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a  b  s  t  r  a  c  t

UV-induced  cross-linking  of  protein–RNA  complexes  is  widely  used  to study  protein–RNA  interactions.
Mass  spectrometry  (MS)  has  been  used  successfully  to characterise  the  cross-links  obtained.  The relatively
low yield  of  the  cross-linking  reaction  can be  increased  by  using  photoreactive  base-analogues  such as
4-thio-uracil  and  halopyrimidines  such as  5-bromo-uracil.  However,  little  is  known  about  the  reaction
mechanism  of  4-thio-uracil  with  amino  acid  side  chains  upon  UV  light  exposure.  Therefore  the  exact  mass
of the  cross-linking  product  could  not  be predicted.  In  this  study  we  performed  a mass-spectrometric
analysis  of  proteins  that  were  cross-linked  to  RNA  that  contained  4-thio-uridine  or  5-bromo-uridine.
rotein
NA
-Thio-uracil
-Bromo-uracil
ass spectrometry

We  observed  the  formation  of three  different  species  from  4-thio-uridine  upon  UV  cross-linking,  two
indicating  reaction  pathways  differing  from  the  purely  additive  cross-linking  of  natural  nucleotides.  One
cross-link  originating  from  5-bromo-uridine  was  identified.  In parallel,  we  developed  a software  for  the
automated  analysis  of  MS data  derived  from  cross-linking  experiments  that  makes  use  of  commercially
available  search  engines.  Thus  our  study  paves  the  way  for  future  cross-linking  experiments  with  4-thio-
uracil  in  more  complex  systems.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

UV-induced cross-linking is a widely used method for the
nvestigation of interactions between proteins and DNA or RNA.
V-based cross-linking can utilise the natural reactivity of the
ucleic acid bases after irradiation at a wavelength of 254 nm.
fter excitation by UV light, subsequent radical-based reactions

ead to the formation of a covalent bond between the nucleic-acid
ase and an amino-acid residue, a so-called zero-length cross-link.
xperimental studies have shown that cysteine, lysine, methionine,
henylalanine, tryptophan and tyrosine residues are the most reac-
ive towards cross-linking; however, all of the common amino acids
xcept proline can form cross-links [1].

Owing to the short half-life of the excited states of the nucleic-
cid base, cross-links can only be formed to amino acids that are
n contact or in close spatial proximity to the excited nucleotide
2].  The advantage of this type of cross-linking is that the three-

imensional structure of the protein–RNA complex remains largely
ndisturbed. However, base-pairing of the RNA and secondary
tructures of the protein can hinder cross-link formation, because

∗ Corresponding author. Tel.: +49 551 201 1060; fax: +49 551 201 1197.
E-mail address: henning.urlaub@mpi-bpc.mpg.de (H. Urlaub).

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.10.009
the regions of the RNA or protein involved do not exhibit sufficient
flexibility for the formation of the covalent bond.

While the actual cross-linked protein can be identified for
example by gel electrophoresis combined with suitable detection
methods, e.g., [3],  mass spectrometry (MS) is the method of choice
for the unbiased identification of the cross-linking sites and thus of
the cross-linked protein. Accordingly, UV cross-linking combined
with MS  has been proven to be a powerful tool in the identifi-
cation and characterisation of protein–RNA contact sites, e.g., in
prokaryotic ribosomes [4],  spliceosomal ribonucleoprotein com-
plexes [5–8] or in Escherichia coli’s NusB–S10 complex [9].

However, there remain bottlenecks in the performance of com-
parable studies in vivo or on more complex protein–RNA particles
that can only be isolated in limited amounts. Extending cross-
linking/MS studies to these systems is hampered by (i) the low
cross-linking yield under UV conditions, which only leads to
approximately 1–5% of the protein population becoming cross-
linked to RNA, and – as a consequence of this low cross-linking
yield – (ii) relatively poor MSMS  spectra, the quality and sensitiv-
ity of which are inadequate for the unambiguous identification of

the cross-linked peptide moiety, and (iii) lack of suitable software
tools that overcome the poorly resolved peptide fragmentation and
allow the identification of the corresponding protein in a database
search.

dx.doi.org/10.1016/j.ijms.2010.10.009
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:henning.urlaub@mpi-bpc.mpg.de
dx.doi.org/10.1016/j.ijms.2010.10.009
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Thus, several attempts have been performed to improve the
ensitivity of MS-based analyses for the identification of cross-
inking sites in proteins. These are based mainly on enrichment
trategies that make use of the acidic nature of the cross-linked
hosphate backbone [8,10–12], or on scanning experiments in a
riple quadrupole mass spectrometer [7,12].

Despite of the establishment of efficient enrichment strate-
ies, the overall yield of UV cross-linking using the common
ucleic acid bases still remains unsatisfactory. One strategy used
o address this problem includes the incorporation of photoreac-
ive groups into the nucleoprotein complex to enhance the yield of
he cross-linking reaction. The nucleic acid bases can be replaced
y chromophores such as 4-thio-uracil and halopyrimidines, e.g.,
-bromo- or 5-iodo-uracil. These exhibit absorption maxima at

onger wavelengths (4-thio-uridine 330 nm, 5-bromo- and 5-
odo-uridine around 280 nm [13]). Previous studies have used
-bromo-2′-deoxyuridine substitution to investigate protein–DNA

nteractions [14,15],  while the cross-links can be characterised
ith electrospray ionisation (ESI) MS  [16]. The combination of

-iodo-2′-deoxyuridine substitution and cross-link analysis by
atrix-assisted laser desorption/ionisation (MALDI) MS  has also

een applied successfully [11,17].
In addition to halo-substituted RNA/DNA, incorporation of 4-

hio-uridine (referred to hereinafter as 4SU) into RNA seems to
nhance the cross-linking yield even more strongly. For example,
ubstitution of uridine with 4SU in RNA has allowed the identifi-
ation of numerous proteins that are in direct contact with the U5
nRNA and their interaction sites within the U5 ribonucleoprotein
article of Saccharomyces cerevisiae [18]. Furthermore, the known
bility of 4SU to be incorporated in vivo into the RNA of E. coli
19,20] or mammalian cells [21] could be used to develop a novel

S-based protocol for the identification of protein–RNA contact
ites after UV irradiation of isolated ribonucleoprotein particles or
ven of whole cells. In vivo incorporation of 4SU has been used very
ecently in a cross-linking study based on immunoprecipitation
22], where a 100- to 1000-fold greater recovery of cross-linked
NA was observed, when cells treated with 4SU and irradiated at
65 nm were compared with untreated cells irradiated at 254 nm.

