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Dithiothreitol (DTT) Acts as a Specific,
UV-inducible Cross-linker in Elucidation of
Protein-RNA Interactions*s

Uzma Zamani§, Florian M. Richtert 11, Romina Hofelet§, Katharina Kramert§ §§,
Timo Sachsenberg9]|, Oliver Kohlbachery]| 11, Christof Lenzt§, and

Henning Urlaub§**

Protein-RNA cross-linking by UV irradiation at 254 nm
wavelength has been established as an unbiased
method to identify proteins in direct contact with RNA,
and has been successfully applied to investigate the
spatial arrangement of protein and RNA in large macro-
molecular assemblies, e.g. ribonucleoprotein-complex
particles (RNPs). The mass spectrometric analysis of
such peptide-RNA cross-links provides high resolution
structural data to the point of mapping protein-RNA
interactions to specific peptides or even amino acids.
However, the approach suffers from the low yield of
cross-linking products, which can be addressed by im-
proving enrichment and analysis methods. In the pres-
ent article, we introduce dithiothreitol (DTT) as a potent
protein-RNA cross-linker. In order to evaluate the effi-
ciency and specificity of DTT, we used two systems, a
small synthetic peptide from smB protein incubated with
U1 snRNA oligonucleotide and native ribonucleoprotein
complexes from S. cerevisiae. Our results unambigu-
ously show that DTT covalently participates in cysteine-
uracil crosslinks, which is observable as a mass incre-
ment of 151.9966 Da (C,HgS,0,) upon mass
spectrometric analysis. DTT presents advantages for
cross-linking of cysteine containing regions of proteins.
This is evidenced by comparison to experiments where
(tris(2-carboxyethyl)phosphine) is used as reducing
agent, and significantly less cross-links encompassing
cysteine residues are found. We further propose inser-
tion of DTT between the cysteine and uracil reactive

From the fBioanalytical Mass Spectrometry Group, Max Planck
Institute for Biophysical Chemistry, Am Fassberg 11, D-37077 Got-
tingen, Germany; §Bioanalytics, Institute for Clinical Chemistry, Uni-
versity Medical Center Géttingen, Robert-Koch-Strasse 40, D-37075
Gottingen, Germany; Y Center for Bioinformatics, ||[Department of
Computer Science, University of Tlbingen, Sand 14, D-72076 Tubin-
gen, Germany; Y{|Biomolecular Interactions, Max Planck Institute for
Developmental Biology, SpemannstraBe 35, D-72076 Tubingen,
Germany

Received June 12, 2015, and in revised form, September 25, 2015

Published, MCP Papers in Press, October 8, 2015, DOI
10.1074/mcp.M115.052795

Author contributions: U.Z., and H.U., designed research; U.Z., and
F.R., performed research; K.K., T.S., and O.K., contributed new an-
alytic tools; U.Z., analyzed data; U.Z., C.L., and H.U., wrote the paper.

sites as the most probable structure of the cross-linking
products. Molecular & Cellular Proteomics 14:
10.1074/mcp.M115.052795, 3196-3210, 2015.

Cross-linking of biomolecules combined with mass spec-
trometry (MS) has emerged as a powerful tool to characterize
not only the tertiary and quaternary arrangements of individual
biomolecules, but especially their interaction sites in biologi-
cally active complexes. By MS-based identification of the
cross-linked parts or even the exact cross-linking sites of the
respective biomolecules, proximity information can be de-
rived. This has proven highly useful for computational ap-
proaches to problems such as docking or the arrangement of
subunits (1-3).

In principle, cross-linking can be achieved in two ways: (1)
By using a chemical cross-linker that connects reactive
groups of the respective biomolecules within a certain dis-
tance range, the range depending on the reagent used. (2) By
generating a so-called zero-length cross-link that connects
reactive groups of biomolecules that are already directly ad-
jacent to one another. The latter is usually achieved by (UV)
light-induced cross-linking, with or without the addition of
compounds that induce the generation of radicals on reactive
groups of the cross-linkable components or in close vicinity to
them.

