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This report illustrates the approaches employed to investigate critical aspects of the activity of
crosslinking reagents toward nucleic acid substrates, which should be evaluated to identify
candidate probes for mass spectrometric 3D (MS3D) investigations of biomolecules and
macromolecular complexes. Representative members of different classes of bifunctional
reagents were taken into consideration, including bikethoxal and phenyl-diglyoxal [bis-(1,2-
dicarbonyls)], cisplatin (coordinative binding agents), chlorambucil and nitrogen mustard
[bis-(2-chloroethyl)amines], and sym-triazine trichloride (triazines). Nanospray-Fourier trans-
form mass spectrometry (FTMS) was applied without desalting or separation procedures to
characterize the covalent products obtained by probing dinucleotide and trinucleotide
substrates under a variety of experimental conditions in vitro. The carefully controlled
composition of these substrates enabled us to obtain valid comparisons of probe activity
toward individual nucleotides and evaluate possible base-specific effects, including the
stability of the different adducts in solution under the selected reaction conditions. The
gas-phase behavior of the observed products was investigated using sustained off-resonance
irradiation collision-induced dissociation (SORI-CID) to obtain valuable information for
guiding the design of sequencing experiments and helping the data interpretation. Structured
RNA substrates, such as HIV-1 stemloop 1, were finally employed to investigate the structural
determinant of adduct formation and highlight the different nature of the spatial information
provided by the various candidate probes. (J Am Soc Mass Spectrom 2006, 17, 1570 –1581)
© 2006 American Society for Mass Spectrometry

Mass spectrometric 3D (MS3D) approaches seek to
obtain information about the three-dimensional
structure of biomolecules using chemical

crosslinking and footprinting reagents followed by MS
analysis� [1–�4].� The� very� wide� range� of� applicability� of-
fered by these techniques is rapidly advancing MS3D to
the forefront of the new technologies developed for the
structural elucidation of biomolecules that exceed the size
accessible by NMR, or afford inadequate crystallization.
Fulfilling this potential, however, will require expanding
the repertoire of available probes and developing new
computational tools for the interpretation and utilization

of this type of information in biomolecular modeling. For
this purpose, a bioinformatics infrastructure has been
recently created to support the efforts of investigators
engaged in the development of enabling technologies for
MS3D�(http://ms3d.org)�[5].

The MS3D investigation of nucleic acids and protein-
nucleic acid complexes can count on mono- and bifunc-
tional alkylating reagents to reveal the location of base
pairs, tertiary interactions, and inter-molecular contacts
[4,� 6,� 7].� The� ability� of� such� reagents� to� support� the
elucidation of complex RNA structures was recently
tested by completing the determination of two
ribosome-frameshifting pseudoknots of retroviral ori-
gin�[8].�Validation�of�the�MS3D�approach�was�obtained
by comparing the high-resolution coordinates available
for one of the substrates in the Protein Data Bank with
the corresponding all-atoms model generated entirely
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from probe constraints. Significantly, important infor-
mation necessary to model these structures was pro-
vided by the bifunctional reagent nitrogen mustard
(NM)�[9,�10]�(Scheme�1)�for�its�ability�to�determine�the
reciprocal positions of distal nucleotides that were
placed in close proximity by the pseudoknot tertiary
fold. The great value of this type of distance constraint
in the modeling of large nucleic acid substrates, in
which long-range interactions and inter-domain con-
tacts determine the overall global fold, constitutes a
powerful motivation for the investigation of alternative
reagents with different base specificities and bridging
distances as possible bifunctional probes for MS3D
applications.

Over the years, mass spectrometry has been em-
ployed directly or coupled with high-performance sep-
aration techniques to characterize a variety of covalent
adducts produced by alkylation of nucleic acids in vivo
and�in�vitro�[11–19].�The�combination�of�direct�infusion
electrospray�ionization�(ESI)�[20]�and�Fourier�transform
mass� spectrometry� (FTMS)� [21]� constitutes� an� ideal
platform for the analysis of this type of samples, which
affords the benefits of high mass accuracy and resolving
power� [22].� Furthermore,� this� platform� enables� the
implementation of infrared multiphoton dissociation
(IRMPD)� [23,� 24]� and� electron� capture� dissociation
(ECD)� [25,�26]� for� the�gas-phase�activation�of�progres-
sively larger precursor ions, which is expected to
greatly facilitate the application of top-down strategies
to�the�characterization�of�probed�biomolecules�[27,�28].
In our hands, ESI-FTMS has proven to be particularly
well suited for the direct analysis of stable DNA and

RNA adducts formed by classic monofunctional foot-
printing�reagents�[4,�6,�7].

In an effort directed toward building a database of
crosslinking agents for MS3D investigations, we have
employed�nanoelectrospray�[29]�and�FTMS�to�evaluate
the possible application of various bifunctional reagents
to selected nucleic acid substrates. Candidate probes
were chosen not only from the collection of established
DNA/RNA structural probes that have been tradition-
ally associated with polyacrylamide gel electrophoresis
(PAGE)�[30�–32],�but�also�from�other�classes�of�alkylat-
ing molecules that are widely used in cancer therapy for
their ability to introduce intra- or interstrand crosslinks
[33,� 34].� Small� and� generally� unstructured� substrates
were employed to establish baseline reactivity profiles
in the absence of steric concerns and facilitate the
detection of possible base-specific effects. Factors affect-
ing the activity of the different probes and the stability
of their respective adducts were evaluated under a
variety of experimental conditions, with the ultimate
goal of optimizing the parameters for structural prob-
ing and product characterization. In addition, struc-
tured substrates were employed to determine the ability
of candidate probes to provide different spatial con-
straints for the modeling of complex nucleic acid struc-
tures. This report illustrates the methods employed for
evaluating the different aspects of crosslinking activity
and describes the results provided by the more prom-
ising bifunctional reagents for the MS3D investigation
of nucleic acids.