In all unsubstituted protein–RNA complexes investigated so far
y MS  (see above), UV irradiation at 254 nm leads mainly to hete-
oconjugates that are additive, i.e., the total mass of the conjugate
s equal to the mass of the protein/peptide plus the mass of the
ross-linked RNA oligonucleotide. However, to our knowledge no
S  investigation of 4SU cross-links to proteins has been performed

et. A prerequisite for successful identification and an aspired auto-
ated database search for the cross-linked peptide moiety by MS

nalysis derived from modified nucleobases in RNA (and/or DNA)
s a clear result from the cross-linking reaction, i.e., the structure
nd mass of the heteroconjugate that is generated upon UV irradi-
tion.

To clarify the effect of substitutions within the RNA on the
ield and the products of UV cross-linking experiments, we  com-
ared UV cross-linking of proteins to non-labelled RNA with similar
ross-linking to RNA that contained site-specific substitutions with
-bromo-uridine (5BrU) and 4-thio-uridine (4SU). These exper-

ments were performed on the NusB–S10 complex from E. coli,
hich plays an important role in transcription antitermination and
hich exhibits enhanced affinity to BoxA-containing RNAs (see

9] and references therein). In addition, we also present a novel
ata-analysis strategy for the identification of the cross-linked pep-
ide part using MASCOT [23] as search engine. Hitherto unknown
ross-linking products between 4SU and amino acid side chains

f the proteins were identified using automated and manual data
nalysis. Once the novel cross-linked 4SU derivates were identi-
ed, they could be easily adapted into our automated data analysis
trategy.
ss Spectrometry 304 (2011) 184– 194 185

2. Experimental

2.1. 4-Thio-uracil substituted RNA oligomer

The 19mer RNA oligonucleotides containing rrn BoxA
(5′-CACUGCUCUUUAACAAUUA-3′; oligo 1a) without sub-
stitution and with uracils 9, 10 and 11 replaced by 4SU
(5′-CACUGCUC(4SU)(4SU)(4SU)AACAAUUA-3′; oligo 1b), as
well as the oligomer containing � BoxA with uracil 4 replaced by
5BrU (5′-CGC(5BrU)CUUACACA-3′; oligo 2), were obtained from
Dharmacon (ThermoFisher Scientific, Epsom, UK).

2.2. Protein expression and purification

For cross-linking experiments with 5BrU-substituted RNA, the
NusB–S10 complex was  expressed and purified exactly as described
previously [9].  For experiments with 4SU-substituted RNA, the pro-
tocol was  followed but without cleaving the N-terminal His6-tag
of NusB. Briefly, E. coli BL21(DE3) cells containing two  different
plasmids, encoding respectively NusB and S10, were grown in auto-
inducing medium [24] in the presence of kanamycin and ampicillin
to an OD600 of 0.5 at 37 ◦C and subsequently incubated at 20 ◦C
for 20 h. Cells were harvested at 4 ◦C, washed with binding buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl), flash-frozen in liquid nitro-
gen and stored at −80 ◦C.

Cells were resuspended in binding buffer containing protease
inhibitors, sonicated and centrifuged at 15,000 rpm and 4 ◦C for
30 min. The cell lysate was incubated with glutathione-Sepharose
(GE Healthcare, Munich, Germany), pre-equilibrated with binding
buffer, at 4 ◦C for 3 h to trap the protein complex on the N-terminal
GST-tag of S10. The complex was eluted with binding buffer con-
taining 15 mM reduced glutathione. The GST-tag was cleaved with
PreScission protease by incubation at 4 ◦C overnight. The pro-
tein complex was subsequently trapped (through the N-terminal
His6-tag of NusB) on a Ni-NTA agarose column (Qiagen, Hilden,
Germany) that had been pre-equilibrated with binding buffer con-
taining 20 mM imidazole. The column beads were washed with
binding buffer containing 50 mM imidazole and the complex was
eluted with binding buffer containing 500 mM imidazole. After con-
centration by ultrafiltration the complex was further purified by
gel filtration on a Superdex 75 10/300 GL column (GE Healthcare,
Munich, Germany) equilibrated with binding buffer containing
2 mM DTT. The protein solution was  flash-frozen in liquid nitro-
gen and stored at −80 ◦C. Protein concentrations were determined
by the Bradford assay.

2.3. UV-induced cross-linking with radiolabelled RNA
oligonucleotides

The unsubstituted and 4SU-substituted oligonucleotides 1a and
1b were 5′ labelled using �-[32P]-ATP (6000 Ci/mmol) and T4
polynucleotide kinase following standard procedures. A more than
100-fold excess of 250 pmol NusB–S10 complex was mixed with
[32P]-labelled oligonucleotide in a reaction volume of 7.4 �L. After
incubation for 30 min, the protein–RNA complex was  UV-irradiated
at the appropriate wavelength for 10 min  (254 nm) or 1, 2, 5
and 10 min  (365 nm)  in a cross-linking apparatus built in-house
equipped with four 8 W lamps (dimension 1.5 cm × 28.5 cm,  dis-
tance 4 cm;  254 nm:  F8T5BL, 365 nm:  G8T5, both Sankyo Denki,
Japan). The cross-linking products were analysed by sodium dode-
cylsulphate polyacrylamide gel electrophoresis (SDS-PAGE). Bands

containing radiolabelled RNA were visualised with a Typhoon 8600
Phosphorimager (GE Healthcare, Munich, Germany) and quantified
by using the Quantity One software (Bio-Rad Laboratories, Munich,
Germany).
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.4. UV-induced cross-linking and enrichment of cross-linked
eptides for MS  analysis

UV cross-linking and enrichment were performed essentially
s described elsewhere [9].  2 nmol oligo 1b and 2 nmol NusB–S10
omplex in 100 �L binding buffer or 16 nmol oligo 2 and 8 nmol
usB–S10 complex in 500 �L buffer (10 mM Tris–HCl pH 7.5,
0 mM NaCl, 2 mM DTT) were incubated on ice for 30 min  for
omplex formation. Samples were transferred to black polypropy-
ene microplates (Greiner Bio-One, Frichenhausen, Germany), in
he case of 5BrU in 100-�L aliquots. UV cross-linking was per-
ormed at 365 nm (4SU) or at 312 nm (5BrU; 8W lamps No. 298440,
erolab, Germany) for 10 min. After ethanol precipitation, the sam-
le was digested with 1 �g RNase A and 1 U RNase T1 (both from
mbion, Applied Biosystems, Darmstadt, Germany) in the case of
SU, or with 1.5 �g RNase A and 1.5 U RNase T1 for 5BrU. Sam-
les were incubated with RNases for 2 h at 52 ◦C in the presence
f 1 M urea and 50 mM Tris–HCl pH 7.9. Proteolysis with trypsin
protein:enzyme 20:1, w/w) was performed overnight at 37 ◦C.