Cross-linking in combination with MS analysis is nowadays
frequently used in protein-protein interaction studies (4-7) but
can also be applied to protein-nucleic acid complexes. Indeed
much attention is currently paid to their MS-based analysis
owing to the crucial cellular function of many such complexes.
A large variety of studies over decades have examined chem-
ical cross-linking between proteins and DNA, using reagents
such as the genotoxic diepoxybutane, endogenous alde-
hydes, transition metals, nitrogen mustard, and platinum
compounds, alkynitrosoureas, and formaldehyde (8). In addi-
tion, UV irradiation has been used to establish cross-links
between proteins and protein-bound single-stranded DNA
(ssDNA), which can then be identified by mass spectrometry
(9, 10). UV cross-linking makes use of the natural sensitivity of
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nucleobases to UV light (11, 12). The site of cross-linking can
then be determined by mass spectrometric analysis (including
gas phase fragmentation of the corresponding peptide-nu-
cleic acid conjugates) and database searching. To enhance
the low yield of protein-DNA cross-linking, derivatives with
higher UV reactivity, such as halonucleotides, can be em-
ployed (13-15).

UV-induced cross-linking is more frequently used to mon-
itor protein-RNA interactions. RNA is mainly present in its
single-stranded form, and adopts a variety of tertiary struc-
tures in which the bases of the nucleotides are in close
contact with amino acid residues of the proteins that are
bound to the RNA. Several studies have used this technique
to identify globally the proteins that directly interact with e.g.
poly(A) mRNA in yeast and human systems, and have yielded
insight into the large variety of RNA-binding proteins that exist
within the cell (16-21). More detailed approaches apply UV-
induced protein—-RNA cross-linking in a similar manner, but
extend the MS analysis toward the identification of the cross-
linked amino acids together with the corresponding nucleo-
tide moieties, allowing exact definition of the RNA-binding
regions in the cross-linked proteins (22-24). To improve the
yield of cross-linking, more reactive nucleoside derivatives
(4-thiouridine and 6-thioguanosine) have been incorporated
into RNA in growing cells. The cross-linking reaction of these
derivatives with amino acids is not entirely additive, however,
but is accompanied by the loss of H,S ((22), U.Z. and H.U,
unpublished results). Other cross-linking reactions between
proteins and RNA have made use of nucleotide derivatives
that contain a cross-linkable function at the 2’ hydroxyl group
or the phosphate moiety (25-27), but have not been charac-
terized by MS yet.

Additional cross-linking agents for the analysis of protein—
RNA interactions have been exploited, but have not yet found
their way into modern MS-based proteome analyses. For
instance, methylene blue has been described as a light-in-
ducible cross-linker, in particular for mapping interactions of
proteins with dsRNA (28). Similarly, protein-RNA interaction
studies in ribosomal subunits have made use of diepoxybu-
tane, or nitrogen mustard (29-31). The same holds true for the
use of 2-iminothiolane (“Traut’s reagent”), which is a protein—
RNA cross-linking reagent that combines chemical and UV-
inducible features and has been extensively applied to the
analysis of protein-RNA contacts in ribosomal subunits (33,
32). Here, we introduce dithiothreitol (DTT)' as a potent UV-
inducible cross-linking reagent for the analysis of protein-

' The abbreviations used are: DTT, dithiothreitol; RNPs, ribonucle-
oprotein complexes; rNTP, ribonucleoside triphosphate; *C-rNTP,
3C labelled ribonucleoside triphosphate; d,,-DTT, perdeuterated di-
thiothreitol; TCEP, (tris(2-carboxyethyl)phosphine); HCD, higher en-
ergy collision-induced dissociation; MS/MS, product ion scan mass
spectrum; FWHM, full width half maximum; "*UTP, 3C labelled uri-
dine triphosphate; '°C-A, '*C-G, '*C-U '3C-C, '3C labelled adenine,
guanine, uracil and cytosine.

RNA linkages following UV irradiation. By exhaustive mass-
spectrometric analyses we found that upon UV light exposure
DTT forms a covalent linkage between cysteine residues
within proteins and uracil bases of RNA in close proximity. We
applied this to protein-RNA complexes isolated from yeast
cells and compared the protein-RNA cross-linking patterns
that were obtained in the presence and absence of DTT. We
found that the cross-linking reaction is surprisingly efficient
and specific.

