Imernational Journal of

)

Mass Spectrometry

v les
ELSEVIER International Journal of Mass Spectrometry 193 (1999) 15-27

Matrix influence on the formation of positively charged
oligonucleotides in matrix-assisted laser desorption/ionization
mass spectrometry

Chau-Wen Chaod) Peter William&, Patrick A. Limbach*

?Department of Chemistry, 232 Choppin Hall, Louisiana State University, Baton Rouge, LA 70803, USA
PDepartment of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287, USA

Received 13 April 1999; accepted 7 June 1999

Abstract

The ionization efficiency of various ultraviolet matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
matrices was investigated. A site of fixed positive charge was generated on an oligonucleotide by addition of a quaternar
ammonium. This quaternary ammonium-tagged oligonucleotide was then used as an internal standard to probe the relati
ionization capabilities of 3-hydroxypicolinic acid (3-HPA),,2 ,6'-trihydroxyacetophenone (THAP) and 2,5-dihydroxyben-
zoic acid (DHBA) in positive-ion mode. MALDI-MS analysis of equimolar mixtures of the quaternary ammonium-tagged
oligonucleotide and an unmodified polythymidylic acid,,dTfound that 3-HPA yielded more abundant protonated.dT
molecular ions than either THAP or DHBA. These results demonstrate that the low ion yields previously reported for
polythymidylic acid are due to the matrix utilized and are not due to the low proton affinity of thymidine. Primary, secondary
and tertiary amines were also incorporated into 4 examine the effect of these different amines on the protonation
efficiency of the three matrices under investigation. Similar results were obtained, regardless of the amine-tag utilized, witl
protonation efficiency following the trend 3-HPA THAP > DHBA. Consideration of the various factors that might influence
the overall production of positively charged polythymidylic acid finds that it is the matrix:phosphodiester backbone interaction
that might play the important role in determining the optimal MALDI-MS response. These results are a step towards
understanding the matrix properties necessary for optimal production of oligonucleotide molecular ions in MALDI-MS. (Int
J Mass Spectrom 193 (1999) 15-27) © 1999 Elsevier Science B.V.
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1. Introduction otides is limited by the low molecular ion abundances
i ) ) i for these species. Tang et al. [4] and Liu et al. [5]
The analysis of oligonucleotides, especially de- reported UV-MALDI-MS detection from 500- to

oxyribonucleic acids (DNA), by matrix-assisted laser 600-mers generated via the polymerase chain reaction
desorption/ionization mass spectrometry (MALDI-MS) (PCR). Recently, Hillenkamp and co-workers demon-

is an areq of _con5|dgrable interest [1—.3]. Th_e accurate gy oo analysis of DNA up te-2000 bases using
characterization of high molecular weight oligonucle- IR-MALDI-MS [6]. However, routine massletermi-

nation of oligonucleotides by UV-MALDI-MS i¢im-
* Corresponding author. E-mail: plimbac@unix1.sncc.lsu.edu ited to ~50-mers.

1387-3806/99/$20.00 © 1999 Elsevier Science B.V. All rights reserved
Pll S1387-3806(99)00104-9



16 C.-W. Chou et al./International Journal of Mass Spectrometry 193 (1999) 15-27

Table 1
Proton affinity (PA) values (kcal/mol) of the nucleobases, deoxynucleosides, and deoxynucléasmgophosphates
PA PA PA deoxynucleoside
Nucleobase moiety nucleobasés deoxynucleosidés 5’-monophosphat&s
Guanine 229.3 238.2 237.0
Adenine 225.3 237.2 237.4
Cytosine 227.0 236.4 236.8
Thymine 210.5 226.8 224.1

2Nucleobase and deoxynucleoside proton affinities from [41].
® Deoxynucleoside smonophosphate proton affinities from [35].

Although considerable effort has been expended nucleotide linkage to a base of relatively high proton
on developing MALDI-MS as an attractive approach affinity, such as guanine [17]. In the other mechanism,
for the analysis of oligonucleotides and smaller nu- base protonation is due to the acidic protons available
cleic acids (reviewed in [1,3]), surprisingly very little  from the matrix [11,24]. For either mechanism, the
research has been performed to understand the fundaproton affinities of the nucleobases play an important
mentals of the ionization process for this class of role in determining the eventual stability of the
analytes [7]. By contrast, considerable research hasoligonucleotide in the gas phase.
been performed that is aimed at understanding the  Another important factor in the production of
lack of molecular ion stability [8—16]. oligonucleotide molecular ions during MALDI-MS

