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ABSTRACT

Two peptide—oligothymidylic acids, prepared by joining
an 11 residue synthetic peptide containing one internal
carboxyl group (Asp side chain) to amino-linker-5  'pdTg
and amino-linker-5 'pdT 9 oligonucleotides, were
analyzed by matrix- assisted laser desorption/ionization
(MALDI) on a linear time-of-flight mass spectrometer
and by electrospray ionization (ESI) on a triple—quadru-
pole system. These synthetic compounds model peptide
—nucleic acid heteroconjugates encountered in anti-
sense research and in studies that use photochem ical
crosslinking to investigate molecular aspects of
protein—nucleic acid interactions. MALDI and ESI
sensitivities for the two hybrid compounds were found

to be similar respectively to their sensitivities for the
pure oligonucleotide parts. In general, MALDI proved
to be less affected by sample impurities and more
sensitive than ESI, while ESI on the quadrupole
produced greater mass accuracy and resolution than
MALDI on the time-of-flight instrument. A hybrid’s
behavior in a MALDI-matrix or an ESI-spray-solvent
was found to be governed mainly by the oligonucleotide.

A single positive ESI tandem mass spectrum of the
peptide-dT g accounted for the heteroconjugate’s entire
primary structure including the point of the oligonucleo-
tide’s covalent attachment to the peptide.

INTRODUCTION

Recently, Jensest al described a protocol for studying protein—
nucleic acid interactionsl{,15) that makes extensive use of
matrix-assisted laser desorption/ionization (MALDRK,{7) and
electrospray ionization (ESI)§,19) mass spectrometric techniques
to analyze photochemically crosslinked protein—nucleic acid
complexes. Bioanalytical applications of MALDI and ESI
techniques have been review2@+?2). MALDI and ESI mass
analyses of a covalent peptide—oligonucleotide hybrid pose special
problems because the two polymeric components generally have
conflicting requirements for ionization. Some of these difficulties
were overcome and certain others were delineated in recent
investigations of various UV-crosslinked protein—nucleic acid
systems 14,15,23).

In order to further develop mass analysis as a tool for investigating
covalent nucleopeptides, we have chemically synthesized peptide—
oligothymidylic acid conjugates and examined their behavior
under MALDI and ESI mass spectrometric conditions. We report
our observations and discuss their analytical import in this paper.

MATERIALS AND METHODS
Synthesis of peptide—oligonucleotide hybrids

The peptide was assembled on a PAksin (Millipore, 0.5 g)

using amino acids protected with 9-fluorenylmethoxycarbonyl
and a Biosearch 9500 automated peptide synthesizer as previously
describedZ4), except thatl,N-dimethylacetamide (HPLC grade,
Aldrich) was used in place BEN-dimethylformamide (DMF). The

side chains of Arg and Asp were protected respectively with the
groups 2,2,5,7,8-pentamethylchroman-6-sulfonyl and t-butyl.

Covalent protein—nucleic acid conjugates occur in nature, fétfter assembly and removal of the 9-fluorenylmethoxycarbonyl

example, in the genome of certain RNA and DNA viruggsn(

group off the N-terminus, the peptide was treated with a 4-fold

DNA topoisomeraseg), or as amino acid—RNA conjugates in excess of acetyl 1-imidazole (0.4 M) for 2 h. The resin was
aminoacyl-tRNAs ). Covalent nucleoprotein complexes can bavashed and dried; then the peptide was released by treating the
produced in the laboratory by irradiating cells or protein—nucleiesin with trifluoroacetic acid (TFA) containing scavengers,
acid mixtures with ultraviolet (UV) light4(6). The bonds Reagent KZ%5), for 3 h and isolated by a previously described
induced in such a photochemical reaction form at or near pointgethod 24).