EXPERIMENTAL PROCEDURES

In Vitro Transcription of "*C-Labeled RNA Oligonucleotides —Hu-
man U4 snBRNA 5’ stem loop oligonucleotide GCCAAUGAG-
GUUUAUCCGAGGC (position 26-47) was synthesized by in vitro
transcription with T7 RNA polymerase (34). DNA template with T7
promoter sequence was obtained from Eurofins (Eurofins MWG
Operon Ebersberg Germany). Annealing of DNA template (1 um) with
T7 promoter (1 um) was performed by heating at 90 °C for 2 min. Four
3C labeled oligonucleotides were synthesized, each with one labeled
ribonucleoside triphosphate (rNTP) and three unlabeled rNTPs, and
final concentrations of 1 mm and 4 mm, respectively. Unlabeled rNTPs
(Jena Bioscience, Jena, Germany) and '3C labeled rNTPs (Sigma-
Aldrich, Taufkirchen, Germany) were obtained as sodium salts. Tran-
scription was performed in 40 mm Tris-HCI pH 8.0, 10 mm DTT, 2 mm
spermidine, 30 mm MgCl,, and 0.1 mg/ml T7 RNA polymerase. After
incubation at 37 °C for 4 h the transcription product was purified
using 20% polyacrylamide gels (0.7 mm, 20 X 30 cm) containing 7 m
urea. RNA oligonucleotide bands on the gels were visualized by UV
shadowing, excised and eluted using TEN buffer (10 mm Tris-HCI pH
8.0, 1 mm EDTA, 300 mm NaCl). Finally oligonucleotides were recov-
ered by ethanol precipitation, dissolved in water and stored at
—20 °C. Concentration was determined by UV absorption at 260 nm.

UV Cross-linking with Isotope-labeled RNA Oligonucleotides —Re-
combinant 15.5K protein was purified from Escherichia coli BL21 cells
as described by Nottrott et al. (35). For UV cross-linking 1 nmol of '3C
labeled U4 snRNA 5’ stem loop oligonucleotide was incubated with 1
nmol of 15.5K protein in buffer (20 mm HEPES, 50 mm NaCl, 1.5 mm
MgCl,) on ice for 30 min. UV-irradiation was performed in microtiter
plates at 254 nm for 10 min. After ethanol precipitation the sample
was dissolved with 1 M urea in 50 mm Tris-HCI pH 7.9. The RNA
moiety was hydrolyzed by addition of 1 ug of RNase A and 1 unit of
RNase T1 for 2 h at 52 °C. Protein was digested with trypsin (protein/
enzyme 50:1, w/w) overnight at 37 °C. Removal of noncross-linked
RNA was achieved by solid phase extraction using reversed phase
C18 microcolumns and cross-linked peptides enriched using TiO,
microcolumns, both prepared in-house (36). Noncross-linked controls
were prepared and analyzed in parallel.

Samples were loaded onto a nanoflow liquid chromatography sys-
tem (Agilent 1100 series, Agilent Technologies, Béblingen, Germany)
coupled to an LTQ-Orbitrap Velos mass spectrometer equipped with
a Flexlon nanoSpray source (Thermo Fisher Scientific, Bremen, Ger-
many). The chromatography system was operated with a vented
column setup (37) at an analytical flow rate of 300 nl/min achieved
through passive splitting. Samples were desalted on a self-packed
reversed phase-C18 pre-column (20 mm length, 0.15 mm inner di-
ameter, ReproSil-Pur C,5-AQ 5 um resin, Dr. Maisch GmbH, Ammer-
buch-Entringen, Germany). Separation was achieved on a self-
packed reversed phase-C18 analytical column (150 mm length, 0.075
mm inner diameter, ReproSil-Pur C;g-AQ 3 um resin, Dr. Maisch
GmbH) packed into a SilicaTip emitter (FS360-75-10-N, New Objec-
tive, Woburn, MA). Analytes were separated using a linear gradient of
3-36% acetonitrile over 37 min using 0.1% formic acid as modifier,
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followed by an increase to 95% acetonitrile versus 0.1% formic acid
over 0.5 min and a 7.5 min hold at these conditions.

MS data was acquired in positive ion mode using a data-depend-
ent top10 method dynamically choosing the most abundant precursor
ions for higher energy collision-induced dissociation (HCD). MS sur-
vey spectra were acquired across the 350-1600 m/z range at a
resolution setting of 30,000 full width half maximum (FWHM). MS/MS
spectra were acquired at a resolution setting of 7500 FWHM with a
normalized collision energy setting of 45%. A minimum of 5000 ion
counts were required for triggering fragmentation events.