Experimental

Reagents and Chemicals

cis-Diamminedichloroplatinum (II) (cisplatin, CPT), bis(2-
chloroethyl)methylamine (nitrogen mustard, mechloreth-
amine, NM), 4-[bis-(2-chloroethyl)amino]benzenebutanoic
acid (chlorambucil, CHB), and sym-triazine trichloride
(cyanuric acid, sTT) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO) and used without further
purification. Ethylene glycol bis-[3-(2-ketobutyralde-
hyde)ether] (bikethoxal, BKT) and 1,4-diacetalbenzene
(phenyl-diglyoxal, PDG) were synthesized in house ac-
cording� to� established� procedures� [35].� Due� to� their
known mutagenic activity, these reagents were treated
using all possible precautions to avoid inhalation and
direct contact with eyes, mucoses, and skin, including the
use of latex gloves, face-mask, and fume-hood.

Deoxyribo- and ribonucleotide dimers and trimers of
homogeneous base composition were obtained from the
W. M. Keck Foundation Biotechnology Resource Facil-
ity (New Haven, CT) and used with no further purifi-
cation. A dimerization-deficient mutant of HIV-1 stem-
loop 1 (SL1A, obtained by replacing G with A in
position 20) was obtained by in vitro transcription of the
corresponding synthetic DNA template according to
the� phage� T7� polymerase� reaction� [36].� Transcribed
RNAs were purified by denaturing gel electrophoresis
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Scheme 1. Candidate bifunctional crosslinkers included in the
study and putative monofunctional adduct structures: bikethoxal
(BKT); phenyl-diglyoxal (PDG); cisplatin (CPT); nitrogen mus-
tard (NM); chlorambucil (CHB); and sym-triazine trichloride
(sTT).
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performed on 20% (wt/vol) polyacrylamide gels. The
products of interest were recovered by electroelution
from the manually excised bands. Extensive desalting
was performed by ultrafiltration using Centricon de-
vices from Millipore (Bedford, MA).

Probing Reactions

Stock solutions of individual di- and trinucleotides
were prepared by dissolving the lyophilized materials
obtained from the manufacturer in the selected buffer
solution. The final concentrations were verified by UV
absorbance at 260 nm using accepted values of molar
absorptivity. Volatile buffers including ammonium ac-
etate, bicarbonate, borate, and cacodylate with concen-
trations ranging between 10 and 100 mM were tested in
the study. Substrate mixtures of di- and trinucleotides
of desired composition were prepared by mixing ap-
propriate volumes of the initial stocks to obtain a typical
0.25 mM concentration of each species in a final 20 �L
volume.

Crosslinker solutions were prepared immediately be-
fore use by weighing out the dry material and dissolving
it in the most appropriate solvent compatible with their
solubility. For instance, dimethylformamide was used for
CPT and PDG, dioxane for sTT, acetonitrile for CHB,
dimethylsulfoxide for NM, and ethanol for BKT. Appro-
priate volumes were then added to the substrate mixture
to obtain the desired probe/substrate ratio. This was
calculated by taking into account the number of poten-
tially reactive functional groups in the crosslinker (gener-
ally two, except for sTT that has three possible alkylating
sites) and the number of susceptible sites in each substrate
component. A range of 1:10 to 100:1 probe/substrate
ratios was explored in the study. Reactions were incu-
bated at 37 °C in a water bath for up to 24 h and aliquots
were secured at predetermined intervals to identify the
time necessary to reach completion.

Probing and Mapping of SL1A

The SL1A RNA construct was refolded before use by
incubating in 10 mM ammonium cacodylate (pH 6.0
for CPT and pH 8.0 for NM crosslinking) for five
minutes at 90 °C, followed by quick-cooling on ice to
room temperature. An approximate 1:3 probe/sub-
strate ratio (calculating all susceptible bases regard-
less of their accessibility in the actual construct) was
used for the crosslinking reactions, with typical solu-
tions containing a final concentration of 50 �M SL1A
and 250 �M crosslinker in a 30 �L volume. Reactions
were carried out at 37 °C for 24 h for CPT and 2 h for
NM. Reactions were terminated by ethanol precipi-
tation, which served also to dispose of the excess
unreacted reagent.

Aliquots containing 0.6–2.0 nmol of native and
probed RNA were submitted to digestion with ribonu-
clease A (RNase A) or T1 (RNase T1). Typical digestion
reactions involved 0.02–0.05 unit of enzyme per mg of

RNA substrate in 20 mM ammonium acetate (pH 7.5)
for 30 min at 37 °C. Samples were stored at �20 °C until
immediately before analysis by nano-electrospray ion-
ization mass spectrometry.

