with all four solutions. The 
signal intensity decreased as the proton affinity of the 

Table 1. The maximum and average positive charge observed by ESI-MS for RNA and DNA molecules 

Maximum charge (average chargeja 

RNA MW (No. of bases) PH 3 PH 6 

T stem-loop 1 6131.8(19) - 4 (4.0) 

9 stem-loop 2 4524.8 (14) 4 (3.5) 

TAR 28-mer 9023.5 (28) - 5 (5.0) 

TAR 31 -mer 9941 .o 131) - 6 (5.4) 

tRNAphe 24622.2 (75) na 9 (8.5) 

tRNAfme’ 24926.3 (77) na 10 (8.8) 

pH 10 

4 (3.8) 

3 (3.0) 

5 (4.8) 

6 (5.2) 

na 

na 

DNA 

d(pT), 930.6 (3) - l(1.0) 1 (1.0) 

d(pT), 1843.3 (6) - 2 (1.8) 2 (1.9) 

d(pT), 2755.9 (9) 3 (2.1) 3 (2.0) 3 (2.1) 

dipA), 2836.9 (9) 3 (2.3) 3 (2.4) 

d(pC), 2620.9 (9) 3 (2.9) 3 (2.8) 3 (2.9) 

%Th, 3668.5 (12) 3 (2.9) 3 (2.9) 

d(pT),, 5493.8 (18) - 4 (3.8) 4 13.9) 

dW),e 5224.8 (18) 5 (4.0) 5 (4.0) 4(4.1) 

Sac I (NPjb 2410.6 (8) na 3 (2.1) na 

Sac I (Pjb 2490.6 (8) na 3 (2.3) na 

Eco R I (A)= 6827.4 (22) - 5 (4.5) 5 (4.8) 

Eco R I (B)’ 6796.4 (22) - 5 (4.4) 5 (4.8) 

ana: not applicable; dashed line (-) indicates that no signal was observed. ?NP). nonphosphorylated, (Pk phosphorylated. “(A) 5’ to 3’ 
strand of Eco R I; (6) 3’ to 5’ strand of Eco R I. 
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Figure 2. (a) Positive ion ES1 mass spectra of tRNAfme’ which 
shows a maximum charge of 10. The measured mass is 24961.8 + 
5.7. Sequence: ,CGCGGGGs4UGGAGCAGCCUGGDAGCUCGU- 
CGGGCmUCAUAACCCGAAGm7 GUCGUCGGT 9 CAAAUCC- 
GGCCCCCGCAACCA,, [31]. (b) Positive ion ES1 mass spec- 
tra of tRNApheny’a’anine which shows a maximum charge of 9. 

Sequence: ,GCGGAUUUAm’ GCUCAGDDGGGAGAGCm;GC- 
CAGACmLJGmAAYAPm5CUGGAGm7 GUCm5CUGUGT- 
PCGm’AUCCACAGAAUUCGCACCA [32]. The measured mass 
(24665.8 f 7.5) is more consistent for tRNAphen”‘a’anlnf lacking 
the terminal APb [32]. In both examples, a 5 WM tRNA solution in 
5 mM ammonium acetate [pH 6, 40% methanol (z/u), 0.2 mM 
CDTA] was used. 

nitrogen-containing base increased. In addition, imida- 
zole, diethylamine and triethylamine primarily gave 
adduct ions and adducts from sodium salt impurities. 
An accurate mass could not be determined from these 
spectra. Furthermore, at higher AV,, the triethylamine 
adducts of d(pT), appear to dissociate such that the 
proton stays with triethylamine and the oligonu- 
cleotide signal is significantly reduced. The only ions 
observed are sodium salt adducts of d(pT),, most 
likely reflecting the greater stability of these gas phase 
ions; no protonated d(pT), ions are observed. Thus, 
the protonated oligonucleotide will less likely be ob- 
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Figure 3. (a) Positive ion and (b) negative ion ES1 mass spectra 
of TAR 31-mer, showing protonated and deprotonated ions, 
respectively. In both cases, a 10 PM TAR 31-mer solution in 10 
mM ammonium acetate [pH 6, 10% methanol (V/V), 0.25 mM 
CDTA] was used. An accurate mass is obtained from both 
spectra (positive ion ESI-MS: 9940.6 f 0.8; negative ion ESI-MS: 
9941.6 F 0.9). 

served when the proton affinity of the base is greater 
than that of the nucleotide. 

Lowering the dielectric constant of the solution 
should increase complex formation between the am- 
monium ion and DNA/RNA molecules and hence 
increase the signal intensity. Increasing the amount of 
methanol from 10% to 50% in the 10 mM NH,OAc 
solution decreased the dielectric constant of the solu- 
tion and resulted in a marginal increase in signal 
intensity. When the DNA and RNA molecules are run 
under the same tuning conditions but in unbuffered 
water/methanol solutions, no positive ion signals (or 
very weak signals) are observed. This indicates that 
the ammonium ion (or a nitrigen-containing base) is 
necessary for the formation of positive ions of DNA 
and RNA. 