of contact between protein and nucleic acid; thus, identification The peptide was purified on a Beckman Model 100A HPLC
of the amino acids that are crosslinked to nucleobases can provsgistem equipped with a 4.6 mn250 mm, 5um particle, 300 A
information about the nucleic acid binding domain of the proteipore, Wdac @g column (The Separations Group) and a Waters
(7). Peptide—oligonucleotide heteroconjugates have recently bedodel 220 UV-detector. The mobile phase comprised (A) 0.1%
synthesized for use in antisense research; the peptidic compondiftd in water and (B) 0.08% TFA in acetonitrile (Burdick and
of these hybrid complexes are thought to help stabilize, transpdeckson); solvent was delivered at 1 ml/min with a gradient of

or target antisense oligonucleotid@si(3).

5-35% B for the first 10 min, 35-65% B for the next 30 min, and
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60—-90% B for the last 5 min. Detection was at 220 nm. Thiéhe sample stage was seeded with a layer of matrix crystallites by
peptide eluted df33.5 min. depositing 0.5ul of matrix solution onto it and then, at the first
The purified peptide was coupled to the aminolinker-oligodesign of crystal formation (10-15 s after deposition when viewed
oxythymidylic acids NH-(CHp)e-5'-p(dT) and NB-(CHy)e-5-  under a stereo microscope), gently wiping the droplet off with a
p(dT)o (aminolinker-d§ and aminolinker-dfy respectively; Kimwipe tissue. Subsequently, a QlSlroplet of analyte/matrix
gifts from Oligos Etc., Inc., Wilsonville, Oregon) in separatesolution (1:4 or 1.9, v/v) was deposited on top of the seed layer
reactions carried out in DMF (Burdick and Jackson) at roorand allowed to dry. In some cases, the analyte/matrix deposits
temperature. The DMF stock solution was sparged witlo\2 h  were rinsed by gently dipping the sample stage into water before
prior to use. HPLC-purified peptide (1.57 mg, Juhol) in 100ul  the sample had dried.
DMF was sonicated briefly in a 1.5 ml microcentrifuge tube. L
N,N-Diisopropylethylamine” (Millipore: 10% in DMF, 8/3),  Electrospray ionization mass spectrometry

1,2-benzotriazolyloxy-tris[pyrrolidino]phosphonium hexafluoro-Pneumaticall . .
- X i . y-assisted ESI (ionspray) mass analyses were per-
phosphate (PyBOP; NovaBiochem; 100 mg/ml in DMF, 1,8 formed on a Perkin-Elmer Sciex API Il Plus triple quadrupole

and 1-hydroxybenzotriazole (50 mg/ml in DMFyrespectively  \aqq"spectrometer system. The potential of the electrospray
were added to th_e peptide sqlut|on, anq the mixture was allowﬁgaedle was placed at 5000 V or —4100 V to produce positive or
to react for 10 min. The peptide cocktail was then transferred o, iive ions respectively, and the potential of the orifice leading
another microcentrifuge vial containing 82 of aminolinker- 5 the mass analyzer was set at 60—110 V or —110 V to extract

oligothymidylic acid dissolved in 78l DMF. The reaction ﬁositive or negative ions, respectively. The flow rates for the

solution was vortexed at room temperature for incubation perio : : -
that varied from 4 h to 3 days. Samples of the reaction mixtug%bunzer gas (oxygen) and the curtain gas (nitrogen) were both

S tat 0.6 I/min for either positive or negative ions. The instrument
were analyzed atvarious intervals by MALDI mass spectrometly, o mass-calibrated in the positive ionization mode with a
and microbore reverse-phase HPLC. The chromatography systeiliure of polypropylene glycols
ggr&ssted gf a Perk_lnI-EIrgoe(; ';Bl 140?,%“”% p‘fmp’ a(#]mm Samples were injected at 31Bmin with a Harvard syringe
mm, 5um particle, pore, acigcolumn (The : :
Separations Group), and an ABI/Kratos Model 783 UV-detect ump connected to the electrospray interface via a Rheodyne