The sample was desalted on a C18 (Dr. Maisch GmbH, Ammer-
uch, Germany) column prepared in-house. Cross-linked peptides
ere enriched on a TiO2 (GL Sciences, Tokyo, Japan) column
repared in-house. The enrichment procedure followed the pro-
ocol described in [25]: after evacuation to dryness, the sample
as redissolved in 200 mg/mL  2,5-dihydroxy benzoic acid (DHB,

igma–Aldrich, Munich, Germany) in 80% acetonitrile (ACN)
ontaining 5% trifluoroacetic acid (TFA); it was then loaded on the
iO2 column, washed with 200 mg/mL  DHB in 80% ACN, 5% TFA,
nd eluted with 0.3 M ammonia. For MS  analysis, the sample was
ried, redissolved in 50% ACN, 0.1% formic acid (FA) and diluted
ith 0.1% FA.

.5. Nano-LC separation and MS  analysis

Samples were injected onto a nano-liquid chromatography
ystem (Agilent 1100 series, Agilent Technologies, Böblingen,
ermany) including a C18 trapping column (length ∼2 cm,  inner
iameter 150 �m)  in-line with a C18 analytical column (length
15 cm,  inner diameter 75 �m)  packed in-house (C18 AQ 120 Å

 �m,  Dr. Maisch GmbH, Ammerbuch, Germany). Analytes were
oaded on the trapping column at a flow rate of 10 �L/min in buffer

 (0.1% FA, v/v) and subsequently eluted and separated on the
nalytical column with a gradient of 7.5–37.5% buffer B (95% ace-
onitrile, 0.1% FA, v/v) with an elution time of 37 min  and a flow
ate of 300 nL/min.

On-line ESI-MS/MS was performed with a Q-ToF (quadrupole
ime of flight) Ultima mass spectrometer (Waters, Manchester,
K). The instrument was operated in data-dependent acquisition
ode. Survey scans were recorded for 1 s over the mass range m/z

50–1600. For precursors detected with intensities above 15 counts
nd a charge state of two to four, a maximum of three consecutive
S/MS  scans was triggered.

.6. Automated MS  data analysis

Raw data was processed and a peak list file (.pkl) was  generated
y MassLynx 4.0 SP4. Data processing steps were smoothing (Sav-

tzky Golay, smooth window (channels) ±3, number of smoothes
) and centroiding (min peak width at half height (channels) 4,
entroid top %: 80). All MSMS  spectra were searched with MASCOT
23] against the entire NCBInr database to identify unmodified NusB
nd S10 peptides and peptides from trypsin, RNases and contam-

nants such as keratin. For spectra containing possible cross-links,
ll possible nucleotide combinations were subtracted from the pre-
ursor mass using a perl-based script, and the resulting novel peak
ist file was searched with MASCOT against a database comprising
ss Spectrometry 304 (2011) 184– 194

NusB, S10, and 12 additional proteins (see Section 3 for extended
description).

Manual identification and spectra evaluation made use of
several calculation programs available online, namely Pro-
teinProspector (http://prospector.ucsf.edu) to calculate theoret-
ical fragmentation series of peptides, and the Peptide Mass
Calculator (http://rna.rega.kuleuven.ac.be/masspec/pepcalc.htm)
and Mongo Oligo Mass Calculator (http://biochem.ncsu.edu/
RNAmods/masspec/mongo.htm)  to calculate monoisotopic masses
of peptides and oligonucleotides, respectively.

3. Results

3.1. Cross-linking with 4SU

This study describes the use of photoreactive nucleobase
analogues for UV-induced protein–RNA cross-linking and the MS
analysis of the cross-linked heteroconjugates thus obtained. We
applied this approach to the E. coli NusB–S10 complex bound to
BoxA-containing RNA oligonucleotides [9].  We  aimed to get insight
how site-specifically labelled nucleobases react with amino-acid
residues within a protein, and what the actual cross-linking
products are.

Conditions for UV irradiation have been described earlier
[12], but with the wavelength set to a longer value for sub-
stituted RNA oligonucleotides (see Section 2). We  compared
a non-substituted RNA oligonucleotide that contains the rrn
BoxA (5′-CACUGCUCUUUAACAAUUA-3′; oligo 1a) with the same
oligonucleotide that contained 4SU at positions 9, 10 and 11 (5′-
CACUGCUC(4SU)(4SU)(4SU)AACAAUUA-3′; oligo 1b) and a � BoxA
core RNA oligonucleotide that contained 5BrU at position 4 (5′-
CGC(5BrU)CUUACACA-3′; oligo 2).

As the UV cross-linking of 4SU-containing protein–RNA
complexes has been shown to give a significantly enhanced
cross-linking yield [18,22],  we first investigated the cross-linking
behaviour of the NusB–S10 complex towards unsubstituted or
4SU substituted RNA. We  used 32P-labelled RNA oligonucleotides
and monitored the cross-linking yields of the native and 4SU-
substituted rrn BoxA-containing RNA oligonucleotides to both
proteins by SDS-PAGE.

Fig. 1 shows the protein cross-linking products after 0 min  and
10 min  UV irradiation of oligo 1a (lanes 1 and 2, respectively) and
the cross-linking products after 0, 1, 2, 5 and 10 min in the pres-
ence of 4SU substituted oligo 1b (lanes 3, 4, 5, 6 and 7, respectively).
Surprisingly, cross-linking of 4SU substituted oligo 1b only signif-
icantly enhances the cross-linking yield of protein S10, whereas
the cross-linking yield of the NusB protein seems to be unaf-
fected (compare Fig. 1, lanes 2 and 7). A quantitative analysis by
phosphorimaging revealed that 4SU increases the yield of cross-
linking to protein S10 by approximately 50%; however, the cross-
linking yield of NusB to the 4SU-containing oligo 1b is decreased
by approximately 10%. It is of note that the SDS-PAGE analysis also
reveals that even under daylight conditions cross-linking between
4SU and proteins occurs, so that protection from ambient light is
required when one is working with 4SU-substituted RNA.

Both of these effects – i.e., the similar cross-linking yield of NusB
to non-modified and 4SU modified RNA oligonucleotide and the
increase in the cross-linking yield – can be explained at least par-
tially by the three-dimensional structure of the protein complex,
as will be discussed below.