The current explanation for the limited molecular that has received less attention is the ionization
ion abundances of higher molecular weight oligonu- efficiency of various matrices [19,20,25]. One reason
cleotides is that protonation of the nucleobases ini- that ionization efficiency has received less attention is
tiates base loss which leads to strand scission alongbecause of the difficulty in separating the results of
the phosphodiester backbone [11,17]. The propensity the ionization step from subsequent dissociation
for base protonation correlates with the known proton events. That is, the final molecular ion abundance in
affinities (PAs) of the four nucleobases, with guanine MALDI-MS is due to the number of ions produced
and adenine bases being the most likely sites of during the laser pulse that hametfragmented, either
protonation and thymine being the least likely site of in the MALDI source [as determined by linear time-
protonation (Table 1). Indeed, ribonucleic acids of-flight (TOF) mass analyzers], or in the field-free
(RNAs) and DNA with selected modifications form region of the mass analyzer (as determined by reflec-
more stable ions upon MALDI-MS than does unmod- tron TOF mass analyzers).
ified DNA. For example, no prompt fragment ions Although Chen and co-workers noted that positive-
have been observed from poly-(Tjpolythymidylic and negative-ion mode signals from polythymidylic
acid) analyzed with a variety of matrices [8,14,18— acid were comparable in MALDI-MS with various
21]. 7-Deaza analogs of guanosine and adenosinematrices [20,21], several other groups have noted the
have been shown to result in reduced fragmentation in poorer molecular ion abundance in positive- versus
MALDI-MS [9,22]. 2'-Fluoro analogs of guanosine negative-ion mode for these homopolymers [8,14,19].
and adenosine incorporated in cycle-sequencing reac-Previously, Tang et al. reported that the peak height of
tions are also more stable than the unmodified nucleo- dT,, in positive-ion mode was much reduced as
sides [23]. compared to the same analyte in negative-ion mode

There are presently two different mechanisms in- when 2,5-dihydroxybenzoic acid (DHBA) was uti-
voked to explain base protonation of oligonucleotides lized as a matrix [14]. In that work, the authors
in MALDI-MS. The first mechanism involves transfer remarked that instrumental factors were not the likely
of a proton from the phosphate group of the inter- culprits for the varying responses. They suggested
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that the poor ion yield in positive-ion mode is attrib-
utable to the low proton affinity of thymidine relative
to the proton affinities of the other deoxynucleosides.

To date there has not been any study aimed at

comparing the relative ionization efficiencies of com-
mon UV-MALDI oligonucleotide matrices [e.g. 3-hy-
droxypicolinic acid (3-HPA) or trihydroxyacetophe-
none (THAP)] for the production of positively or
negatively charged oligonucleotides. We are particu-
larly interested in whether the poor ionization effi-
ciencies in positive-ion mode found in previous in-
vestigations [8,14,19] are attributable to differences in
matrix behavior or are representative of the lower
proton affinity of thymine-containing oligonucleo-
tides.

In a previous study regarding the production of
amino acids via MALDI-MS, Phillips et al. found that
the ionization efficiency did not correlate with the
proton affinity of the amino acids when only single
analytes are present in the sample [26]. To our
knowledge, a similar study has not yet been per-
formed with oligonucleotides, although Schneider and
Chait performed an investigation on the influence of
base composition on ion yield for negatively charged
homopolymer oligodeoxynucleotides [19]. Reilly and
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charged polythymidylic acid is determined by the
matrix and is less influenced by the proton affinity of
the thymidine residue.

2. Experimental
2.1. Oligonucleotide synthesis

Reagents for oligonucleotide synthesis were ob-
tained from Glen Research (Sterling, VA).-phos-
phorothioate labeled-(Tp)T [denoted as ps-(T)]
oligonucleotides were synthesized using standard
phosphoramidite chemistry onimol columns using
a Perkin Elmer/Applied Biosystems (Foster City, CA)
Model 394 DNA/RNA synthesizer. Introduction of
the phosphorothioate group was carried out using
3-ethoxy-1,2,4-dithiazolin-5-one (EDITH) for 30 s
during the oxidization step of phosphorylation [28].
dT(pT),, [denoted as d(T)}] was synthesized on a
DuPont Coder 300 DNA synthesizer (Wilmington,
DE) in the Nucleic Acid Laboratory at Arizona State
University, using the protocol suggested by manufac-
turer. dT,, was purified by Gg oligonucleotide pufri
fication cartridges purchased from Perkin Elmer.

co-workers investigated the mass spectral response of

homopolymers of oligodeoxynucleotides analyzed
with three common oligonucleotide matrices under
otherwise identical conditions [27]. However, that
work was performed in negative-ion mode and no
conclusions regarding the ionization efficiency of
homopolymer oligodeoxynucleotides in the three ma-
trices studied were presented.

In this study, we have chosen to investigate the
mass spectral behavior of ¢ that would not frag
ment promptly, tagged with a primary, secondary, or
tertiary amine or a quaternary ammonium. The vari-

2.2. Modified oligonucleotides

The modified oligonucleotides were synthesized
by reacting the 5phosphorothioate labeled oligonu-
cleotide with an alkyl halide. Although cross linking
of primary amines antll-hydroxysuccinimide is a fast
and straightforward approach for generating amine-
linked oligonucleotides [12], we chose not to utilize
this approach as it can lead to the formation of an
amide group which possesses a proton affinity value
close to that of a primary amine (Table 2). Cross

ous amine groups have different PAs or, in the case of linking through the phosphorothioate group also per-
the quaternary ammonium, have a permanent positive mits the generation of either primary, secondary, and
charge. These modified oligonucleotides were inves- tertiary amines and quaternary ammonium by using
tigated in positive-ion mode with several common the same synthetic route.