UV-Cross-linking of Synthetic Peptide with RNA Oligonucleo-
tides—UV-crosslinking of SmB/B’ specific peptides (MLQHIDYRM-
RCILQDGR,5 (kindly provided by Olaf Jahn, Mass Spectrometry
Group at the Max Planck Institute for Experimental Medicine, Gottin-
gen, Germany) with Sm site oligonucleotide 5'-AAUUUGUGG-3' (Eu-
rogentec Deutschland GmbH, Germany) was performed in four dif-
ferent conditions: (1) without DTT, (2) with 2 mm DTT, (3) with 2 mm
perdeuterated DTT, (4) with 2 mm (tris(2-carboxyethyl).phosphine)
(TCEP). For each experiment 1 nmol of synthetic peptide and 1 nmol
of RNA oligonucleotide in binding buffer (20 mm HEPES, 50 mm NaCl,
1.5 mm MgCl, and 0.01% formic acid) were incubated on ice for 30
min. UV irradiation was carried out for 5 min at 254 nm. RNA hydrol-
ysis was performed by adding 1 ul of diluted RNase A (1:5, v/v) and
1 unit RNase T1 for 2 h at 52 °C. After peptide digestion by trypsin
(protein/enzyme 50:1, w/w) overnight at 37 °C, samples were de-
salted using in house-packed reversed phase-C18 columns (Dr.
Maisch, GmbH).

LC/MS/MS analysis was performed on a nanoflow liquid chroma-
tography system (Easy nanoLC Il System, Thermo Fisher Scientific)
coupled to a Q Exactive mass spectrometer equipped with a Flexlon
source (Thermo Scientific). Samples were desalted on a self-packed
reversed phase-C18 pre-column (20 mm length, 0.10 mm inner di-
ameter, ReproSil-Pur C18-AQ 5 um resin, Dr. Maisch, GmbH). Sep-
aration was achieved on a self-packed reversed phase-C18 analytical
column (100 mm length, 0.050 mm inner diameter, ReproSil-Pur
C18-AQ 3 wm resin, Dr. Maisch, GmbH) packed into a SilicaTip
emitter (FS360-50-8-N, New Objective).

Analytes were separated using a linear gradient of 4-36% aceto-
nitrile over 22 min using 0.1% formic acid as modifier, followed by an
increase to 95% acetonitrile versus 0.1% formic acid over 0.5 min and
a 7.5 min hold at these conditions. A flow rate of 250 nl/min was used.

Data-dependent acquisition was performed in positive ion mode
using a top15 method for analysis. MS survey spectra were acquired
at a resolution setting of 70,000 FWHM across the 350-1600 m/z
range. HCD with a normalized collision energy setting of 30% was
applied for peptide fragmentation, and MS/MS spectra were acquired
at a resolution setting of 17,500 FWHM. A minimum of 10,000 ion
counts was required for triggering fragmentation events.

UV Cross-linking of Native Ribonucleoprotein Complex—Saccha-
romyces cerevisiae cells carrying a C-terminal TAP-tag on cbp20
were grown in YPD media (1% yeast extract, 2% bacto-peptone, 2%
glucose) to an ODgqq of 5.7 in a fermenter. Cells were harvested and
lysate was prepared as described by Kramer et al. (22). TAP-Tag
purification was done in two parallel experiments A and B with buffer
containing either dithiothreitol (DTT) or TCEP. For both experiments
the cell lysate (350 mg protein in 10 ml) was incubated with 600 ul of
IgG Sepharose™ 6 Fast Flow beads (GE Healthcare, Miinchen, Ger-
many) equilibrated with AGK buffer (10 mm HEPES, pH 7.5, 1.5 mm
MgCl,, 200 mm KCI, 10% glycerol, EDTA-free protease inhibitor mix-
ture tablet (Roche, Indianapolis, IN)). RNPs were bound to IgG beads
by rotation for 2 h at 4 °C. After the flow through was collected, beads
were washed with 5 ml of AGK buffer and equilibrated with 20 ml of
CBB1 buffer (25 mm Tris-HCI pH 7.9, 150 mm sodium chloride, 1.5 mm
magnesium acetate, 2 mm calcium chloride, 1 mm imidazole, 2 mm

DTT) in experiment A and with CBB2 buffer (25 mm Tris-HCI pH 7.9,
150 mm sodium chloride, 1.5 mm magnesium acetate, 2 mm calcium
chloride, 1 mm imidazole, 2 mm TCEP) in experiment B. RNPs were
eluted from IgG by incubating with 12 ul PreScission protease and 1
ul RNasin overnight at 4 °C.