Mass Spectrometry

Appropriate aliquots of the different reaction mixtures
were diluted with water/methanol/formic acid (49:
49:2) for detection in positive ion mode, or 10 mM
ammonium acetate/isopropanol (9:1) for negative ion
mode. Dilution factors were adjusted to provide final
concentrations of 10 �M total substrate. All analysis
were performed by nanospray on a Bruker Daltonics
(Billerica, MA) Apex III 7.0T Fourier transform mass
spectrometer equipped with a heated-metal desolvation
capillary, which was kept at 120–150 °C. Each experi-
ment required loading �5 �L analyte solution into a
nanospray needle with a stainless steel wire inserted
from the back end to provide the necessary voltage.

For tandem experiments, precursor ions of interest
were isolated in the FTMS cell using correlated rf
sweeps� (CHEF)� [37],� followed� by� activation� through
sustained� off-resonance� irradiation� (SORI)� [38].� Fre-
quency offsets below and above the resonant frequency
of the precursor ions were sampled to avoid incurring
in� possible� “blind� spots”� in� the� product� spectra� [39].
Best results were achieved by using irradiation frequen-
cies that were 600–2000 Hz below that of the precursor
ion. Argon was used as the collision gas. All data were
acquired in broadband mode and were processed using
XMASS 7.0.8 (Bruker).

Results and Discussion

This investigation was prompted by the need to expand
and diversify the collection of crosslinking agents for
MS3D applications to include probes with alternative
base specificity and bridging distance. Representative
members of different classes of nucleic acid-active re-
agents were evaluated as possible MS3D probes
(Scheme 1), including bis-(1,2-dicarbonyls) (bikethoxal,
BKT,� and�phenyl-diglyoxal,�PDG)� [35,�40,�41],� coordi-
native� binding� agents� (cisplatin,� CPT)� [42,� 43],� bis-(2-
chloroethyl)amines (chlorambucil, CHB, and nitrogen
mustard,� NM)� [44�–�46],� and� triazine� derivatives� (sym-
triazine� trichloride,� sTT)� [47].� These� candidates� were
selected according to their potential for reacting with
relatively high yield and specificity, forming well-
defined and recognizable products that should be stable
under the conditions necessary for effective structural
probing.

Testing the Activity Characteristics of Probe
Candidates

Covalent modifications of nucleic acids are frequently
studied in vitro using substrates of heterogeneous base

1572 ZHANG ET AL. J Am Soc Mass Spectrom 2006, 17, 1570–1581



composition and length (e.g., calf thymus DNA), which
are treated with the chemical of interest under carefully
controlled conditions. The reaction mixture is subse-
quently subjected to nuclease or chemical hydrolysis to
reduce the size of alkylated products, often to the
mononucleotide level, which facilitates their complete
characterization. Alternative strategies employ ad hoc
combinations of mono-, di-, or trinucleotides of prede-
termined base composition to allow for direct adduct
analysis with no need for strand hydrolysis or sequenc-
ing procedures. In the case of candidate structural
probes, accurately known substrate mixtures constitute
very convenient tools for testing bifunctional crosslink-
ers under a variety of experimental conditions. In
addition to enabling the direct characterization of reac-
tion products, this approach can provide unbiased
information about their activity toward competing sub-
strates, which is expected to highlight base-specific
effects.

This approach can be exemplified by the results of a
typical reaction completed by treating equimolar
amounts of homo-dinucleotides [i.e., d(ApA), d(CpC),
d(GpG), d(TpT), and UpU] with the nitrogen mustard
agent CHB in 10 mM ammonium acetate (pH 8.0) (see
the Experimental section). The nanospray-FTMS spectra
obtained in negative ion mode from a control dinucle-
otide mixture and from a reaction sample incubated for
24�h�at�37�°C�are�shown�in�Figure�1a�and�b,�respectively.
Characteristic covalent adducts were immediately iden-
tified for d(GpG), d(ApA), and d(CpC) (Species a, b,
and� c� in� Figure� 1b)� corresponding� to� the� monofunc-
tional addition of CHB with formal elimination of HCl
and hydrolysis of the remaining 2-chloroethyl function.
In contrast, no adducts of d(TpT) and UpU were
observed in the product mixture, thus confirming that
the target specificity of CHB under the selected condi-
tions was consistent with typical reactivity profiles of
nitrogen�mustard�agents�(Scheme�1)�[45,�46].

A rigorous quantitative approach to determine the
yields of probing reactions would require the availabil-
ity of appropriate standards, or should take in account
the expected variations of ionization efficiency between
reactants and products. The ESI behavior of nucleic acid
analytes is sensitive to the hydrophobicity and gas-
phase proton affinity dictated by their base composition
[48],� as� demonstrated� here� by� the� fact� that� individual
homo-dinucleotides offered widely different signal in-
tensities despite their equimolar concentrations in the
standard� solution� (Figure� 1a).� The� effects� of� chemical
modifications on these characteristics may not be
readily predictable, but they are likely to be substantial
for adducts of small and singly-charged substrates,
such as the di- and trinucleotides employed in these
experiments. For this reason, a safe estimate of probe
reactivity was obtained by determining the percentage
of reactant consumption, based on signal intensities
detected for the susceptible dinucleotide at the begin-
ning and at the end of the probing reaction. Using inert
dinucleotides in the product mixture as convenient

internal standards [in this case d(TpT) and UpU], we
found that a 48% � 4% of initial d(GpG) had reacted
with CHB after 24 h at 37 °C, while 38% � 6% of initial
d(ApA) and 23% � 5% d(CpC) were transformed under
the selected experimental conditions (based on five
repeated reactions).