UV-MALDI matrices. These model compounds allow 2-Bromoethylamine hydrobromide, (2-chloroeth-

us to investigate the relative ionization efficiencies of yl)dimethylamine hydrochloride and (2-bromoethyl)

several common matrices in positive-ion mode. These trimethylammonium bromide were purchased from
results show that the extent of formation of positively Aldrich (Milwaukee, WI). (2-bromoethyl)methyl-



18

Table 2
Proton affinity values (kcal/mol) anpK_,’s of amines
representative of the amine tags used in this study

Amine Proton affinity pK.P
N-methylacetamide 212.4 cee
Ethylamine 218.0 10.63
Ethanolamine 222.3 9.50
Methylethylamine 225.2 4.23
Methylaminoethanol o 9.88
Dimethyl ethylamine 229.5 S
2-(Dimethylamino)ethanol . 9.26

2 Amine proton affinities from [41].
® Amine pK_’s from [42].

amine was synthesized from hydrogen bromide and
2-(methylamino)ethanol (Aldrich) following the pro-
cedure previously described for synthesis of 2-bromo-
ethylamine [29]. (2-bromoethyl)methylamine was
characterized by*H-NMR (nuclear magnetic reso
nance) in the Louisiana State University NMR facility
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2.3. Oligonucleotide purification

The deprotected 'Ephosphorothioate labeled oli-
gonucleotides and the modified oligonucleotides (af-
ter synthesis) were purified using anion-exchange
high-performance liquid chromatography on a Beck-
man (Fullerton, CA) System Gold HPLC. The buffers
used for separation were 25 mM triethylamine, 20%
aqueous acetonitrile solution, buffered by £© pH
6.4 (buffer A) and 1M triethylamine, 20% aqueous
acetonitrile solution, buffered by COto pH 7.6
(buffer B). The gradient was linear from 20% B to
60% B at 2%/min at a flow rate of 1.5 mL/min. After
purification, the eluate was evaporated to dryness on a
LabConco centrivap (Kansas City, MO) and then
reconstituted in nanopure water prior to analysis.

2.4. Mass spectrometry

All matrices and chemicals used for the mass

and by fast atom bombardment mass spectrometry in gpecirometry studies were purchased from Aldrich.
the Department of Chemistry Mass Spectrometry gapyrated solutions of 3-HPA and DHBA were pre-
facility at Louisiana State University. (2-bromoethyl) pared in a 1:1 (v:v) water:acetonitrile solution. These
methylamine was purified by recrystallization in ace- matrices were desalted with ammonia-activated cation
tone prior to use. Modified oligonucleotides were exchange beads (BioRad, Hercules CA) for 20 min or
synthesized by reacting the monohalogenated alkyl |onger [17] prior to mixing with 1/10 volume of 0.
amine and the '5ps-(T),, in a 10:1 mole ratio [100:1  aqueous ammonium oxalate [31]. Solutions of 50 g/L
mole ratio for the (2-bromoethyl)trimethylammonium THAP and 2-amino-4-methyl-5-nitropyridine (2-
bromide:8-ps-(T),, reaction] overnight at pH 7.5-8.0 ~ AMNP) in methanol were combined with 1/2 volume
buffered by a 1/10 volume of 0.M sodium phos- of 0.1 M aqueous ammonium citrate and used without
phate/sodium hydrogen phosphate [30]. The se- further desalting steps [31]. Equimolar solutions (25
guences and molecular weights of the modified oli- wM unless otherwise noted) of an amine or ammo-
gonucleotides are shown in Table 3. nium tagged-oligonucleotide and gloligonuclee
tide were prepared. A LL aliquot of the oligonucle-
otide mixture was added to 2L of the matrix
solution. This mixture was spotted three timesul
each) on the sample plate.

The mass spectrometer used for analysis was a

Table 3
Sequences and molecular weights of amine-tagged
oligonucleotides investigated in this study

cequence V'\\’I':i'eﬁt‘"ar PerSeptive Biosystems, Inc. (Framingham, MA) Voy-

_ : d g ager linear MALDI-TOF instrument with an Naser.
Primary amine szzmigggﬁ:glfﬁm ; g;g;ig The laser was operated near or slightly above thresh-
Secondary amine '84(CH)N—(CHy),-ps—(Tp)l,T 3742.50 old laser power density. Threshold laser power den-
Tertiary amine 5(CHy) ,N—(CH,),—ps—(Tp),T  3756.51 sity is defined here as the point at which the ion
Quaternary 5'-(CH3)sN~(CHy)~ps—(Tpl, T 3770.53 signals of both analytes in the sample are observed

ammonium

and resolved. Each oligonucleotide mixture was
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tested at least three times in each matrix and spectra
were acquired at-10 different spots. All spectra a) 1001 DHBA
shown here were the average of at least 40 shots. Only
the spectra without significant cation adduct peaks
were used for further data interpretation.