. . X 125 injector (ful sample injection loop). The synthetic peptide
equipped with a microbore flow cellilldead volume). The solvent ¢ anjalyzed(‘rihrﬁ an a%ueojus solutior[\) )of 0.10/3/ formic gci%/SO%
system was (A) 5 mM ammonium acetate and (B) acetonitrile:

fhethanol; the aminolinker—oligothymidylic acids, the crude
solvent was delivered at 40'min with a gradient of 5-90% B o e e o .
over 45 min. The eluted species were monitored at 256 nm. eaction mixtures, and the peptide-linker—oligothymidylic acid

retention times of individually chromatographed synthetic peptidgb eroconjugates were analyzed in a solution of 5 mM ammonium

S . etate/50% acetonitrile.
aminolinker-dg, aminolinker-dip and PyBOP were used to The analyzing section of the Sciex API Il consists of two

locate the peaks corresponding to these primary reagents in Hqu%drupole mass filters separated by an open quadrupole structure

chromatograms of the reaction mixiures. that serves as a gas collision chamber. Single stage mass analysi

The crude peptide-linker—oligothymidylic acids were purified OQ/vgs conducted by scanning the first quadrupole mass filter over the

me sarlne TPLC dsyste(rjr) Ufed tolpun;y the sththe“C pe%tlde, b@ ss-to-charge range of interest (typicadlg 400—-2200) iri% s.

€ solvents and gradient employed weré those used on [ e stage or tandem mass spectrometry was carried out by
mlcro%qre HPLC sys;emTtr:)m;Iltor the coupITg rtla/aqtlon (saee setting the first quadrupole mass filter to select a doubly charged
Ere;ce Ing parfmgrap )- e’t ov;raiezgéas mi/min, -an thﬁﬂalyte ion and scanning the second quadrupole mass filter over

eteroconjugates were monitored & nm. the mass-to-charge range of interestz60-1300 for peptide,
Matrix-assisted laser desorption/ionization mass m/z50-2000 for aminolinker-a& andm/z50-2400 for peptide-
spectrometry linker-dTe) in [4 s. Fragmentation was induced in the middle

guadrupole chamber by introducing argon as a collision gas (mean

MALDI mass analyses were performed on a custom-built, lineaollision gas density/collision energy: 125/24 eV for peptide;
time-of-flight mass spectrometer. Both the instrument and thE10/41 eV for aminolinker-c§l 185/22 eV for peptide-linker-@)l
operating conditions have been described elsewhByeHach
mass spectrum was produced from 30 consecutive pulses of 355%%ULTS
photons from a Nd:YAG laser (Spectra Physics GCR-11). Signal
from matrix ions or ions from various standards added to thgynthesis of heteroconjugates
sample were used for mass calibration.

Prior to being mass analyzed, aliquots from the reaction mixturége synthetic peptidé was patterned after the sequence of the
were diluted 100-fold with Millipore-filtered water, and HPLC 11-residue N-terminal segment of Ung-T2®ne of the tryptic
purified samples were lyophilized and redissolved in 504200 peptides oEscherichia collUracil-DNA glycosylase (Ung) that
water/acetonitrile (1:1, v/v). A saturated solution of 4-hydroxyhas been shown to form part of the protein’s DNA binding domain
a-cyanocinnamic acid (Aldrich) in 0.1% TFA/33% acetonitrile(23). The peptide was designed to possess one free carboxyl
(2:1, viv) 6) was used as the laser desorption/ionization matrix f@roup by replacing the Asn residue in T19 with an Asp residue.
the synthetic peptide, and a saturated solution of 2,4,6-trihnydroxye simplify the synthesis of the peptide—nucleic acid conjugates,
acetophenone (Aldrich) in 50 mM diammonium hydrogenthe Cys and His amino acids 2) whose side chains contain
citrate/50% acetonitrile 2() was used as the matrix for the potentially reactive functionalities, were replaced with the less
aminolinker—oligothymidylic acids, the crude reaction mixturesteactive residues Ala and Arg respectively. To prevent side
and the HPLC-purified peptide-linker—oligothymidylic acids.reactions during conjugation of the peptide to the nucleic acid, the
Before depositing a sample onto the sample introduction probesterminal was blocked by acetylation, and the C-terminal