The possibility that each substrate may undergo
transformation according to different reaction path-
ways (e.g., formation of multiple products and possible
degradation, vide infra) is clearly not accounted for by
this semiquantitative approach, which nevertheless
proved to be very valuable in guiding the optimization
of critical parameters for actual probing applications.
The percentage of substrate transformation was em-
ployed to evaluate the effects of buffer solution, probe
to substrate ratio, and incubation time on the crosslink-
ing of di- and trinucleotide standards. Considering the
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Figure 1. (a) Standard dinucleotide mixture in 10 mM ammo-
nium acetate (pH 8.0); (b) CHB-dinucleotide reaction mixture after
24 h at 37 °C; (c) sTT-dinucleotide reaction mixture after 6 h at
37 °C. All spectra were obtained by nanospray-FTMS in negative
ion mode (see the Experimental section). In panel (b), Species a
corresponds to the CHB monofunctional adduct of d(GpG) with
hydrolyzed 2-chloroethyl function; b and c are analogous adducts
of d(ApA) and d(CpC); d is the species formed by hydrolytic
depurination of d(GpG); e is the depurination product N-(7-
guaninylethyl)-N-hydroxyethyl-p-acetaminophenylbutyric acid.
In panel (c), Species f is the sTT monofunctional adduct of d(GpG)
with hydrolyzed Cl; d the species formed by hydrolytic depuri-
nation of d(GpG) [observed also in panel (b)]; g is the analogous
depurinated d(ApA).
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complex effects of ionic strength and temperature on
the stability of nucleic acid structures, these reaction
parameters were more effectively adjusted using struc-
tured substrates, on a case by case basis.

Probing reactions were performed using different
volatile buffers to test whether analyte solutions could
be obtained that would be directly amenable to
nanospray-FTMS with no prior desalting or cleanup
procedures. Considering the ability manifested by
known alkylating agents to react with functional groups
present� in� common� biological� buffers� [49,� 50],� we
looked for the possible formation of adducts between
candidate reagents and the MS-friendly buffers in-
cluded in the study (i.e., ammonium acetate, bicarbon-
ate, borate, and cacodylate, see the Experimental sec-
tion). No significant signs of direct reactivity were
observed under the explored conditions except for CPT,
which produced weak coordination complexes with
acetate. For this reason, ammonium cacodylate was
generally preferred for this reagent to avoid the risk of
interfering with its crosslinking activity.

In subsequent experiments, the probe/substrate ra-
tio was adjusted to avoid the saturation of all suscepti-
ble sites in the substrate. As discussed later for struc-
tured samples, over-probing is prone to structural
distortion and may lead to unwanted alkylation of
transient conformations that do not provide a fair
representation of the structure under investigation. The
smaller unstructured standards employed here enabled
us to identify probing conditions that would result in
only incomplete derivatization of fully exposed bases
and, thus, would be less likely to produce artifacts.
Once an appropriate probe/substrate ratio was identi-
fied, the reaction course was followed as a function of
time by analyzing aliquots taken at predetermined

intervals. This process allowed for the selection of the
best possible incubation time to maximize the formation
of products and minimize any possible degradation. In
this way, baseline reaction parameters were obtained to
allow for direct comparisons between candidate probes
and to provide convenient starting conditions for their
actual�application�in�structural�studies�(Table�1).

Target Specificity of Probe Candidates

The results offered by standard di- and trinucleotide
mixtures were also employed to classify the different
reagents as base-specific or broad-range, according to
their ability to modify individual or multiple bases
(Table� 1).� While� nitrogen� mustards� and� CPT� were
confirmed to target a range of nucleotides, the bis-(1,2-
dicarbonyls) BKT/PDG and the triazine sTT provided
excellent examples of base-specific agents. The latter, in
particular was found capable of inducing the exclusive
alkylation� of� d(GpG)� (Figure� 1c,� Species� f)� through� a
reaction believed to involve the nucleophilic substitu-
tion of N7 to one of the chlorines present in the
symmetric� molecule� (Scheme� 1)� [47].� The� fact� that� no
products were detected for the remaining dinucleotides
even after 24 h incubation at 37 °C could be explained
by the less pronounced nucleophilic character of the
functional groups of such bases. On the contrary, the
observed specificity of BKT and PDG toward d(GpG) is
consistent with the known reactivity of 1,2-dicarbonyl
probes� toward� guanidino� functional� groups� [51,� 52],
which effectively excludes the other nucleobases as
viable targets. Considering their ability to attack the
Watson-Crick interface of guanine (N1 and exocyclic
amine), rather than its five-membered ring (Scheme 1),
these crosslinkers are expected to provide valuable

Table 1. Characteristics of candidate bifunctional probes

Name
Base

specificitya
�m

(Da)b
Adduct

stabilityc
Other

productsd

Crosslinking
distance

(Å)e
Probe/

substratef Other reaction conditions

BKT G 230.079 � L 4.4–6.4 5:1 20mM ammonium borate (pH 8.0),
37°C, 2h

PDG G 190.027 � L 7.0–8.0 5:1 20mM ammonium borate (pH 8.0),
37°C, 2h

CPT G�A�C 225.995 ��� B 3.2 2:1 10mM ammonium cacodylate
pH6, 37°C, 24h

NM G�A�C 83.073 �� H, D 8.0–11.0 9:1 10mM ammonium
acetate/cacodylate (pH 8.0),
37°C, 2h

CHB G�A�C 231.126 �� H, D 8.0–11.0 9:1 10mM ammonium
acetate/cacodylate (pH 8.0),
37°C, 8h

sTT G 110.962 �� H, D 2.4 60:1 50mM ammonium borate, (pH
6.0), 37°C, 2h

aPreferential targets determined under the described conditions (see text for the position of alkylation).
bIncremental mass of bifunctional adduct.
cStability estimated at the conditions provided: ��� very stable; �� stable; � somewhat reversible.
dAdditional products: B buffer interaction (e.g., acetate coordination); D depurination; H hydrolysis of reagent or mono-functional adduct; L water
loss from adduct.
eDistance between crosslinked functions in final adduct. A range is provided for the more flexible reagents.
fThe probe/substrate ratio was calculated in moles of reactive functions in the probe per moles of susceptible sites in the substrate.
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complementary information to those obtained by sTT
and other N7-alkylating agents.