(HzC) N (CH ) ,ps(Tp) ;T

[dT, ,+ HI'
3. Results 0 M

T T T T 1
2000 3000 m/z 4000

Relative Abundance
3

3.1. Quaternary ammonium-tagged oligonucleotides
. . S * Tp), (T
To adequately study differences in the ionization 1001 THAP (HyO)gN (CHz)Pe(TP)rg
efficiency of various UV-MALDI matrices, one must

be able to account for the differences in the desorption
efficiencies among such matrices [32,33]. The ap-

Relative Abundance
o
o
1

proach utilized here to normalize for differences in the | [T, ,+ H]
desorption properties of 3-HPA, THAP, and DHBA is

the addition of an internal standard of similar chem- 0

ical properties to dJ, which yields a gas-phase ion 2000 ' 3000 e ) 4000

through the desorption process alone. Therefore, we
are utilizing a quaternary ammonium-tagged,gT
which contains a site of fixed permanent charge as our
internal standard. Upon desorption, an ion for this ©
internal standard is generated without any subsequent
gas-phase mediated ionization processes—the quater-
nary ammonium-tagged dJ is a preformed ion.
Thus, by referencing the relative ion abundances of
dT,, in 3-HPA, THAP, and DHBA to this internal
standard, one can normalize the relative ion signal due - T r T
to protonation (i.e. formation of (df + H)* to 2000 8000 e 4000
desorption of the preformed ion, the quaternary am- _ L _
. . ; Fig. 1. Positive-ion mode mass spectra of quaternary ammonium-

monium-tagged dj;) amongst the various matrices. tagged dT, and dT,,in (a) 2,5-dihydroxybenzoic acid, (b).2',6'-
The implicit assumption in this approach is that the trihydroxyacetophenone, and (c) 3-hydroxypicolinic acid. Equimo-
desorption behaviors of the quaternary ammonium- lar amounts of the amine-tagged and unmodified oligonucleptide
tagged dT, and dT,, do not differ appreciably [34]. \;Vféreaggcg:i% %”di\t/?;u;aggfs_p'ate' Bach mass spectrum is the
Because we are assuming that the yield of the quater-
nary ammonium-tagged dJ will provide a measure
of the relative desorption capabilities of the different quaternary ammonium-tagged oligonucleotide con-
matrices, the ratio of djf, to quaternary ammonium-  tains a permanent positive charge, the ratio of the
tagged dT, will adequately reflect the differences in  molecular ion abundance of ¢Jto the quaternary
ionization capabilities of the three matrices investi- ammonium-tagged dJ, provides a means of estimat
gated. ing the relative efficiency of protonation of ¢Iby

Fig. 1 is the positive-ion mode mass spectra of an these different matrices. For example, if the ratio
equimolar mixture of quaternary ammonium-tagged (dT,,/quaternary ammonium-tagged g is low,
dT,, and dT,, in DHBA, THAP, and 3-HPA. As the  then dT,, was not protonated efficiently (more pre

100 - (HgC) gN*(CH ),ps(Tp) 4T

3-HPA

¥
[dT,,+H]

Relative Abundance
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formed ions are present than are ions resulting from a Positive-ion

gas-phase ionization event). If the ratio (dfuater 0.807 3.HPA
nary ammonium-tagged dJ) is close to 1, then df, ; ; ; E‘:Igi
was protonated efficiently relative to the generation of 0.60-

preformed quaternary ammonium-tagged,dTAs -

seen in Fig. 1, d7, is protonated following the order N
of 3-HPA > THAP > DHBA.

0.407

dT
amine-tagged T

3.2. Primary, secondary, and tertiary amine-tagged 0207
oligonucleotides

0.00~

primary secondary tertiary quatemary

To examine whether the results seen with the Amine Tag

guaternary ammonium-tagged oligonucleotides were

atypical, equimolar mixtures of a primary, secondary,
yp q P y y abundances of d] to the amine-tagged oligonucleotides for each

or tertiary amlne-tagged GH and dTlZ were ana of the three matrices investigated in this study. A minimum of four
lyzed. The proton affinities angK,'s of the amine separate values were averaged before plotting. The error bars are

groups are listed in Table 2. At acidic pH values, the the staﬁdard deviatior_ms of the ratios. As seen, 3-HPA cqnsistently
. ill be protonated and thus. the primar results in the production of more protonated,gions relative to

amine group wi .p ) N p i Y, amine-tagged d;f, than do any of the other two matrices.

secondary, and tertiary amine-tagged oligonucleotides

should behave similarly to the quaternary ammonium-

3-HPA, and THAP matrices. However, as the proto- guaternary ammonium-tagged oligonucleotide studies

nation of the amine group for. the primary, sepondary, (i.e. the ratios for the primary, secondary, and tertiary

and tertiary amine-tagged oligonucleotides is a solu- jnyestigations are greater than the ratio for the qua-

tion phase process (as opposed to a fixed positiveternary ammonium). Interestingly, the secondary

charge in the case of the quaternary ammonium), the gmine-tagged results are slightly lower in 3-HPA and

extent of positive ion formation due to the production THAP than for either the primary or tertiary amine-
of preformed ions versus a gas-phase protonation (agged results.

event may be different within the amine-tagged oli-
gonucleotides. Moreover, the lack of the fixed posi-
tive charge in the amine-tagged oligonucleotides may 4. Discussion
result in different behavior of those oligonucleotides
compared to the quaternary ammonium-tagge¢g,dT  4.1. lon production is not intimately related to