3868 Nucleic Acids Research, 1996, Vol. 24, No. 19

carboxyl group was amidated. MALDI and ESI mass analyses Peptide
confirmed that the synthesized peptide had the predicted molecular | 244
mass (Tabld), and ESI tandem mass spectrometry confirmed [M+H]+
that it had the expected sequence (data not shown).

i-‘- x4

¥

Aminolinker-{dT}g
T [MeH]+
uy

Ac-Gly-Phe-Phe-Gly-Ala-Asp-Arg-Phe-Val-Leu-Ala-MKM, 1240.4) 1 =

Gly-Phe-Phe-Gly-Cys-Asn-His-Phe-Val-Leu-Ala 2

-

Oligothymidylic acids were used in the synthesis of the &
heteroconjugates partly because they were available as gifts and Peptido-linker-(dT)10
partly because they are generally more stable and better behaved 7 [M+H]*
in mass spectrometric analyses. The experimentally determined &
masses of the two oligonucleotide reactants (Taplevere *
consistent with the structures BCH))g-5'-p(dT) and
NH2-(CHp)g-5'- p(dT) o specified by the supplier, Oligos Etc., Inc.

PyBOP was used to catalyze formation of the amide linkage i
between the carboxyl group on the side chain of the aspartic acid1000 m/z 5600
in 1 and the aminolinker—oligothymidylic acid because of its known

eﬁ|C|ency In promoting peptlde amide bonds du”ng peptldq:igure 1. Positive ion MALDI mass spectrum of the reaction mixture used to

synthesis18). synthesize peptide-linker-gg The signals corresponding to singly protonated

. ) o forms of the unreacted peptida/g 1241.4), the unreacted aminolinkertgT
Table 1. Average molecular masses of the synthetic peptide, aminolinker—  (m/z3159.0), and the hybrid produnt/g4381.3) are labeled in the spectrum.
oligothymidylic acids and peptide-linker—oligothymidylic acids

Lateusity

Molecular mass (Da) MALDI mass spectrum was obtained with 10-20 pmol of
Compound Theoretical MALDI ESI compounq. On our MALDI_ instrument, which qogs not operate
Aminolinker-dTs ~ 1942.4 1942.4 1942.0 than dﬁj ﬁe ativejic?nizatign ' P gna
Aminolinker-dT;p  3159.2 3156.6 3158.0 9 '
Peptide-linker-d§  3164.8 3164.4 3164.3 ESI mass spectrometry of heteroconjugates
Peptide-linker-d]y  4381.6 4379.6 4382.0

Negative ESI mass analysis of the two crude reaction mixtures
The theoretical values are calculated from molecular formulas. The experimer(@bntaining primarily synthetic peptide, aminolinker_oligothymidy-
values Ii§ted unde_r MALDI and ESI'are averages over two or more measuremefjig;acid, PyBOP and peptide-linker—oligothymidylic acid) generated
accuracies (relative to the theoretical values) are within 0.08% for MALDI a”%ignals Corresponding onIy to the peptide and the aminolinker—
0.02% for ESI. oligothymidylic acid (data not shown). Only peptide ions were
detected in the positive ESI mode.