It is important to note that while nitrogen mustards
and sTT did not provide any significant amounts of
bridged adducts with standard dinucleotide substrates,
crosslinked products were readily observed when sim-
ilar mixtures were treated with CPT. As shown by
samples analyzed in positive ion mode after 24 h
incubation�at�37�°C�(Figure�2a),�bifunctional�adducts�of
d(GpG) and d(ApA) (Species c and e, respectively) were
formed in addition to monofunctional products of
d(GpG), d(ApA), and d(CpC) (labeled a, b, and f,
respectively). These results were ascribed to the ability

of CPT to induce the intrastrand crosslinking of contig-
uous purines through N7 coordination of Pt(II), while
cytosine adducts require the participation of N3
(Scheme 1). Purine–purine crosslinking has been shown
to constitute the majority of the observed products in
CPT-treated salmon sperm DNA, with guanine–
guanine alone accounting for up to 47–50% of the total
adducts� [53].� These� favorable� results� have� been� ex-
plained by the ability of contiguous purines to assume
a “head-to-head” conformation that places the respec-
tive N7 positions in the correct situation for effective
Pt(II)�bridging�[43].

A possible mismatch between the spacing/orienta-
tion of the crosslinker’s functional groups and the steric
situation of the susceptible sites could provide an
explanation for the apparent lack of bifunctional prod-
ucts manifested by other probes with dinucleotide
substrates. This hypothesis is supported by the obser-
vation that analogous mixtures of homo-trinucleotides
enabled the prompt formation of bridged products with
nitrogen mustards and sTT under otherwise identical
experimental conditions. In fact, bifunctional crosslinks
of NM with d(pGpGpG) were readily detected by
nanospray-FTMS in combination with the monofunc-
tional adducts that are typical of nitrogen mustard
agents�(Figure�2b).�Relatively�unstructured�substrates�of
larger size present a higher degree of conformational
freedom, which is expected to offer increased opportu-
nities for efficient bridging derivatization.

Solution Stability of Alkylated Products

The direct examination of product solutions with no
intervening procedures can provide an excellent assess-
ment of adduct stability in the selected reaction envi-
ronment, which should minimize unwanted secondary
effects and degradation. For example, the direct infu-
sion analysis of samples treated with BKT and PDG
suggested the possibility that initial adducts may be
rapidly hydrolyzed in the aqueous reaction environ-
ment to revert to the initial unmodified structures. The
stability of these adducts was greatly increased in
borate buffer, as previously observed for products
formed by their monofunctional precursor kethoxal
[52].� In� contrast,� adducts� provided� by� CPT,� nitrogen
mustards, and sTT formed permanent modifications
that were relatively stable in the MS-friendly buffers
employed in the study. In excellent agreement with the
reactivity of these chemicals toward nucleophilic
agents, the unreacted crosslinking group present in
their monofunctional adducts proved to be susceptible
over time to partial hydrolysis. In the case of nitrogen
mustards, species containing intact 2-chloroethyl func-
tions were only detected at relatively short reaction
times, while longer permanence in solution resulted in
their nearly complete transformation into unreactive
hydroxyl counterparts (compare for example the CHB
reaction after 24 h with the NM products after 2 h in
Figure�1b�and�Figure�2b,�respectively).�While�hydrolysis
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Figure 2. (a) CPT-dinucleotide reaction mixture in 10 mM
ammonium cacodylate (pH 6.0) after 24 h at 37 °C; (b) NM-
d(GpGpG) reaction mixture in 10 mM ammonium acetate (pH 8.0)
after 2 h at 37 °C. These spectra were obtained by nanospray-
FTMS in positive (a) and negative (b) ion mode (see the Experi-
mental section). In panel (a): Species a corresponds to CPT
monofunctional adduct of d(GpG); b and f are the analogous
monofunctional adducts of d(ApA) and d(CpC); c and e are the
bifunctional products of d(GpG) and d(ApA); d and g are hydro-
lyzed monofunctional products of d(ApA) and d(CpC) in which
the remaining Cl� is replaced by H2O. In panel (b): the �
corresponds to NM monofunctional adduct of d(GpGpG); �

hydrolyzed monofunctional (Cl� replaced by OH�); ‘ bifunc-
tional crosslink; � base hydrolysis (G or modified G formally
replaced by OH); Œ depurination (elimination of G or modi-
fied G).
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of the probe itself may compete with the initial alkyla-
tion step, deactivation of the remaining 2-chloroethyl
group of a monofunctional adduct will certainly pre-
clude the completion of the bridging reaction. Analo-
gous hydrolysis of CPT with formation of aqua-
complexes� of� Pt(II)� (Figure� 2a)� is� not� considered� as� a
possible problem, but rather as a necessary condition
for�the�activity�of�this�reagent�[43].