Fig. 2 is a plot of the ratio of the positive-ion mode nucleoside proton affinities
molecular ion abundances of glto the amine-
tagged oligonucleotides for each of the three matrices.  There are several interesting observations relating
Evident from this plot is the similar behavior for each to the results in Fig. 1. First, contrary to other
different amine-tag in the three matrices: 3-HPA published reports [8,14,19], generation of positively
consistently yields the highest ratio (a greater fraction charged polythymidylic acid (here d¢Jj) of relatively
of protonated d7, ions are produced relative to high abundance is possible in MALDI-MS [cf. Fig.
protonated amine-tagged ions for this matrix) and 1(c)]. The prior results of Tang et al. [14] and
DHBA consistently yields the lowest ratio, as was Schneider and Chait [19] can also be explained by this
seen in the quaternary ammonium-tagged case. Thestudy: DHBA is the least effective matrix (of the three
primary, secondary, and tertiary amine-tagged inves- investigated here) at generating positively charged
tigations, however, yielded a greater percentage of dT,, [Fig. 1(a)]. However, as seen in Fig. 1(c), when

Fig. 2. Plot of the ratio of the positive-ion mode molecular ion
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Table 4
Proton affinity values (kcal/mol) anpK,’s of the matrices investigated in this study
Matrix Jargensen et &l. Steenvoorden et &l. Nelson et aF. Burton et al pK,
3-HPA 214.1 214.5 3.9
2.4 6'-THAP - v 210.8 B 6-9°
2,5-DHBA 204+ 3 204.2+ 3.5 202.9 204+ 4 2.9
2-AMNP ~10
2[43].
b [44].
©[45].
d
[46].

€ Lower value estimated based on the pHadl mM matrix solution. Higher value was estimated value reported in [37].

f Estimated based on pH @ 1 mM matrix solution.

3-HPA is utilized as a matrix, a significant positive
ion signal can be produced from gI This fact leads
to the second observation: the low abundance qLdT
in DHBA cannot be explained simply on the basis of
the lower proton affinity of thymidine. If the proton
affinity of the nucleoside was the determining factor
in the protonation of d{,, then one would expect that
the matrices investigated here would yield fairly
equivalent populations of protonated dTelative to
the preformed ion of the quaternary ammonium-
tagged dT,, as long as the thermodynamics of the
protonation event (whether from the matrix or matrix-
related species) were favorable.

higher than either thymidine or thymidiné-Bono-
phosphate. Thus, if protonation in the gas phase were
occurring, based on the thermodynamics of the event,
one would expect that thymidine would be protonated
preferentially in the case of the primary amine, either
thymidine or the secondary amine could be proto-
nated, and the proton would most likely reside on the
amine group in the case of the tertiary amine.

In their previous study on proton affinity effects of
amino acids in MALDI-MS, Phillips et al. showed
that suppression occurs when mixtures of amino acids
are present with the amino acid of highest proton
affinity being preferentially ionized [26]. The consis-

The PAs of the nucleobases, deoxynucleosides andtent results obtained for each matrix for the three

deoxynucleoside "'smonophosphates and the PAs of
the UV matrices investigated in this study are shown
in Tables 1 and 4, respectively. Although thymidine
has a lower proton affinity than the other nucleosides,
the proton affinity of thymidine is still larger than the
proton affinity of the ground state matrix molecules.
Thus, proton transfer from a ground state matrix
molecule to thymidine is thermodynamically favor-
able and generation of positive ions would not be
prohibited in these cases.

It is worth considering the role gas-phase proton
transfer reactions might exhibit on the amine-tagged
oligonucleotides. As seen in Table 2, the PAs of the
amine groups increase in the order primargecond-
ary < tertiary. The PA of the secondary amine group
is close to the value reported for thymidine and to the
recently determined value of thymidinéBonophos-
phate [35]. The PA of the tertiary amine group is