Whereas we could not find ion signals corresponding to the
A MALDI mass Spectrum of a Coup”ng reaction mixtureheteroconjug.ates in the ESI mass SpeC'Era of the rea.C.tion miXtUreS,
containing the synthetic peptide and the aminolinkgydd ~ We could easily do so in both the negative and positive ESI mass
shown in Figurd.; a similar spectrum (not shown) was obtainedpPectra of the HPLC-purified forms. The negative ion spectrum
from the reaction mixture containing the aminolinkegdT Of the purified peptide-linker-giconjugate is similar in appearance
Formation of the heteroconjugate is indicated in the spectrum iy the positive ion one except sodium adduction is more
the appearance of a signal corresponding to a compound witRf@nounced in the latter case (F). In this instance, the
mass equal to the sum Of the masses of the peptlde and %Iﬂon'current, l.e. the sum Of a" the I(_)I’l S|gnal5 de'}ected In the
nucleotide (both of whose signals are present in the spectrum) 18¥Z-range scanned, is more than three times greater in the positive
the mass of a water molecule, which is lost during the coupliign mode than the negative. The negative and positive ESI mass
reaction. There is no significant signal in the mass spectrum tif@ectra of the peptide-linker-ghfare also similar in appearance
might conceivably be construed as a non-covalent complex. (Fig-3). In this case, sodium adduction is quite extensive in the

The reactions were also monitored by microbore reverse-phdiesitive ion mode, and the total-ion-current in the positive mode
HPLC. In each case, a conspicuous species eluted betweenigh@ightly smaller than in the negative.
oligonucleotide and the peptide; these two compounds w . .
collected, lyophilized and mass analyzed by MALDI. Measurem(frllwé'sS | tandem mass spectrometry of peptide-linker-dg
of the masses of these purified compounds was facile ahdthe positive ESI mode, tandem mass spectrometry ajuiwyd
identified them as the two expected peptide—oligothymidylicharged synthetic peptide/f621) indicated fragmentation at every
acids (Tabldl). By quantitating absorption in the HPLC eluentspeptide bond in the oligomer (data not shown). In the negative
at 256 nm and assuming that the extinction coefficient of mode, the doubly charged parent of the aminolinkgr{dVz
heteroconjugate is essentially the same as that of its oligothymidy8i69.5) fragmented primarily into [dT=8-H]~ atm/z303.2 and
acid component, we estimated that the yield of product in both ca$d$]~ at m/z321.2 (data not shown). Signals corresponding to
was [b% relative to the amount of aminolinker—oligothymidylic POz~ (m/z 79), [thymine basg](m/z 125), [dT-base-bD-H]~
acid used in each of the reactions. Judging from the respons€rfz177.1), and [dT-base-H]m/z 195.1) were also observed.
the UV-detector on the microbore system, we estimated that edthio series of peaks seen in the spectrumg,-[T and

MALDI mass spectrometry of heteroconjugates
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Figure 2. Negative and positive ESI mass spectra of peptide-linkg(sTI Figure 3. Negative and positive ESI mass spectra of the HPLC eluent

of (B0 UM analyte solution; 16 scans per spectrum) following purification by corresponding to peptide-linker-ghi(5 ul of CEOpM analyte solution; 15 scans
HPLC. The doubly and triply charged ions and the triply charged dimer ion of per spectrum). The doubly and triply charged ions of the complex are labeled
the complex are labeled in each spectrum. The ion signals adjacent to each mas each spectrum. The ion signals adjacent to each mass peak on the high
peak on the higim/zside are due to [MiNa+3H]3*, [M+nNa2H]?* and mizside are due to [MiNat3H]3* and [M#nNat2HJ2* (n = 0-6). The
[2M+nNax3H]3* (n = 0-4). The total-ion-current measured in the positive total-ion-current measured in the positive mode was only slightly less than the
mode was more than three times greater than the total-ion-current measured ital-ion-current measured in the negative mode for the same number of scans.
the negative mode for the same number of scans.