There is weak evidence that secondary structure 
may possibly contribute to positive charging. For the 
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Table 2. The maximum and average positive charge observed by ESI-MS for d(pA), and d(pT), as a function of the proton 
affinity of the bases 

Max. (ave.) charge for Max. (ave.) charge for 

Base PA (kcal/mol) d(pA), d(pT), 

Ammonia 203.99 3 (2.2) 3 (2.0) 

Aniline 209.49 3 (2.2) 2 (2.0) 

lmidazole 223.50 2 (2.0) 2 (1.8) 

Diethylamine 225.91 2 (2.0) 2 (1.5) 

Triethylamine 232.19 2 (1.8) 2 (1.4) 

small RNAs (i.e., W stem-loop 1, v’ stem-loop 2, TAR 
28-mer, and TAR 31-mer) in an ammonium acetate 
solution, the maximum charge appears to correlate 
with the number of unpaired A, C, G moieties (i.e., 
those found in the loop and bulge regions). The un- 
paired LJ bases are not expected to be protonated 
because the proton affinity of U is less than those of A, 
C, G by about 10 kcal/mol [24-271. In the double 
stranded region, the bases are paired and are not 
expected to form complexes with the ammonium ion. 
The phosphate groups on the paired bases still need to 
be protonated by forming a complex with the ammo- 
nium ions. TAR 28-mer lacks the UCU bulge found in 
TAR 31-mer. Based on the above proposed correlation, 
the UCU bulge should only carry one charge on C. 
Thus, the maximum charge on the TAR 28-mer should 
be one less than the maximum charge on the TAR 
31-mer. The experimentally observed maximum 
positve charge on TAR 28-mer is 5, which is one less 
than the maximum charge on TAR 31-mer (a charge of 
6+) and in agreement with our prediction. However, 
the correlation of unpaired A, C, G moieties with 
maximum charge does not hold for the tRNAs. Less 
charging than expected is observed. More systematic 
studies are needed to determine the contribution of 
secondary structure to gas phase charging. 

For homo-oligonucleotides of the same length, nei- 
ther the average charge nor the maximum charge cor- 
relates with the proton affinities of the individual de- 
oxyribonucleotides. The proton affinities of dA, dC, 
and dT are 233.6, 233.2, and 224.9 kcal/mol, respec- 
tively [25]. The average charge increases in the series 
d(pT),, d(pA), and d(pC),, while the maximum charge 
is the same for all three (Table 1). Based on their 
respective proton affinities, the average charge for 
d(pA), should be greater than or nearly equal to that 
of d(pC),. Charge repulsion does not seem to be the 
limiting factor for the maximum or average charge on 
an oligonucleotide. From the maximum charge on 
d(pT),, it appears that every three bases can hold one 
charge and a maximum charge of 6 would be pre- 
dicted for d(pT),,. However, a maximum charge of 
only 4 is observed. Another factor besides charge re- 
pulsion must limit the maximum charge on the 
oligonucleotides. The lower than expected charging 
may be consistent with the CAD mechanism. The ES1 
interface conditions are slightly harsher than typically 
used for similar sized peptides in order to dissociate 

the oligonucleotide/nitrogen-base complex. Higher 
charged ions would be more susceptible to dissocia- 
tion at higher AVrs (higher laboratory-frame collision 
energies). 

For the shorter length oligonucleotides at pH 6, 
there appears to be a linear correlation between the 
observed average charge and the number of bases (n) 
(Figure 4). The R2 coefficient is 0.96 and the least 
squares fit gives the following equation: average 
charge = 0.15(n) + 0.99. However, the plot predicts an 
average charge of 12.4 and 12.5 for tRNApheny’aia”ine 
and tRNAfme’, respectively; an average charge of 8.5 
and 8.8 are experimentally observed for 
t~Aphenyldanine and tmAfmet respectively. Again, the 
higher collision energies in the ES1 interface necessary 
to observe positive ions for the larger oligonucleotides 
may not be favorable conditions for the survival of the 
higher charged ions. 

Conclusions 

Positive ion ES1 mass spectra were observed for a 
variety of DNA and RNA molecules. In solution, all 
oligonucleotides have a net negative charge and can 
form noncovalent complexes with positive counter ions 
such as ammonium ions. Desorption of these noncova- 
lent complexes into the gas phase followed by CAD 
leads to positively charged DNA, RNA, and tRNA 
molecules by neutralization of the phosphate groups 
on the sugar backbone and protonation of some of the 
bases. A similar scheme was proposed for the observa- 
tion of positively charged proteins under basic solution 
conditions [lo] and for charge state reduction of 

04 

0 5 15 20 

Nombor of bests 

Figure 4. A plot of the average charge observed vs. the number 
of bases. The tRNA molecules are not included in the plot. 
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oligonucleotide negative ions with nitrogen-containing 
bases [29, 301. Thus, oligonucleotide ions can be ob- 
served using positive ion ES1 under conditions that 
favor dissociation of the DNA/RNA-adduct complex. 

14. Limbach, P. A.; Crain, P. F.; McCloskey, J. A. Curr. Op. 
Biotechnol. 1995, 6, 96-102. 

15. Greig, M.; Griffey, R. H. Rapid Commun. Mass Spectrom. 1995, 
9, 97-102. 
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