amine-tagged oligonucleotide investigations suggest
that suppression of polythymidylic acid does not
occur in the presence of the amine-tagged oligonucle-
otide. If suppression of the analyte of lowest proton
affinity in a mixture were to occur, one could make
the following predictions. The ratio of protonated
dT,, to primary amine-tagged dJ would be the
highest and presumably greater than one as the proton
affinity of thymidine is higher than the proton affinity
of the primary amine (218 versus 227 kcal/mol). The
ratio of protonated di, to the secondary amine-
tagged dT, would be equivalent (225 versus 227
kcal/mol), and the ratio of protonated gTto the
tertiary amine-tagged d7T would be lowest (229.5
versus 227 kcal/mol). Furthermore, those results
would occur regardless of the matrix utilized as the
proton affinities of the matrices are all less than the
proton affinities of even the primary amine-tagged
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oligonucleotide. The consistent trend in matrix behav- related ions. As illustrated in the data in Tables 1 and
ior seen for all three amine-tagged oligonucleotides is 4, proton transfer reactions are thermodynamically
further evidence that ionization efficiency is more a favorable for all of the matrices investigated in this
function of the matrix than the proton affinity of the study. These results raise the important question as to
nucleosides. what experimental factors might account for the
In addition, the data in Fig. 2 shows that a enhanced ability of 3-HPA to generate protonated
substantial proportion of the amine-tagged oligonu- dT,, as opposed to the other two matrices.
cleotides are most likely generated as preformed ions.  There are several possible explanations for these
A direct comparison can be made between the ratios results. One possibility is that dJ does undergo
for the quaternary ammonium-tagged,d@nd any of dissociation in the gas phase if the exothermicity of
the amine-tagged d7 oligonucleotides to infer the  the proton-transfer reaction is too high, as might be
extent of preformed ions in the case of the amine- the case for DHBA whose proton affinity is 23
tagged oligonucleotides. The positive ion yield of kcal/mol lower than the proton affinity of thymidine.
dT,, increases about 40% when an amine-tagged (For comparison, the PA of THAP is 16 kcal/mol and
internal standard is used compared to the quaternarythe PA of 3-HPA is 13 kcal/mol lower than the PA of
ammonium-tagged internal standard, suggesting thymidine.) However, as reported by others [21,36]
roughly half of the ions for the amine-tagged oligo- and found here, no lower mass prompt fragments of
nucleotides are influenced by gas-phase events. ThisdT,, are detected in the mass spectrum. Thus, the
difference may be due to the ability of the primary, lower molecular ion abundance of ¢ilin DHBA is
secondary, and tertiary amine tags to undergo in- not a result of molecular ion instability, but must
tramolecular proton transfer with the phosphodiester reflect differences in the relative abundance of proto-
backbone, or the difference could be accounted for by nated dT, during the ionization step.
matrix or matrix-related ions interacting with the site A second possibility is that the desorption effi-
of protonation. Production of a positively charged ciency of the quaternary ammonium-tagged,dT
amine-tagged oligonucleotide in this case would then oligonucleaotide is different in the three matrices with
require an additional protonation event unlike the DHBA being the most efficient matrix for desorption
conditions necessary to produce a positively charged and 3-HPA being the least efficient matrix for desorp-
guaternary ammonium-tagged oligonucleotide. tion of the quaternary ammonium-tagged oligonucle-
otide. Alternatively, the desorption efficiency of gT
4.2. Factors influencing the formation of positively  is different in the three matrices investigated here.
charged ions However, as each sample spot contains an equimo-
lar amount of quaternary ammonium-tagged gdnd
Although the results of Figs. 1 and 2 clearly show dT,,, and as the only difference between the two
that formation of protonated dJ from DHBA is an analytes is the presence of the charge tag, we expect
inefficient process, there is no immediate explanation that the desorption conditions for the two analytes will
for the different yields of d7, in the three matrices  be comparable in each matrix. Furthermore, the fairly
studied. The current model for describing the produc- high reproducibility of these ion abundance ratios for
tion of oligonucleotide ions in MALDI-MS involves a  all charge tags (cf. Fig. 2) strongly suggests that
secondary gas-phase ionization process that is similardifferential desorption of one analyte over another is
in many aspects to traditional chemical ionization not occurring to an appreciable extent.
processes [7]. Whether it is the protonated matrix or A third possibility is that the protonation event
matrix related ions that are involved in the proton does not occur in the gas phase but is better repre-
transfer reaction, protonation is assumed to occur sented by solution phase chemistry and, thus, the
when the proton affinity of the oligonucleotide is pK,’s of the matrices would be a better predictor of
greater than the proton affinity of the matrix or matrix oligonucleotide ionization. ThpK,’s of each matrix
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Table 5

23

Relative abundances of thymidine monophosphate and amine-tagged thymidine monophosphates in solution phase calculated using the
pK, values of thymidine monophosphate [47] and the amine tags (Table 2)

(dTp + H)"/dTp

dTp/(dTp-H) (dTp—H)y /(dTp—2H}~

pH =3
Thymidine monophosphate .
1.00

Primary amine+ thymidine monophosphate

Secondary amine- thymidine monophosphate 1.00
Tertiary amine+ thymidine monophosphate 1.00
pH =15

Thymidine monophosphate .
Primary amine+ thymidine monophosphate 1.00
Secondary amine- thymidine monophosphate 1.00
Tertiary amine+ thymidine monophosphate 1.00
pH =7

Thymidine monophosphate .
Primary amine+ thymidine monophosphate 1.00
Secondary amine- thymidine monophosphate 1.00
Tertiary amine+ thymidine monophosphate 0.99
pH =9

Thymidine monophosphate .
Primary amine+ thymidine monophosphate 0.76
Secondary amine- thymidine monophosphate 0.88
Tertiary amine+ thymidine monophosphate 0.65

3.8x 102 1.0x 1077
4.0x 104 1.0x 10°°
4.0x 10°° 1.0x 103

40x 108 9.1x 102

are listed in Table 4. ApK, for THAP has been
reported in the literature to be9 based on estimates

If one considers the effective charge state of the
guaternary ammonium-tagged g bligonucleotide in

of aqueous solution dissociation constants consideringthese same matrix solutions, then it is possible to

substitutions of similar organic bases [37], but this
compound produces a slightly acidic solution when
dissolved in water. Thus, we estimate that €, of
this matrix is higher than for DHBA and 3-HPA but is
most likely less than 7.