[dTy-H2O-HI-(n=2, 3), are specific to the oligothymidylic acid’s
sequence. Only very weak signals due to larger oligomerlfcnl

fragments if = 4 and 5) and no peaks corresponding to io : : : .

fragments (;Qriginating fror% the aminglinker moietypwere ogbserve nalyses of proteins, peptides and oligonucleotides are ranked
S otaned by e massanalss of e oubienegsnf§] 10 100 1) 0 pepice prten con 7 e
charged peptide-linker-dTon (m/z and the double-positive ; . . ‘ d .
charged Begtide—linker—gTon ((m/21583)) are shown and %escribgdOI'%OHUCIQO“OISS IS glearly_seen ;&zes %efse to that for pﬁptldes
- . I and proteins. Based on prior wo ,23), it seems to us that

in Figures4 and5. Using the mass spectra of amlnollnkeg-dT'I e ionization of a covalent complex roughly reflects the relative

not shown) as a guide, it is relatively easy to discern seve T , : b
geries of ne)gative a?nd positive ion peazs sepyarated by 304 Da sses of its oligopeptide and oligonucleotide components. Thus

mass of one thymidylic acid residue, that result from fragmentatiro(qﬁ]atﬂi f(())?em:]ggg’ f(')?;?}";}'g tgrcé%éﬂrﬂsa(:gg tt%:teatrgeSt())%/itoerm?rg
of the oligonucleotide. Close inspection of the positive io P Jug

P : e polypeptide by mass, e.g. phage T4 gene 32 protein UV-crosslinked
spectrum (Fig5) in them/zregion below the parent ion's signal dTo(15), Escherichia coltranscription termination factor rho

F\?_Vggzjs Cpig':r?]ﬁ]?gﬁﬁ g g((jalgt?dt:a) fragments cleaved from both ﬁeotoafﬁnity labeled with the ATP-analog 4-thio-uridine diphos-

ESI tandem mass analysis of the peptide-linkagdias phate {5), or Ung UV-crosslinked to @§ (23). On the other hand,

e L sample preparation conditions favoring MALDI analysis of the
ﬁ:segr/l?rr:ggt by the upper mass-to-charge limfz400) of our oligonucleotidic component, e.g. 2,4,6-trihydroxyacetophenone

in diammonium-hydrogen citrate and acetonitri’)( are
DISCUSSION necessary in order to produce the sharpest, most intense ion
signals from nucleopeptide conjugates whose peptide component
As pointed out in the introduction, the optimum matrix-assistedccounts for only 10-40% of the complex’s mass, e.g. the
laser desorption conditions for ionizing the oligopeptide anducleopeptidic conjugate from tryptic digests of UV-crosslinked

igonucleotide components of a covalent hybrid generally clash.
Table 2, six matrices commonly used for MALDI mass
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Figure 4. ESI tandem mass analysis of double-negatively charged peptide-linkén1.581.4). The main fragment ions from the oligonucleotide part of the
heteroconjugate (see Fig. 6 for nomenclature) age, P@ymine base] w, (n = 1-5), wi-H20 (n = 1-3), w-base = 1-3), w-base-HO (n = 1-3), [pdTip (h
=1-2), [pdT}p-H20 (nh = 1-2), a*, and a*-base (1 = 1-2). The signals corresponding tphase and yrbase-HO (n = 1-3) are indicated with open circlés)(

No useful peptide-fragment ion signals were observed.

Ung-dTyg (23) or the synthetic peptide-linker—oligothymidylic  Conflicting conditions for ionization of oligopeptides and

acids used in the present study. oligonucleotides also exist in electrospray. The heteroconjugates
investigated in this study show preference for a minor variation

Table 2. Some compounds commonly used as primary matrices for MALDI Of & solvent system reported for ESI mass analysis of oligonucleo-

mass analyses of proteins, peptides and oligonucleotides tides @9). This seems sensible given that the ratios of peptide-mass
to oligonucleotide-mass ar&:10 for peptide-linker- dsrand 4:10
Matrix Peptide Oligo- Reference  for peptide-linker-dTp The fact that a 40% decrease in the size of
and protein  nucleotide the oligonucleotide component increases the total-ion-current in
Sinapinic acid Y Y Y YIS @) the positive mode >3-fold over that in the negative mode