For UV cross-linking, purified RNPs from experiments A and B
were divided into control and test samples containing 1 mg of protein
each, respectively. Both test samples were UV-irradiated at 254 nm
for 2 min on ice in Petri dishes (3.5 cm diameter). After cold ethanol
precipitation, protein therein was digested with trypsin (Promega,
protein/enzyme 50:1, w/w) overnight at 37 °C. Intact RNA and pep-
tide-RNA cross-links were separated from the excess of noncross-
linked peptides by size exclusion chromatography on a Superdex 200
column (8.2 mm X 300 mm) coupled to a SMART chromatography
system (GE Healthcare; Uppsala, Sweden) with buffer containing 20
mm Tris pH 7.5, 150 mm NaCl, 1.5 mm MgCl,. Noncross-linked RNA
was removed by reversed phase-C18 chromatography using in-
house prepared columns (Dr. Maisch, GmbH) following hydrolysis
with benzonase for 1 h at 37 °C and ribonucleases A/T1 (Ambion,
Applied Biosystems, Darmstadt, Germany) as above for 2 h at 52 °C.
Nonirradiated controls of experiments A and B were processed in the
same manner.

LC/MS/MS analysis was performed in positive ion mode using
nanoflow liquid chromatography coupled to an LTQ-Orbitrap Velos
mass spectrometer with the setup described before, but with a gra-
dient length of 118 min.

MS Data Analysis—Data analysis for identification of putative
cross-links was performed by the novel RNP*" pipeline (22) integrated
in the OpenMS software environment (38, 39). Briefly, the first step is
the conversion of raw data (in *.raw format) to the mzML format using
the ProteoWizard tool msconvert (40). Two different filters pipelines
integrated in the RNP*" pipeline are applied: (1) the ID filter removes
MS/MS spectra that match to noncross-linked peptides identified at
high confidence by a database search with OMSSA (Open Mass
Spectrometry Search Algorithm) (41). (2) the XIC filter reduces false
positives by removing the MS/MS spectra of precursors from the UV
irradiated sample if they are also present in the nonirradiated control
at comparable intensity. The reduced data file is then submitted for
generation of precursor mass variants that are obtained by subtract-
ing all potential masses of cross-linked RNA moieties from the ob-
served precursor masses in a combinatorial fashion. This list of pre-
cursor mass variants is then submitted for database search by
OMSSA. The final output (in idXML format), which contains the true
positive hits for cross-linked peptides, is used to annotate raw
MS/MS data in TOPPView (42). For a detailed description of data
analysis, we refer to the original publication by Kramer et al. and the
corresponding tutorial (22).

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (43) via the PRIDE partner repos-
itory with the data set identifier “PXD002656", with the following file
names:

XL_U4_Ex1_C13ATP

XL_U4_Ex1_C13UTP

XL_U4_Ex1_C13GTP

XL_U4_Ex1_C13CTP

XL_U4_Ex1_naturalrNTP

XL_peptide_Ex2_withoutDTT

XL_peptide_Ex2_withDTT

XL_peptide_Ex2_dDTT

XL_yeast_Ex3_TCEP

XL_yeast_Ex3_DTT

In addition theoretical masses of peptides, peptide fragments and
oligonucleotides were calculated using Protein Prospector MS-
Product (http://prospector.ucsf.edu), Peptide Mass Calculator (http://
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rna.rega.kuleuven.ac.be/masspec/pepcalc. htm), and Mongo Oligo
Mass Calculator (http://mods.rna.albany.edu/masspec/Mongo-Oligo),
respectively.

RESULTS

Working Hypothesis—In recent years we have established a
purification strategy that allows for the isolation and subse-
quent mass spectrometric characterization of cross-linked
peptide-RNA oligonucleotides derived from UV-irradiated
protein—-RNA particles of any kind (22). We were able to se-
quence a multitude of cross-linked peptides and identified
their cross-linked amino acid and nucleotide parts, respec-
tively. In most cases the determined cross-link was found to
be of an additive nature, i.e. the mass of the entire cross-link
is composed of the mass of its peptide moiety and its RNA
moiety. Exceptions to this are observed when the RNA con-
tains modified nucleosides, e.g. 4-thiouridine (44) or 6-thio-
guanosine (U.Z. and H.U., unpublished results). Another more
frequently observed exception is the appearance of peptide-
RNA cross-links with a nominal mass increase of 152 Da over
the expected additive masses upon UV cross-linking with
nonmodified RNAs. We first observed such cross-links in
studies of the import factor Snurportin 1 bound to U1 snRNA
(45). The peptide 3,sGSSHSPDHPGCLMEN 4, derived from
Snurportin 1 was found to be cross-linked to an oligonucleo-
tide AAAU (position 102-105 in stem-loop Il of U1 snRNA)
plus the mass increment of 152 Da. MALDI-MS and ESI-
MS/MS experiments revealed that the adduct causing the
mass increment is directly attached to the peptide moiety of
the cross-link (44).