3.2. General workflow for MS analysis and database search for

putatively cross-linked species

Fig. 2 outlines schematically the sample preparation for the MS
analysis of UV-cross-linked peptide–RNA oligonucleotide conju-

http://prospector.ucsf.edu/
http://rna.rega.kuleuven.ac.be/masspec/pepcalc.htm
http://biochem.ncsu.edu/RNAmods/masspec/mongo.htm
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Fig. 1. Autoradiograph of cross-linking experiments with �-[32P]-ATP labelled RNA
oligonucleotides. The cross-linking yield of unsubstituted (oligo 1a, lane 2) and 4SU
substituted (oligo 1b, lanes 4–7) RNA oligonucleotides in cross-linking to NusB–S10-
complex is compared. Lanes 1 and 3 show the controls without UV irradiation of
oligos 1a and 1b, respectively. The complex with oligo 1a was cross-linked for 10 min
a
3
o

g
o
e
c

d
(

analysis of cross-links between proteins and RNA/DNA. However,

F
L
P
t

t  254 nm (lane 2) while UV irradiation for complexes with oligo 1b was performed at
65  nm for 1, 2, 5 and 10 min  (lanes 4–7). (A) Autoradiograph after 15 min  exposure
n Phosphorimager immediately after electrophoresis and (B) after 1 h.

ates. Briefly, UV cross-linked [NusB–S10–BoxA-containing RNA
ligonucleotide] complexes are hydrolysed with ribonucleases and
ndoproteinase and subsequently desalted. Peptide–RNA oligonu-

leotides are enriched by the use of TiO2 and analysed by LC–MSMS.

However, enriched putative peptide–RNA oligonucleotides are
ifficult to detect in the MS.  There are several reasons for this:
i) contaminating noncross-linked RNA oligonucleotides still co-

ig. 2. Experimental scheme for UV cross-linking of a protein complex to native and 4
C–ESI-MSMS analysis of cross-linked fragments. Protein–RNA complexes are UV irradia
eptide–RNA oligonucleotide conjugates are then enriched via TiO2 columns and subseq
o  database search.
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elute from the LC into the MS  and are also ionised in the positive
mode. These can suppress the signal intensity of putative cross-
links. The same holds true for contaminating residual peptides. (ii)
The abundance of the peptide–RNA conjugates is low, because of
a low cross-linking yield. (iii) In connection with this, the qual-
ity of MSMS  spectra of peptide–RNA oligonucleotide conjugates is
still relatively poor, in particular for ion series derived from the
cross-linked peptide moiety. The latter effect becomes even more
problematical when fragmentation is performed under collision
induced dissociation (CID) conditions in an ion-trap instrument
(H.U. unpublished observations). Conversely, Q-ToF instruments
deliver MSMS  spectra of higher quality; however, their overall sen-
sitivity is reduced as compared with (linear) ion-trap instruments.
FT-analysers have the advantage that the measured precursor mass
is highly accurate. However, when fragmentation is performed
under CID conditions and analysed in the quadrupole linear ion trap
(LTQ) as in ThermoFisherScientific Fourier transform ion cyclotron
resonance (FT-ICR) or Orbitrap instruments (Orbitrap XL type),
the MSMS  spectra are again not of sufficient quality. Alternative
fragmentation modes, such as higher energy collision induced dis-
sociation (HCD) in an Orbitrap instrument [26] with subsequent
fragment analysis in the FT-analyser, or the application of electron
capture/transfer dissociation (ECD/ETD) seem to improve the spec-
trum quality [27]. However, the sensitivity of HCD fragmentation
in the available Orbitrap XL instruments was not sufficient for the
analysis of cross-linking experiments in our hands. (iv) There is still
a lack of convenient computational approaches that ease the detec-
tion and database search of cross-linked species, in particular of the
cross-linked peptide moiety.

In our previous studies we applied software tools that simply
calculate all possible combinations of nucleotides and peptides
(derived from a pre-defined database of proteins) on the basis of
the measured precursor mass. Unfortunately, these tools first gen-
erated many putative positive hits (even under stringent search
conditions, i.e., low mass deviation, data not shown) and these thus
still required laborious manual confirmations. A number of algo-
rithms have been developed for the automated analysis of chemical
cross-linking, but according to [28] only Links/MS2Links [29] allow
for these tools the sequences of the potentially cross-linked species
have to be defined, and the number of input sequences is unfortu-
nately limited to 20. This prevents analysis of larger protein–RNA

-thio-uracil or 5-bromo-uracil substituted RNA with subsequent enrichment and
ted at an appropriate wavelength, hydrolysed by RNases and trypsin and desalted.
uently analysed by LC–ESI-MS/MS. Finally, MS/MS data is processed and subjected
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Fig. 3. Scheme of automated data analysis workflow. (A) LC–MSMS data is converted into the text-based .pkl file format. Small precursor masses (m < 600 Da), precursors
corresponding to pure RNA fragments (m < 1750 Da, first decimal place <.2) are not considered for the further data analysis workflow. Noise signals below a given absolute
intensity are deleted from the MSMS  data (default ion count: 3). After evaluating whether the precursor mass could correspond to a pure oligonucleotide, all possible
nucleotide combinations (1–4 nt, 5’/3’ phosphate or hydroxyl, loss of water) are subtracted from the experimental precursor mass. If the resulting modified precursor masses
are  smaller than 250 Da, they are omitted from the output pkl file (last filter). For each MSMS spectrum, a separate .pkl file is created, containing copies of the MSMS  data with
the  original and all modified precursor masses (see also panel b). Additionally, a .csv file notes those data sets that were filtered for small precursor mass or decimal place
and  nucleotide combinations corresponding to certain precursor masses. The original and the newly created .pkl files are then submitted to a MASCOT search. (B) Scheme
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f  reduced peak list (left) and novel peak lists created by the program (right). For e
ubtracting the mass of all nucleotide combinations, e.g., A, AA, AAA. . . from the ex
opied  under each modified precursor mass (fragmentpx m1; fragmentpx m2; fragm

omplexes or unbiased searches against entire proteomes when the
nteraction partners have not been yet identified.

We therefore set out to create modified data files that can be
sed to identify the cross-linked peptide moiety by using MAS-
OT as search engine (Fig. 3). We  developed a perl-based script
n the basis of the text-based pkl file format of processed MSMS
ata recorded on a Waters Q-ToF instrument. The script was  set
p to read the original pkl and, after several processing steps, cre-
tes one pkl file for every MSMS  spectrum potentially containing

 cross-link. We  first applied various filtering steps to exclude
recursors not corresponding to cross-links and thus reduce the
verall number of MSMS  spectra, including the following: (i) we
emoved precursor masses (with their corresponding fragment
asses) below 600 Da, as we anticipate a minimum of three amino

cids and one nucleotide for the cross-link to be detectable at
ll under our conditions. (ii) We  removed precursor masses that
orrespond to sole RNA oligonucleotides, i.e., those are smaller

han 1750 Da and have a fractional mass that is 0 or 1 in the first
ecimal place. Note that the mass deficiency of oligonucleotides
iffers from that of pure peptides due to the larger content of oxy-
en and phosphorus atoms with a negative mass deficiency and
SMS  spectrum/each precursor mass (precursor mx) a novel peak list is created by
ental precursor mass. The data of the MSMS  fragments remains unchanged and is

m3 . . .).

can be used to distinguish between oligonucleotides, peptides and
their heteroconjugates [30]. These constraints for exclusion of RNA
oligonucleotides are consistent with data reported in this study.
(iii) We  reduced the data within the remaining peak list by deleting
fragment masses with absolute intensities below a certain thresh-
old (e.g., three counts). Note that this step is optional and should
be applied with care.