In Table 5 we have calculated the relative percent-
age of deprotonated thymidine monophosphate in
solutions of various pH. DHBA provides the most
acidic solution during sample preparation and THAP
provides the least acidic solution. As seen in Table 5,
as the pH of the solution increases, the relative
percentage of deprotonated thymidine monophos-
phate will increase. Thus, one would expect that in the
DHBA solution a larger population of neutral thymi-
dine monophosphate is present than for either THAP
or 3-HPA. However, under the pH conditions used in
this study, one would not expect to find any proto-
nated thymidine monophosphate in solution.

reason that this oligonucleotide will be less negatively
charged in solutions of lower pH than in solutions of
higher pH. As the ammonium tag provides a fixed site
of positive charge, generation of positive ions from a
solution of low pH (e.g. the DHBA matrix solution
has an initial pH of-1.8 in our studies) may be easier
than from solutions of higher pH (e.g. the 3-HPA
matrix solution has an initial pH of-2.8 and THAP
with ammonium citrate is~6 in our studies). To
generate a positively charged ion of the quaternary
ammonium-tagged dF} oligonucleotide, the phes
phate groups merely need to be neutralized upon
transfer into the gas phase. In solutions of low pH, a
greater percentage of these phosphate groups are
already neutralized, thereby providing a “head start”
to backbone neutralization in the gas phase.

To investigate this possibility, the quaternary am-
monium-tagged di, and dT,, oligonucleotides were
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limiting reagent) were performed and no change in the
relative abundance of protonated,dTo the quater
nary-ammonium tagged dJwas found. Again, these
experiments suggest that some other factor is control-
ling the production of protonated ¢Jin this study.
However, this possibility cannot be completely ruled
out and future investigations are planned to explore
the possibility that the number of labile protons in the
different matrices varies considerably.

An especially intriguing possibility is that the
chemical interactions (solution or gas phase) between
dT,,and 3-HPA are substantially more favorable than
between dT, and DHBA. Moreover, prior results
from MALDI-MS of peptide nucleic acids (PNAS)
[38] and alkylated oligonucleotides [12,37] suggest
characterized using a basic matrix witlpK, higher that it is the phosphodiester backbone which has the
than that estimated for THAP. Fig. 3 is the mass most significant effect relating to the ionization effi-
spectrum resulting from the analysis of these analytes ciency of particular matrices during MALDI-MS
with 2-amino-4-methyl-5-nitropyridine. As seen in analysis of oligonucleotides. Butler et al. investigated
Fig. 3, in positive-ion mode there is no evidence of the both oligonucleotide [3-HPA, THAP, and 6-aza-2-
formation of protonated d;f in the mass spectrum. thiothymine (ATT)], and protein [DHBA, sinapinic
As the pH of this matrix was 7.1 prior to spotting, the acid (SA), and a-cyano-4-hydroxycinnamic acid
fraction of neutralized di; in this matrix should be  (CHCA)] matrices for their effectiveness at analyzing
much less than the fraction of neutralized,dTh a PNAs [38]. PNAs differ from oligonucleotides in that
matrix of lower pH, such as DHBA (cf. Table 5). the phosphodiester backbone is replaced by a peptide-
Therefore, solution phase effects can not account for like backbone. These researchers found that the pro-

(HyC)gN"(CH ),ps(Tp) T
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1000
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T T T T
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T T
1500 2000 2500

Fig. 3. Positive-ion mode mass spectrum of quaternary ammonium-
tagged dT, and dT, in 2-amino-4-methyl-5-nitropyridine.
Equimolar amounts of the amine-tagged and unmodified oligonu-
cleotide were spotted on the sample plate. The pH of this matrix
was ~7.1 prior to mixing and spotting the analyte mixture.

the increased protonation of ¢l relative to the
guaternary ammonium-tagged dTas found for
3-HPA.

Yet another possibility is that the number of
available protons in the MALDI plume differs be-
tween the three matrices investigated. Although this

tein matrices were much more effective at generating
positive (or negative) ions from PNAs, and that, with
the exception of ATT, the oligonucleotide matrices
were ineffective for PNA analysis. Gut and co-
workers investigated the applicability of a number of
oligonucleotide and protein matrices, including

possibility cannot be completely ruled out, the condi- CHCA, the methyl ester of CHCA, SA, 3-HPA, ATT,
tions investigated here were chosen to insure that theand THAP, for characterizing alkylated oligonucleo-
analyte would be the limiting reagent in any second- tides [37]. Alkylation of the phosphodiester backbone
ary gas-phase protonation event. The matrix-to-ana- generates a “neutralized” oligonucleotide. They found
lyte molar ratios were on the order of 10 000:1 or that CHCA or the methyl ester of CHCA were
larger. Thus, even if DHBA has 10% of the available particularly effective matrices for analyzing charge-
labile protons upon desorption that 3-HPA would tagged oligonucleotides with alkylated backbones. In
have available, because the thermodynamics are fa-addition, 3-HPA was the only matrix capable of
vorable in either case, equivalent production of pro- generating positive-ion data from alkylated oligonu-
tonated dT, in either matrix would be predicted (i.e. cleotides which did not contain a charge tag.