An additional effect of the aqueous environment on
adduct stability was the possible depurination of mod-
ified nucleobases. Species containing abasic lesions pro-
duced by hydrolytic attack or base elimination were
observed in the reaction mixtures of CPT, nitrogen
mustards, and sTT, which share the ability to alkylate
the N7-guanine (Scheme 1). These results were consis-
tent with the fact that N7-modification can greatly
facilitate the base loss by weakening the N-glycosidic
bond� and� forming� an� excellent� leaving� group� [54].
Conversely, this process was not observed for adducts
of adenine and cytosine with nitrogen mustards, which
are known to preferentially modify the N3 positions of
these nucleotides (Scheme 1) with no adverse conse-
quences on the N-glycosidic bond. Depending on
charging, the complementary species corresponding to
the modified nucleobase were also detected in the
reaction mixtures, as exemplified by the N-(7-
guaninylethyl)-N-hydroxyethyl-p-acetaminophenylbu-
tyric�acid�observed�in�Figure�1b�(Species�e).

In addition to base losses that are clearly attributed
to chemical modification, indirect effects connected to
the presence of crosslinker in solution were noted in the
sTT reaction. In fact, abasic d(ApA) was detected in
dinucleotide mixtures treated with this reagent in 10
mM ammonium borate at 37 °C for 6 h, despite the fact
that this substrate is not susceptible to sTT attack
(Figure�1c,�Species�g).�A�proposed�explanation�involved
the possibility that the hydrolysis of this molecule with
a high content of replaceable chlorine (Scheme 1) could
lead to the formal release of enough hydrochloric acid
to overwhelm the buffer capacity under the initial test
conditions. A lower pH could then induce the N7-
protonation of unmodified adenine and guanine nucle-
otides, which favors purine hydrolysis. This hypothesis
received further support by the observation that in-
creasing the concentration of ammonium borate to
above 50 mM proved sufficient to alleviate the problem.
It is important to note that buffer concentration (in
addition to pH) should be carefully adjusted according
to the amount of hydrolyzable crosslinker employed in
the actual probing reaction.

Tandem Mass Spectrometry of Probe Adducts

As part of bottom-up strategies involving nuclease
digestion to locate probed nucleotides in the context of
large constructs, gas-phase sequencing is often neces-
sary to resolve possible ambiguities arising from the
presence of multiple susceptible bases in the same

hydrolytic product. Alternatively, tandem mass spec-
trometry can be applied directly to probed substrates
according to top-down approaches that dispense with
the hydrolysis step. For this reason, precious informa-
tion about adduct stability in the gas phase is necessary
to guide the experimental design and aid the data
interpretation. Mono- and bifunctional adducts of small
nucleic acids constitute very convenient models to
investigate fragmentation patterns and enable direct
comparisons between reagents.

Subjected� to� SORI-CID� [38]� (see� the� Experimental
section), the bifunctional CPT-adduct of d(GpG) pro-
vided products consistent with those expected from
unmodified�dinucleotides�[55,�56]�and�oligonucleotides
[57],�as�well�as�others�that�were�a�clear�reflection�of�the
adduct� structure� (Figure� 3a).� In� fact,� fragments� corre-
sponding to adduct ejection (Species c) with subsequent
base loss (Species c,�G) and products including gua-
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Figure 3. (a) SORI-CID of singly-charged CPT-d(GpG) bifunc-
tional adduct in positive ion mode; (b) SORI-CID of doubly-
charged NM-d(GpGpG) bifunctional adduct in negative ion mode
(see the Experimental Section). Unless specified in the figure, all
ions were singly-charged. Ion series were assigned according to
standard�nucleic�acid�nomenclature�[57].�Labels�preceded�by�dash
indicate loss from the precursor ion (P.I.) or preceding species;
labels separated by a comma indicate multiple cleavages or losses.
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nine and parts of the deoxyribose moiety (G � C5H6O,
G � C3H4 and G) could be directly correlated to the
initial nucleic acid structure. Species containing Pt(II)
and different combinations of guanine and ammonia
ligands were a clear result of metal coordination, which
can weaken the N-glycosidic bond and facilitate its
gas-phase�cleavage� [58�–�60].� In�addition,�products�cor-
responding to the loss of furanyl fragments [�C5H6O2,
or �(a1-B1)] were explained by combining the effects of
typical backbone cleavages with the ability of Pt(II) to
bridge between the resulting moieties.

Characteristic fragments comprising crosslinked
structures were also obtained by gas-phase activation of
bifunctional adducts of other candidate reagents. A
species corresponding to two bridged guanine bases
(G‘G) and its complementary product with two abasic
lesions (�G‘G) were readily detected in the SORI-CID

spectrum� of� NM-crosslinked� d(GpGpG)� (Figure� 3b).
The nucleic acid backbone of this product offered
sequence� ions� [57]� that� located� the� alkylated� sites� in
position 1 and 3 of the trinucleotide. In contrast, no
bridged products were obtained from the correspond-
ing� monofunctional� adduct� (Figure� 4a),� which� instead
produced characteristic fragments linked to the pres-
ence of an unreacted 2-chloroethyl function (e.g., elim-
ination of HCl). The observed sequence ions were in
this case consistent with the possible alkylation of any
of the trinucleotide positions, as expected from the
absence of significant steric considerations that may
favor one site over the others.