Once the peak list has been trimmed, all possible calculated
nucleotide compositions between one and a maximum of four
nucleotides (including all possibilities for the 5′ and 3′ ends of the
RNA fragment, i.e., both phosphates, phosphate and hydroxyl, or
both hydroxyls, and loss of water) are subtracted from the remain-
ing precursor masses in the modified peak list. Note that with the
use of TiO2 for the final enrichment step no cross-links have so far
been identified that harboured a RNA oligonucleotide with more
than four nucleotides. A final filtering step was included to remove
generated precursor masses below 250 Da (corresponding to less

than three amino acids). The output comprises of several peak lists,
each originating from one single precursor mass, that still con-
tain the centroided mass information of the fragment ions that
are essentially unchanged (except for noise signals, see point (iii)
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Fig. 4. MS and MSMS  spectra of cross-linked species. Corresponding monoisotopic masses are shown at the bottom and the corresponding fragment spectrum with the
peptide sequence at the top. (A) Spectra of NusB-peptide SFGAEDSHKFVNGVLDK (positions 113–129) cross-linked to a UU dinucleotide. Peptide sequence and identified
CID  fragments are indicated in the upper right. For better visualization, intensities were increased tenfold for m/z greater than 400. IM F: immonium ion of phenylalanine.
(B)  MS  and MSMS  spectra of NusB-peptide SFGAEDSHKFVNGVLDK (positions 113–129) cross-linked to 4-thio-uracil via the loss of H2S. Peptide sequence and identified
fragment ions are indicated on the upper right. The b-ion shifted 43.01 Da due to the peptide’s N-terminal carbamylation is indicated with an asterisk. IM F: immonium ion
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f  phenylalanine. (C) MS and MSMS  spectrum of NusB-peptide SFGAEDSHKFVNGVL
hosphate. Peptide sequence and identified fragments are indicated in the upper r

 species with the mass of 258.0108 Da. Peptide sequence and identified b- and y-io

bove and Fig. 3B). The unaltered precursor mass is kept in the new
le, thus allowing the identification of noncross-linked peptides in
he data analysis workflow. These peak lists are subsequently sub-

itted to a database search using MASCOT as search engine. Upon
ubmission of the files into database search, the ideal result would
e one hit for the modified precursor mass corresponding to the
ross-linked peptide moiety, while the difference between exper-
mental and altered precursor masses would represent the cross-
inked RNA moiety. All positive hits were confirmed manually.

Although the program was developed and tested using MS
ata obtained from cross-linking experiments with native rrn
oxA-containing RNA (oligo 1a), we adapted it for our cross-

inking experiments with 4SU. The mass of corresponding
ucleotide (exact mass 340.0130 Da) was added to the four natural
ucleotides, and an additional version of the program was  created
hat subtracted all possible combinations of A, C, G, U and 4SU.
Manual identification of the cross-linked peptide was  attempted
n MSMS spectra that fulfilled the following criteria: (i) no iden-
ification as pure peptide by standard MASCOT database search,
ii) precursor mass above 600 Da and (iii) the decimal place did
ositions 113–129) cross-linked to a (4SU)(4SU) dinucleotide without any terminal
D) Spectra of S10-peptide LVDIVEPTEKTVDALMR (positions 73–89) cross-linked to

 indicated in the upper right corner.

not indicate pure RNA (see above, decimal place <.2 for precursor
masses <1750 Da). If a peptide sequence tag could be identified,
the fragmentation series generated in silico for corresponding pep-
tides was  matched to the experimental fragmentation series. Once
the peptide moiety of the cross-link was identified, the difference
between the experimental precursor mass and the theoretical pep-
tide mass was calculated. This mass difference represented the
cross-linked RNA moiety.

3.3. 4SU cross-links in [NusB–S10–BoxA-containing RNA
oligonucleotide]

We applied both the workflows outlined in Figs. 2 and 3
for detection and identification of cross-links between 4SU and
the proteins NusB and S10 in a [NusB–S10–BoxA-containing
oligonucleotide] complex assembled in vitro, in which the three

uridines at positions 9 to 11 were replaced by 4SU (5′-
CACUGCUC(4SU)(4SU)(4SU)AACAAUUA-3′; oligo 1b).

Fig. 4 shows the MS  and MSMS  fragment spectra of four
cross-linked species derived from the NusB–S10 complex (SFGAED-
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HKFVNGVLDK, positions 113–129 derived from NusB; and
VDIVEPTEKTVDALMR, positions 73–89 from S10) after UV cross-
inking of non-substituted oligo 1a (Fig. 4A) and 4SU-substituted
ligo 1b (Fig. 4B–D). Using our strategy as outlined above, we
erformed a MASCOT search and identified the peptide SFGAED-
HKFVNGVLDK as a putative cross-linked peptide moiety derived
rom cross-linking with native oligo 1a (Fig. 4A) including the out-
ined b- and y-type ions that identified the peptide in the database
earch. Importantly, the modified database search revealed a
ass difference between the peptide precursor mass found and

he unaltered experimental precursor mass; this difference was
30.0241 Da (precursor 2478.9246 Da, theoretical peptide mass
848.9005 Da). The theoretical mass of 630.0612 Da corresponds
o a UU-dinucleotide. These results are consistent with our previ-
us data [9] and thus confirm that our approach is suitable for the
etection of cross-linked peptide moieties.