the analyte is still the limiting reagent in the proton Although the alkylated oligonucleotides are similar
transfer reaction). Experiments at different matrix-to- to unmodified oligonucleotides, the neutralization of
analyte molar ratios (where the analyte was still the the phosphodiester backbone removes the polyanionic
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character from these compounds. PNAs contain a Itis worth noting that Tang et al. demonstrated that
peptide-like backbone but are still biopolymers with introduction of a modified thymine into polythymi-
repeat units determined by the nucleobase at eachdylic acids allowed for the more efficient production
attachment site. Thus, these two types of compounds of positively charged modified polythymidylic acid as
can be considered to be hybrids between peptide-like compared to unmodified polythymidylic acid when
biopolymers and oligonucleotides: each contains the DHBA was utilized as a matrix [14]. However, the
standard nucleobases but the backbone is no longermodified thymine incorporated in those studies con-
polyanionic. If nucleobase interactions were an im- tained a terminal amine group which, as discussed in
portant factor in the ionization step, then PNAs and Sec. 3.2, is most likely protonated in solution and can
alkylated oligonucleotides could be expected to be- be analyzed as a preformed ion in MALDI-MS. As
have similarly to unmodified oligonucleotides. How- seen in Fig. 2, amine-tagged oligonucleotides,
ever, if the properties of the backbone are important whether the tag is attached via a terminal phosphoro-
factors in the ionization step, then PNAs and alkylated thioate, as is the case here, or if the tag is attached to
oligonucleotides could be expected to behave more the nucleobase, will generate more abundant positive
like peptides during MALDI-MS. The results of ions than unmodified oligonucleotides. However, the
Butler et al. [38] and Gut et al. [37] clearly show that ultimate yield of positively charged ions for polythy-
the latter case is the dominant situation. Furthermore, midylic acid without an additional charge tag will be
Gut recently demonstrated that a depurinated alky- determined by the matrix utilized (cf. Fig. 2).
lated oligonucleotide can be detected with enhanced In addition, our interpretation of the behavior of
sensitivity in MALDI-MS using the methyl ester of dT,, in DHBA versus 3-HPA does not rule out the
CHCA [13], lending further support to the argument influence proton affinity plays in overall ion produc-
that the presence of the oligonucleotide backbone tion. Tang et al. have already demonstrated that even
rather than the nucleobases determines the appropriatehe addition of a cytidine residue to polythymidylic
type of matrix for effective MALDI-MS analysis. acids improves the positive ion abundance as com-
It is now standard knowledge in MALDI-MS that pared to unadulterated polythymidylic acids [14].
different types of matrices are suitable for different From our present study, we would predict that anal-
classes of analytes [39]. That is, there are conven-ysis of a polythymidylic acid containing a single
tional peptide/protein matrices as well as conventional cytidine residue would yield more abundant positive
oligonucleotide matrices, and rarely does one find a ion yields if 3-HPA was utilized as the matrix as
peptide/protein matrix which is suitable for oligonu- compared to DHBA. This prediction has been realized
cleotides and vice versa. The data obtained in this experimentally by Tang et al. in another work [16],
study, combined with the information from prior although their results are complicated somewhat by
studies on matrix behavior, suggest that the enhancedadditional issues of molecular ion stability.
ability of 3-HPA to form positive ions from polythy-
midylic acid is due to preferential interactions be- 4.3. Matrix properties necessary for positive-ion
tween the phosphodiester backbone and the matrix in oligonucleotide analysis
either the solution phase (during crystallization) or in
the gas phase (during the proton transfer reaction). The results of the present study reaffirm prior
DHBA is a poor matrix for generating abundant statements regarding the importance of matrix:analyte
positive ions of polythymidylic acid, not because chemical interactions for optimal MALDI-MS results
thymidine has too low of a proton affinity, but [7,27]. It is now well-known that the ideal matrix for
because the requisite interactions necessary for effi- oligonucleotide analysis should yield an abundant
cient proton transfer between the protonated matrix or molecular ion which undergoes minimal fragmenta-
matrix-related ions and the oligonucleotide cannot be tion. 3-HPA has historically been the matrix of choice
met by this matrix. as it fulfills these two requirements. However, a
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detailed explanation for the improved sensitivity re-
sulting from MALDI-MS of oligonucleotides using

3-HPA as compared to other matrices is still lacking.
While the improved ion stability found with 3-HPA is

thought to be due to the lower enthalpy of protona-
tion, proton affinity arguments are not sufficient to
account for the improved initial production of molec-
ular ions from this matrix. These initial studies dem-
onstrate that 3-HPA is a suitable matrix for the
analysis of polythymidylic acids in positive ion mode,
despite the relatively low proton affinity of thymidine

as compared to the other three major deoxynucleo-

C.-W. Chou et al./International Journal of Mass Spectrometry 193 (1999) 15-27

shown here is unknown. The difference in proton
affinities between matrix and analyte may describe
oligonucleotide ion stability but, as dJ does not
undergo prompt fragmentation, that process should
not interfere with the interpretation of the results
obtained in this work. A careful consideration of the
various explanations for the increased ionization effi-
ciency of 3-HPA relative to DHBA suggests that it is
the phosphodiester backbone which has a significant
influence on positive ion production of oligonucleo-
tides. Although the addition of a charge tag can
improve overall ion production, matrix:oligonucle-

sides. Furthermore, these results suggest that it is theotide interactions will still be an important factor to

interaction between the matrix and phosphodiester back-

bone which determines the overall effectiveness of a
matrix for oligonucleotide analysis via MALDI-MS.
Based on our results, it would be instructive to
characterize the ability of various matrices to interca-
late with oligonucleotides during crystallization to

consider when devising new approaches to

MALDI-MS of unmodified oligonucleotides.
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