(compare Fig2 with Fig. 3) suggests that the peptide’s effect on

glgﬁfﬁgg;::z;gnggf acd ::::‘ :. gg; ionization is disproportionate to its contribution to the size of the
Ferulic acid 000 PP @37) heteroconjugate. I't shquld be nqtgd t'hat, for the peptlde-llnker
2,4,6-trihydroxyacetophenone @@ o000 () dT10, most of the signal in the positive ion mode is due to sodium
3-Picolinic acid P 00000 (39) adduction (Fig3) and that this effectively reduces sensitivity in this

case despite the large total-ion-current. More efficient desalting
The general suitability of a given matrix for a given compound class is subjectivetipay remedy this problem.
indicated on a qualitative scale that ranges @(poor) 0@ @ @@® (excellent). MALDI mass analysis of a crude reaction mixture proves to be
a quick, sensitive and straightforward method for unequivocally
The interaction between the oligopeptidic and oligonucleotidieonfirming formation of a covalent peptide-linker—oligothymidylic
parts of a heteroconjugate also seems to manifest itself in theid product (Figl), although it does not provide quantitative
MALDI mass analysis of mixtures. In general, excellent MALDIinformation. This capability was used extensively in a study of the
mass spectra can be produced from mixtures containing larg®A binding site of Ung 43), an enzyme that initiates the
numbers of peptides as is done in peptide mass-mapping wécil-excision DNA-repair pathway by removing a uracil-base
proteins. In our hands, mixtures of peptides and nucleopeptidigroduced into DNA §0-32). Results from MALDI mass
conjugates have not exhibited this desirable analytical trait. Smalyses were combined in this study with concurrent results
far, we have only been able to produce usable mass spectra ffioom Edman sequencing and biological testing to demonstrate
mixtures containing two or three heteroconjugaléy @nd the that amino acids 58-80 (tryptic peptide 6) and amino acids
strength and definition of the ion signals in the best of thesk85—213 (tryptic peptides 18 and 19) reside at the interface of an
spectra are inferior to those observed in spectra generated froimg—DNA complex. These two domains in the primary sequence
individual, HPLC-purified heteroconjugates. Competition amongf Ung, which are heavily conserved in general, are especially
the various components in the sample for incorporation into tiemilar to the corresponding amino acid regions in human
crystalline matrix may be one of the primary factors contributingracil-DNA glycosylase (UNG 15p8). Viewing their findings
to the refractory behavior of mixtures of nucleopeptide conjugatefar Ung in light of this fact, Bennett al ventured that the two
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&, oligonucleotide-fragment ions with the peptide attached through the
1M+ ZHR2 Cg-linker; they are unambiguously rationalized in terms of fragmentation from
the B-end of the oligothymidylic acid, the end bound through the alkyl linker
to the peptide. The ywoligonucleotide-fragment ions can only result from
cleavage off the free’-8nd of the oligothymidylic acid. The,w,0 (dTy)
. fragments can arise either by cleavage off thend with subsequent neutral
ag - bazs » Hz0 loss of BO or by rupture of interior bonds. In the positive ion spectrum (Fig. 5),
180 the three ppeptide-fragment ions and the foyt ipns, which are y peptide-
l ’l l fragment ions with the linker-@Tattached, confirm the N-terminal sequence
TR Ac-Gly-Phe-Phe-Gly-Ala- while the threg fragment ions and the fivgh
= ions, which areppeptide-fragment ions with the linkerglattached, confirm
_ . » . the C-terminal sequence -Arg-Phe-Val-Leu-AlasNfhe attachment of the
Figure 5. ESI tandem mass analysis of double-positively charged peptide- minolinker-d to the Asp residue is readily deduced from the difference in
linker-dTg ion (m/z 1582.9). The inset shows the expanded regn mass betweergy and v,
1200-1800. Fragment ions from the oligonucleotide part of the heteroconjugate
(see Fig. 6 for nomenclature) arg (v = 2—4), w-H>0 (h = 1-3), and & (n
= 1-3). lons ain/z1499.8, 1804.0 and 2108.2 anare#r1481.8, 1787.0 and . . .
2091.0 correspond respectively it-base 6 = 1-3) and g-base-HO (0 = 1-3) but the ESI mass spectra exhibit better mass resolution and yield