We  next applied our search strategy to the detection of putative
ross-linked peptides isolated from UV-irradiated complexes that
ontained RNA oligonucleotides with 4SU-substitutions (oligo 1b).
ig. 4B shows the MS  and MSMS  spectra from the same peptide
solated from the 4SU-substituted complex rather than the native
omplex. The MASCOT search assigned the listed b- and y-type ions
hat unambiguously identified the peptide (and the protein) in the
atabase search with a carbamylated K121 (data not shown). Note
hat cross-linked complexes were hydrolysed with ribonucleases
nd endoproteinase in the presence of urea (see Section 2), thus
eading to carbamylation (43.01 Da) at the elevated temperature of
he incubation (52 ◦C). However, manual inspection revealed that
he b3-ion was present both unmodified and also shifted 43.01 Da
Fig. 4B). We  reason that this particular peptide could be present as

 mixture of two isobaric forms with carbamylation at K121 and at
he N-terminal amino acid. The calculated mass difference between
he precursor mass (2197.9794 Da) and the carbamylated peptide
1891.9063 Da) is 306.0731 Da. The experimental mass difference
f 306.07 Da must result from either a cross-link to an unsubsti-
uted U and the subsequent loss of a water molecule, or a cross-link
o 4SU with the loss of H2S. Since the cross-linked nucleotides
ave the same elemental composition, we cannot distinguish on
he basis of MS  whether cross-linking has occurred via a 4SU or via

 non-modified U within the BoxA-containing RNA oligonucleotide.
owever, as UV irradiation at 365 nm selectively activates 4SU, we

nfer that cross-link formation occurred via 4SU involving loss of
2S. The actual cross-linked amino acid could not be identified by
SMS.
Interestingly, in the higher m/z  region a fragment ion of

/z = 968.56 is still detectable (Fig. 4B). The mass difference
etween the y7 ion and this particular fragment ion is 244 Da, which
ight suggest that 4SU is cross-linked to the phenylalanine (see

elow).
Fig. 4C shows the MSMS  spectrum of the same carbamylated

eptide potentially cross-linked to the 4SU-substituted oligo 1b.
 database search revealed that the mass difference between the
arbamylated peptide (1891.9063 Da) and the unaltered precur-
or mass (2475.0387 Da) was 583.1324 Da. This corresponds to

 4SU dinucleotide lacking its 3′-phosphate group. However, the
ragment-ion series does not allow the actual cross-linking site
ithin the peptide to be determined, and even the site of carbamy-

ation (although predicted by MASCOT search to be K121) cannot
e confirmed.

Fig. 4D shows the MS  and MSMS  spectra of a peptide derived
rom protein S10 that was identified manually by the corresponding
- and y-type ions. Importantly, the mass difference between the

naltered precursor mass (2186.0996 Da) and that of the peptide
lone (1928.0288 Da) is 258.0708 Da. Such a mass difference has
ever been observed in previous cross-linking studies with non-
ubstituted RNA [5–9,12,31–34]. We  also found this particular mass
ss Spectrometry 304 (2011) 184– 194

difference in other putatively cross-linked peptides (see below) and
we assign this to a 4SU-specific derivative (see below).

3.4. MSMS reveals unique peptide–nucleotide cross-linking
products derived from 4SU-substituted RNA oligonucleotides

From the MSMS  spectrum shown in Fig. 4D we  could only
calculate a potential cross-linked adduct of 258.0708 Da. Inter-
estingly, when applying our MASCOT-based search, we observed
– in general, compared with cross-linking with unsubstituted
RNA [9] – more missed cleavage at lysine residues within
the listed potentially cross-linked peptide moieties than in the
cross-linked product from native RNA. This leads us to the sugges-
tion/assumption that the lysine residues could be indeed the amino
acid actually cross-linked to 4SU.

Fig. 5A shows the MSMS  analysis of a cross-linked peptide
moiety derived from NusB (IALYELSKR, positions 87–95) with an
unaltered precursor mass (1349.6914 Da) differing from that of
the peptide alone (1091.6338 Da) also by 258.0576 Da. Strikingly,
the y-type fragment ion pattern reveals a modification of K94 of
exactly this mass. However, we  also observe within this partic-
ular spectrum y4, y5, y6 and y7 fragment ions in non-modified
form. We  conclude that K94 is the actual modified amino acid and
that the appearance of non-modified y4 to y7 ions could be due to
the partial loss of the modification upon CID. The additional mass
of 258.0576 Da can be calculated as corresponding to a cross-link
product between lysine and 4SU nucleoside without the 3′ phos-
phate group (see below and Fig. 7C). The observation that an amino
acid modification derived from a cross-link is so stable in CID is
rather unusual. In previous studies, peptide fragments only, nucleic
acid bases and single nucleotides were typically observed under
CID conditions, or, in the case of longer RNA oligonucleotides, only
fragment ions derived from oligonucleotide moiety were observed
[5,7,8,12].  Only in very rare cases, such as reported in [5,7,8],  can
peptide fragments bound to nucleotide fragments be observed.

Fig. 5B shows another example of an additional mass conju-
gated to a lysine residue within the putatively cross-linked peptide
LIDQATAEIVETAKR (positions 17–31) derived from protein S10
after cross-linking that was identified manually. The mass differ-
ence between precursor mass (1962.9734 Da) and the mass of the
peptide (1656.9046 Da) was calculated to be 306.0688 Da. Interest-
ingly, all the observed y-type ions in the fragment spectrum except
for y1 are shifted by 94.05 Da, strongly indicating that the lysine
residue is indeed cross-linked. A possible explanation for this addi-
tional mass is the partial fragmentation of a 4SU cross-linked via
loss of H2S to a lysine residue under CID conditions, which would
leave a fragment of the nucleobase still attached to lysine (see
Fig. 7B and Section 4).

3.5. Cross-linking to 5BrU-substituted RNA

We also investigated cross-linking at 312 nm of the NusB–S10
complex with a 5BrU-substituted � BoxA core RNA oligonu-
cleotide (5′-CGC(5BrU)CUUACACA-3′, oligo 2). Fig. 6 shows
the MSMS  spectrum of a peptide derived from the protein
NusB (positions 9–41, sequence ARECAVQALYSWQLSQNDIAD-
VEYQFLAEQDVK). The listed y-type ion series was  assigned
manually and a mass difference between the peptide pre-
cursor mass (3829.8257 Da) and the unaltered precursor mass
(5124.8575 Da) of 1295.0318 Da was calculated. This mass differ-
ence cannot easily be explained. Previous cross-linking studies on
bromo-uracil derivatives by MS  showed that cross-linking led to

the loss of HBr and that the C5–C6 bond of uracil remained intact.
The appearance of two marker ions in the lower m/z  region, i.e., the
nucleobases guanine and cytidine at m/z = 152 and 112 Da respec-
tively [7],  and the location of the 5BrU within oligo 2 (see above),
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Fig. 5. MSMS  spectra of two cross-linked species that display a mass shift of peptide fragments due to cross-linked fragments of a 4-thio-uridine. (A) MSMS spectrum of
NusB-peptide IALYELSKR (positions 87–95) carrying an additional mass of 258.0576 Da. Peptide sequence and identified fragment ions are indicated on the upper right. Y-ions
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hat  are shifted 258.05 Da are marked with an asterisk. (B) MSMS spectrum of cross
ucleotide after loss of H2S. Peptide sequence and identified fragment ions are indi
re  indicated by an asterisk.