The results provided by bis-(1,2-dicarbonyl)-adducts
were largely affected by the fragile nature of the bond-
ing between base and modifier already noticed in
solution. The normal cleavages of the nucleic acid
backbone were immediately recognizable in the SORI-
CID�spectrum�of�BKT-d(GpG)�(Figure�4b),�but�the�facile
dissociation of the alkylating group with restoration of
the initial dinucleotide structure was the most promi-
nent process even under gentle activation conditions
(Species c). Despite the fact that BKT alkylation does
not involve the five-membered ring and should not
directly affect the N-glycosidic bond, the modified base
was readily lost and the complementary product with
one abasic lesion was detected only with retention of an
unmodified nucleobase (Species �G�). Weaker signals
produced by the loss of 2-keto-3-ethoxybutyraldehyde
(Species d) with subsequent dehydration were clearly
attributed to a partially cleaved bridging structure, thus
indicating that the outright dissociation of the modify-
ing group was not quantitative. This information and
the absence of bridged fragments cast doubt on the
actual bifunctional nature of the product investigated in
this experiment, which was compounded by the fact
that the completion of the bridging reaction would not
involve a net mass change over the monofunctional
product. For these reasons, a putative monofunctional
structure was assigned to this species, with the BKT
modifier possibly located on either nucleotide. In actual
structural applications, this type of ambiguity would be
fortunately limited to BKT/PDG crosslinks involving
contiguous guanines that could not be adequately seg-
regated on different hydrolytic products by nuclease
digestion. In general, the crosslinking of contiguous
positions of the target sequence is not as informative as
that of distal bases, which is a direct reflection of the 3D
structure of the construct of interest.

In addition to providing helpful indications for rec-
ognizing the bifunctional nature of probed species (e.g.,
detection of bridged bases and related fragments), these
observations clearly point toward their gas-phase sta-
bility as the single most important factor for predicting
the ability to identify their position by tandem mass
spectrometry. Conjugated products obtained from
probes that induce facile base loss are more likely to
produce spectra dominated by depurinated fragments
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with abasic lesions corresponding to the crosslinked
positions. Subsequent isolation and activation of such
fragments in MSn experiments are expected to yield
sufficient information to locate the abasic sites on the
substrate� sequence� [7].� Unfortunately,� this� strategy� is
expected to fail when crosslinking is produced by
reagents that are prone to complete adduct dissociation.
In this case, the first generation fragment would corre-
spond to an unmodified oligonucleotide that bears no
“memory” of the actual position of the bridged bases.
For this type of reagent, the only viable solution would
involve the classic bottom-up strategy in which the
crosslinked substrate is subjected to strand hydrolysis
by complementary nucleases.

Crosslinking of Structured RNA

Candidate bifunctional probes were also tested for their
ability to provide meaningful spatial constraints by
using RNA substrates of well characterized structure.
For efficient bridging derivatization to occur, suitable
constructs must include functional groups that are
accessible to the probe and are placed within proper
distance and orientation. Due to the presence of ex-
posed single-stranded loops and more protected
double-stranded stems, stemloop motifs present an
ideal combination of steric situations for bifunctional
crosslinking. For example, an excellent test substrate
was provided by the 37-mer mutant of HIV-1 stemloop
1 (SL1A, see the Experimental section), which is respon-
sible for the dimerization of genomic RNA during the
replication� of� the� AIDS� virus� [61,� 62].� This� construct
includes a relatively large and flexible loop, as well as a
smaller and more constrained internal bulge, which
were found to be readily crosslinkable in vitro under
experimental conditions identified using the unstruc-
tured standards. In this case, however, the position of
alkylated nucleotides was identified according to a
bottom-up strategy based on specific nuclease
digestion.

The results obtained by treating SL1A with CPT and
NM� are� compared� in� Figure� 5� (see� the� Experimental
section). The bifunctional products identified by RNase
A mapping and tandem sequencing are summarized in
Tables�2�and�3�and�visualized�on� the�secondary�struc-

ture of the bulged hairpin. These data clearly reflect the
fact that while these reagents share similar base-
specificity profiles, the nature of their respective prod-
ucts is very different. Consistent with the relatively
short spacing necessary for Pt(II) coordination, the
majority of CPT adducts involved purines present in
immediately contiguous positions of single- as well as
double-stranded stretches. The latter appeared to con-
centrate in regions where the regular base stacking was
disrupted either by noncanonic base pairing, or by
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Figure 5. RNase A digestion map of HIV-1 SL1A after probing
with CPT (a) and NM (b) (see the Experimental section for the
reaction conditions). Oligonucleotide products are indicated by
the first and last base separated by a colon. Cyclic phosphate is
indicated by the “greater than”(�) symbol. Letters identify major
crosslinked products, which are reported on the hairpin secondary
structures�and�cross-referenced�in�Tables�2�and�3.�Species�c=�and�c�
include one and two CPT adducts within the same digestion
product.