fragments. The labeled fragment ions from the peptide part of the heteroconjugaleetter mass accuracy (TaBjehan do their MALDI counterparts.
oo b ooy 255 Spectomety performed in tanden sages i a powertu
are Indicated with an asterisk. ’ #7°"ool for sequencing biopolymers, especially peptidgs Under
the low-energy collisionally induced dissociation conditions
employed in this work, a large number of the double-negatively

UNG 15 amino acid residues Asp145 (corresponding to Asp64 @hmarged aminolinker-gglions were observed to decompose into
Ung) and His268 (corresponding to His187 in Ung), whosdT, ions (data not shown). Because these fragments could have
substitution was recently shown by site-directed mutagenesesulted either from cleavage off the fréei8d or from rupture
studies on the human uracil-DNA glycosylase gene to inactivaté internal bonds, they can not be unambiguously explained in
UNG 15 @3), reside in the vicinity of the DNA-binding pocket terms of the oligonucleotide’s sequence. When tandem mass
(23). This speculation has since been substantiated by thpectrometry is performed on the double-negatively charged
3-dimensional structure of UNG 15 obtained from X-ray analysigeptide-linker-d§ (Fig. 4), interpretation of the oligonucleotide’s
(34). Another recent X-ray diffraction structure, this one offragmentation is less ambiguous by virtue of the peptide’s
herpes simplex virus uracil-DNA glycosylas85), further attachment and, consequently, more is learned about the oligo-
corroborates the general validity of the Ung-findings by Bennetiucleotide’s sequence. Tandem mass analysis of the double-
et al and the utility of the mass spectrometric approach they uspdsitively charged peptide-linker-gl@lso reveals sequence specific
to obtain them. information about the oligonucleotide (Flgand6). The negative

In contrast to the MALDI mass spectra of the reaction mixturin spectrum of the peptide-linkerglprovides no information
containing synthetic heteroconjugates, ESI mass analysis of gigout the peptide’s sequence (Blgbut applied as a background
crude reaction mixtures in either the positive or negativiemplate against the positive ion spectrum, it makes it easier
ionization mode provided no evidence for the formation of thiocate the peptide signals in the latter. From the positive ion
hybrids. Presumably, formation of electrosprayed ions from thepectrum (Fig5), we can confirm all of the peptide’'s sequence
small amount of hybrid produdif%) is suppressed below the (Fig. 6). Location of the branching point on the Asp residue is
limit of detection in the presence of the large amounts of reagemslicated in the spectrum by the low intensityand y-fragment
remaining in the reaction mixture. ion signals (Fig® and6). The intense series of doubly charged

Molecular masses of purified nucleopeptide heteroconjugatbs-ion peaks in the spectrum (Fand6) adds more confidence
can be readily obtained by either MALDI mass spectrometry d@o the assignment of the branching point because it localizes the
by ESI mass spectrometry. In our hands, ESI requires at leastcawalent bond on the central, three-residue segment of the peptide.
order of magnitude more sample (50-250 pmol) than dodhese B-ions (also present in the fragmentation spectrum of the
MALDI (5-10 pmol) to produce mass spectra of the linker—oligopeptide itself; not shown) probably arise because of the charge
thymidylic acids and the peptide-linker—oligothymidylic acidscarrying capacity of the internal arginyl residue.
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