ll suggest that the cross-linked RNA sequence is 5′-GCC(5BrU).
ndeed, the observed mass difference of 1295.0318 Da is obtained

hen one takes into account the mass of the RNA oligonucleotide,
he loss of HBr and the addition of 2 H atoms and 1 O atom

18.0106 Da). Whether the latter is “simply” the addition of water,
r whether the C5–C6 double bond is hydrated and an amino acid
ithin the peptide is oxidised, cannot be answered on the basis of

he MSMS spectrum of the cross-link alone.

ig. 6. MSMS  spectrum of NusB-peptide ARECAVQALYSWQLSQNDIADVEYQFLAE-
DVK (positions 9–41) cross-linked to a GCC(5BrU) oligonucleotide via loss of HBr
nd  uptake of H2O. Peptide sequence and identified y-type ions are indicated above
he spectrum. For better visualization, signal intensities were increased 4-fold for
/z greater 200.
comprised of S10-peptide LIDQATAEIVETAKR (positions 17–31) and a 4-thio-uracil
 in the upper right corner. Fragment ions exhibiting an additional mass of 94.05 Da

4. Discussion

In this study we  compared cross-linking of proteins to non-
substituted RNA with cross-linking to 4SU- or 5BrU-substituted
RNA to investigate the overall mass of the cross-linking products
with substituted RNAs. For this purpose we  carried out cross-
linking on a [NusB–S10–BoxA-containing RNA oligonucleotide]
complex reconstituted in vitro [9] and further used and improved
a database search for the identification of cross-linked heterocon-
jugates after UV irradiation.

4.1. Automated (computational) data analysis workflow

As the novel data analysis workflow was at first devel-
oped considering the results from cross-linking experiments with
unsubstituted RNA, and, more importantly, as the mass of the cross-
links containing 4SU was  not known, not all cross-links described
above were identified in an automated data analysis. However, our
strategy was  successful in the identification purely additive cross-
link of NusB-peptide SFGAEDSHKFVNGVLDK (positions 113–129)
to a (4SU)(4SU) dinucleotide (see Fig. 4C) and all cross-links in
which the RNA moiety exhibited a mass of 306 Da (SFGAEDSHK-
FVNGVLDK (NusB, positions 113–129), Fig. 4B; LIDQATAEIVETAKR
(S10, positions 17–31), Fig. 5B). In the latter cases the identification
was  possible because 306 Da also corresponds to a cross-link to an
unsubstituted uridine via the loss of H2O.

After all cross-linking products derived from 4SU had been char-

acterized by MS,  the loss of H2 upon cross-linking, i.e., an additional
mass of 258 Da (Fig. 7C), was implemented into the program. In
addition, two  novel posttranslational modifications (PTM) were
defined in the MASCOT search engine. The first PTM was  set to



192 K. Kramer et al. / International Journal of Mass Spectrometry 304 (2011) 184– 194

Fig. 7. Proposed structures resulting from cross-linking of proteins and substituted RNAs. The theoretical mass of the cross-linked species is given as the sum of peptide
mass  m(peptide) and the mass of the cross-linked nucleotide fragment below each structure. (A) Nucleotide fragment accounting for an additional mass of 306.0253 Da as
observed for several cross-linked peptides, e.g., the examples shown in Figs. 4 and 5B. (B) Nucleotide fragment accounting for an additional mass of 94.0167 Da as observed
for  the y-ions of S10-peptide LIDQATAEIVETAKR (Fig. 5B). (C) Proposed structure accounting for an additional mass of 258.0311 Da as observed for several peptides as well
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s  for the CID fragments of NusB-peptide IALYELSKR (Fig. 5A). (D) Proposed structur
E)  Proposed structure of the cross-linked region derived from a 5-bromo-uracil sub

ave a mass of 306 Da and a potential neutral loss of 212 Da (corre-
ponding to 94 Da remaining after neutral loss). This would enable
he identification of e.g., the spectrum shown in Fig. 5B, with a mass
ifference of precursor and peptide mass of 306 Da and peptide
ragments shifted 94 Da. The second PTM was defined as having an
verall mass of 258 Da and a neutral loss of 258 Da, respectively,
hus enabling the identification of spectra as the example shown in
ig. 5A.

Adaptation of the observed cross-linking products into our
ovel data analysis strategy at the appropriate stage, i.e., either

n our program or in MASCOT, enabled the successful identifi-
ation of all cross-links shown in this study by reanalysing the
S data. In all examples presented here, the cross-linked pep-

ide was the only identified hit for the respective MS/MS  data
n the MASCOT search against the small database comprising
4 proteins. MASCOT did not report any matches to the other
ombinations of the same MS/MS  fragments with different mod-
fied precursor masses. The same search was repeated against the
CBInr database with the taxonomy limited to E. coli. In all cases
xcept for the cross-link shown in Fig. 3B, the cross-linked pep-
ide was the highest scoring hit. All other, false positive matches
xhibited noticeable lower scores and higher expectation values.

n addition, all other matches could be ruled out as false pos-
tives, either simply because they corresponded to proteins not
ontained in the sample, or by manual evaluation of the search
esults.
e 4SU dinucleotide cross-linked to NusB-peptide SFGAEDSHKFVNGVLDK (Fig. 4C).
ed RNA (Fig. 6).

4.2. Structural implications of 4SU–peptide cross-links

By using UV irradiation conditions suitable for 4SU cross-linking
we  found peptides IALYELSKR (positions 87–95), SDVPYK-
VAINEAIELAK (positions 96–112), SFGAEDSHKFVNGVLDK (posi-
tions 113–129) derived from protein NusB, and the peptides
LIDQATAEIVETAKR (positions 17–31) and LVDIVEPTEKTVDALMR
(positions 73–89) derived from protein S10, cross-linked to BoxA-
containing RNA oligonucleotide.