Table 2. Summary of crosslinked products obtained by treating HIV-1 SL1 with CPT, followed RNase A mapping. Bridged
nucleotides are in bold. Product labels refer to Figure 5a

Crosslinked products Sequence Expected mass Observed mass Label

A27:C33-G34:C37 AAGAGGCp-GAGC � CPT 4059.58 4060.79 a
G5:C7-A27:C33 GGCp-AAGAGGCp � CPT 3810.49 3810.68 b
A27:C33 (internal) AAGAGGCp � CPT 2571.35 2571.47 c=

AAGAGGCp � 2CPT 2797.35 2797.49 c�
G13:C17 (internal) GAAGCp � CPT 1897.25 1897.35 d
A22:C26 (internal) ACGGCp � CPT 1873.24 1873.33 e
C4:C7 (internal) CGGCp � CPT 1544.26 1544.19 f
G34:C37 (internal) GAGC � CPT 1488.23 1488.30 g
G5:C7 (internal) GGCp � CPT 1239.14 1239.19 f
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possible strand “breathing” near the loop and bulge. In
contrast, NM was found to bridge mostly single-
stranded purines located across loops or in RNR posi-
tions (where R � purine and N � any nucleotide),
which is consistent with the longer spacing between
reactive groups typical of nitrogen mustard agents.

The majority of the observed crosslinks were found to
satisfy the actual distance and spatial orientation pre-
sented by the bridged nucleotides in the high-resolution
structures available for this hairpin in the Protein Data
Bank� [63,� 64].� In� a� few� cases,� however,� the� ability� to
undergo crosslinking could be explained by invoking the
slight rotation of a nucleobase about its N-glycosidic bond,
or the possible backbone flexibility in a single-stranded
region. As alluded to earlier, the possibility that this
approach may be sensitive to transient conformations and
kinetic traps should always be contemplated when trans-
lating crosslinking information into actual spatial con-
straints. Although an exhaustive discussion of this topic is
beyond the scope of this report, there are a few precau-
tions that should be taken at the experimental level to
minimize this risk, or at least recognize the formation of
artifacts. In general, over-probing should be avoided by
keeping the probe/substrate ratio as low as possible and
by striving to achieve ideal ”single-hit” conditions (each
substrate molecule should be modified only once, but
different positions may be hit on different molecules). This
requirement is the reason for the usually low abundances
manifested by crosslinked products, which place greater
demands on the sensitivity and dynamic range of the
analytical platform of choice. The baseline conditions
identified using standard substrates constitute a very
helpful starting point for the optimization of probe/
substrate ratio and other parameters in the context of the
actual construct under investigation. In our hands, the
ratios that were eventually applied to structured sub-
strates were generally lower than those originally identi-
fied using fully exposed unstructured standards. Depend-
ing on the specific structural characteristics of the
construct of interest, probing should be repeated after
introducing small variations of ionic strength, pH, and
temperature, which are expected to have more dramatic
effects on relatively unstable transient conformations than
on�stable�folded�structures�[4,�7].�A�higher�confidence�level
should be placed on reproducible and moderately abun-
dant crosslinks, which would reflect unchanged accessi-

bility and favorable target orientation despite the chang-
ing environmental conditions.

Conclusions

Important aspects of crosslinking activity should be
carefully examined before prospective bifunctional
probes can be effectively employed in actual struc-
tural investigations. Many of these aspects can be
conveniently evaluated using simple mixtures com-
prising dinucleotides and trinucleotides of known
composition, which enabled us to dispense with
sample cleanups or separation procedures before
direct analysis by nanospray-FTMS. Following this
approach, adducts formed by mono- and bifunctional
alkylation, as well as characteristic degradation prod-
ucts, were immediately identified and characterized
by taking advantage of the reduced complexity pre-
sented by these reaction mixtures. The preferential
activity of the investigated crosslinkers toward se-
lected targets was immediately revealed by the com-
petition between different substrates of homogenous
base composition with no need for nuclease digestion
or sequencing methods.

Among the candidate probes, the bis-(1,2-dicarbonyl)
and triazine derivatives were proven to be exclusively
guanine-specific under the selected conditions. The
different position of their respective attack is expected
to provide valuable complementary information about
the structural situation of the probed bases. In contrast,
the nitrogen mustards and coordinative agents have
shown to possess a broader and nearly overlapping
range of targets, but the actual nature of the bridged
products was found to be narrowly defined by the
structural context of the susceptible bases.

In future work, the described methods will be em-
ployed to test additional bifunctional agents with dif-
ferent reactivity profiles. While a few crosslinkers are
available for purines and cytosine, there are no conve-
nient crosslinkers for uridine and thymine. The possi-
bility of obtaining bridging modifications between
functional groups on the phospho-pentose backbone
should also be investigated to increase the number and
type of spatial constraints attainable by this approach.
As new crosslinkers will be added to the available tool
kit, MS3D will become increasingly more appealing for

Table 3. Summary of crosslinked products obtained by treating HIV-1 SL1 with NM, followed RNase A mapping (see Experimental
Section). Bridged nucleotides are in bold. Product labels refer to Figure 5b

Crosslinked products Sequence Expected mass Observed mass Label

A27:C33-G5:C7 AAGAGGCp-GGCp � NM 3441.57 3441.56 a
A27:C33 (internal) AAGAGGCp � NM 2428.42 2428.43 b
G13:C19 (internal) GAAGCACp � NM 2406.43 2406.43 c
G13:C17 (internal) GAAGCp � NM 1754.32 1754.33 d
A22:C23-G24:C26 ACp-GGCp � NM 1730.31 1730.32 e
G20:C21-A18:C19/A22:C23 GCp-ACp � NM 1403.27 1403.28 f
A18:C19-A22:C23 ACp-ACp � NM 1369.27 1369.16 g
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the structural elucidation of substrates that are not
readily amenable to the traditional techniques em-
ployed in structural biology.
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