MS  and MSMS  of these peptides showed several novel conju-
gated masses, i.e., 582 Da, 306 Da, 258 Da, and 94 Da. These masses
represent cross-link adducts derived from 4SU, and the correspond-
ing structures of the conjugates are outlined in Fig. 7. The extra
mass of 306 was found in the cross-linked peptide SFGAEDSHK-
FVNGVLDK (positions 113–129) derived from NusB that was also
identified in our previous study as cross-linked to a CU dinucleotide
in non-substituted rrn BoxA-containing RNA [9].  However, the mass
of 306 can represent both a conjugated uridine with a 3′–5′ cyclic
phosphate or a derivative of 4SU conjugated to the peptide with
loss of H2S. We  favour the latter possibility for two reasons (see
Fig. 7A): (i) UV irradiation was conducted at 365 nm, which is in
the absorbance maximum of 4SU but is far from that of uridine,

and (ii) we have sequenced another conjugate the precursor mass
of which also showed an extra mass of 306 Da (Fig. 5B). In MSMS
of this particular precursor we observed a mass tag of 94 Da still
attached to a lysine residue. The extra mass of 94 Da represents a
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erivative of the nucleobase 4SU attached to a lysine via loss of
2S and breakage of the N-glycosidic bond upon CID fragmenta-

ion (Fig. 7B). Both these findings suggest a mechanism in which –
pon UV irradiation – lysine is covalently bound to 4SU with sub-
equently loss of H2S. The exact structure is not revealed directly
y our data, i.e., we cannot deduce directly whether the �-N-atom
f lysine replaces the sulphur atom and is thus conjugated to the
-1 atom of uracil or whether it is conjugated via the C5 or C6 atom
f the uracil derivative.

Within this particular NusB peptide (SFGAEDSHKFVNGVLDK)
e could not identify the actual cross-linked amino acid, neither

n the peptide found to be cross-linked to non-substituted RNA
Fig. 4A) nor in that cross-linked to 4SU (Fig. 4B and C). Remark-
bly, the MSMS spectrum in the latter case reveals an almost
omplete y-type ion series up to y7 (V123) and a gap between
he y7 and a fragment at m/z = 968. However, the mass differ-
nce between both these fragments matches exactly the mass of
henylalanine (147 Da) plus 94 Da (potentially corresponding to
he above described mass tag) and the loss of NH3 (which is fre-
uently observed in y-type ion series). Based on this observation,
e conclude that F124 might be the cross-linked amino acid.

Interestingly, the UV cross-linking reaction to 4SU does not seem
ecessarily always to result in the loss of H2S. We  have identified
wo cross-linked peptides (IALYELSKR, positions 87–95) from NusB
nd LVDIVEPTEKTVDALMR (positions 73–89 from S10) that reveal
n additional mass of 258 Da. This mass corresponds to a 4SU nucle-
side. Consequently, these peptides must have been cross-linked
o 4SU without the loss of H2S but also leaving the C5–C6 double
ond in 4SU intact (Fig. 7C), i.e., two hydrogen atoms are lost upon
ross-linking.

In the case of UV-induced cross-linking to halo-substituted
ucleobases, previous MS  studies showed that cross-linking led to

 loss of e.g., HBr [16] and thus an addition of the peptide side
hain at the C5 position of uracil. In our case we  cannot distinguish
hether we observed a similar cross-linking reaction and addition

f a water molecule to heteroconjugate or whether the C5–C6 dou-
le bond is hydrated and an amino acid residue of the cross-linked
eptide is oxidised in addition. However, as the MSMS  spectrum is
nly recorded up to m/z  2000 and no b-ions are visible, it does not
eveal unambiguously this particular peptide fragment at which
he cross-linked nucleobase is still attached.

.3. Comparison of our cross-linking experiments with
ubstituted RNAs to previous experiments with unsubstituted RNA

The gel-electrophoretic analysis of the [NusB–S10–BoxA-
ontaining RNA] complex has shown that the incorporation of 4SU
rastically enhances the cross-linking yield of only S10 protein
hereas the cross-linking of NusB to the RNA seems to be unaf-

ected. This result was surprising, in particular when considering
he location of cross-linked peptides within the two  proteins. In
revious cross-linking studies two peptides derived from NusB
ave been found as cross-linking sites to this particular rrn
oxA-containing RNA oligonucleotide, i.e., SDVPYKVAINEAIELAK
positions 96–112), and FVNGVLDK (positions 122–129). Impor-
antly, the location of the NusB-peptides cross-linked to 4SU is
ongruent with that of the previous study with non-substituted
NA except that we found the peptides SFGAEDSHKFVNGVLDK
positions 113-129) and IALYELSKR (positions 87-95) also cross-
inked to the poly-U stretch within the BoxA. Remarkably, the
atter precedes directly the NusB peptide SDVPYKVAINEAIELAK
positions 96–112) and the other stretch encompassing positions

13–129 harbours the sequence FVNGVLDK. In fact, more pep-
ides were found to be cross-linked to the poly-U stretch of the
oxA-containing RNA oligonucleotide used here as compared with
xperiments with non-substituted RNA [9].  The fact that the yield of
ss Spectrometry 304 (2011) 184– 194 193

cross-link did not increase when 4SU was used suggests that these
particular peptides, i.e., SDVPYKVAINEAIELAK and FVNGVLDK, are
highly reactive towards BoxA-containing RNA oligonucleotide even
under less effective UV irradiation conditions.

In contrast to NusB, the cross-linking yield of S10 to BoxA-
containing RNA oligonucleotide is drastically enhanced when
4SU substituted RNA is used (Fig. 1). Surprisingly, we could not
identify those peptides that were found in the previous study
to be cross-linked to unsubstituted rrn BoxA-containing RNA
oligonucleotide. Instead we found three different regions within
S10 to be cross-linked, i.e., LIDQATAEIVETAKR (positions 17–31),
LVDIVEPTEKTVDALMR (positions 73–89) and GPIPLPTR (positions
38–45). Strong cross-linking of the 4SU containing RNA towards
these regions must be the reason for the enhanced cross-linking
yield. However, the location of these peptides is not congruent
with our previous study, in which the cross-linked peptide were
mainly located in a loop region encompassing positions 46–67 in
S10 which was  deleted in the NusB–S10 complex used for crystalli-
sation [9].  Currently, we  do not have any satisfactory explanation
for this discrepancy. Interestingly, another peptide derived from
S10 (GPIPLPTR, positions 38–45) that was  also found to be cross-
linked to 4SU-substituted RNA (data not shown) is located in the
crystal structure at the interface between both the proteins NusB
and S10 [9].  Moreover, the cross-linked peptide derived from NusB
encompassing positions 9–41 that was  found to be cross-linked to
5BrU position 4 of the � BoxA core RNA oligonucleotide also har-
bours amino acid residues that participate in the interaction surface
of both the proteins. The question whether the newly identified
peptides in S10 and whether indeed the interface between both
the proteins is also involved in the interaction with RNA can only
be answered by additional biochemical and structural studies.

Here, we demonstrate that identification of cross-linked
peptides can lead to valuable conclusions about protein–RNA inter-
action surfaces. However, in many cases (in this and in our previous
study) we could not identify the actual cross-linked amino acid
which would be essential for complete interpretation of the cross-
link data on the molecular level.

In summary, this feasibility study will proof useful – in combina-
tion with here further developed computational approached – for
a broader MS-based analysis of UV cross-linking in more complex
protein–RNA assemblies and/or of entire cells.
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