We detected corresponding adducts upon cross-linking of
other recombinant protein-RNA complexes, i.e. in cross-link-
ing studies of the RNase H domain of the human spliceosomal
hPrp8 with U4 snRNA (46), the spliceosome associated pro-
tein CWC2 with U6 and U4 snRNA (47), but also in cross-
linked endogenous protein-RNA complexes where several
ribosomal proteins from yeast were found to be cross-linked
to RNA with the same mass increment of 152 Da (22). A
common feature of all these modified cross-links is that cys-
teine can be identified as the cross-linked amino acid of the
peptide sequence (22).

A comparison of the exact masses detected by high reso-
lution mass spectrometry with the expected additive cross-
link masses revealed an exact mass increment of 151.9966
Da (Table I) rather than the nominal value of 152 Da. The
observed decimal deficiency of —0.0034 Da points to the
presence of mass-deficient elements in these side products,
i.e. '°0 (15.9949 Da), 3'P (30.9738 Da) or 32S (31.9721 Da)
(main isotopic contributions, respectively). Individual mass
errors observed in our data sets were <10 ppm. Following the
rules of error propagation, the maximum expected error for
the mass increment as the difference of two experimental
values is =20 ppm. Allowing for sensible restrictions to the
elemental composition and extending the nitrogen rule to

TABLE |
Elemental compositions for 151.9966 Da + 20 ppm

Elemental composition RDB Mass deviation | Calculated mass
[ppm] [Da]

C4 H8 02S2 1 0.2 151.99657

C4 O3 N4 7 -2.9 151.99704

C4H10P2S 1 -8.2 151.99785

C2H504N2P 2 -13.8 151.99870

C7 H6 P2 6 14.0 151.99448

nitrogen and phosphorous, a mass increment of 151.9966 +
20 ppm allows only for a limited number of elemental com-
positions (Table 1), the most plausible ones being C,H;O,N,P,
C,O;N,, and C,Hg0,S,. This led us to investigate two hy-
potheses for the origin of the mass increment: a derivative of
a nucleobase formed e.g. by the irradiation used for cross-
linking, or a small organic molecule from the pool of reagents
used for isolation, purification and cross-linking of the com-
plex. Because the 152 mass increment was observed neither
in nonirradiated control samples nor in irradiated TCEP sam-
ples (see below), we did not pursue the third probability of a
purely proteinaceous origin further.

We set out to evaluate both these two working hypotheses
in more detail.

1. UV-induced RNA-RNA cross-linking is a well-known
phenomenon that can be exploited for elucidation of RNA-
RNA interactions (48, 49). It is therefore conceivable that
besides the covalent bond formed between cysteine and
uracil upon UV cross-linking, another proximal nucleobase
or its derivative might form an additional bond to the uracil
moiety. To test this hypothesis we used a binary complex
that consists of the human spliceosomal U4/U6 snRNP
specific protein 15.5K bound to an RNA oligonucleotide
harboring the canonical binding site of the 15.5K protein
(85). Human 15.5K protein as part of U4/U6.U5 tri-snRNPs
was found to be involved in the late stage of spliceosome
assembly by binding to the 5’ stem loop of U4 snRNA (35).
The used 22mer RNA oligonucleotide encompasses the U4
snRNA nucleotide positions 26-47 and was in vitro tran-
scribed with '2C-rNTPs as well as with all four "3C-rNTP. If,
upon UV cross-linking, the mass increment was induced by
a derivative of a nucleobase, we expected to observe a shift
of the 152 Da mass increment in the MS analysis corre-
sponding to the incorporation of '*C-labeled nucleobases.
2. We also evaluated if the mass increment might be be-
cause of a small organic molecule either inserted in be-
tween, or added to the cysteine thiol and uracil moieties
involved in the cross-links. The nominal mass increment of
152 Da e.g. corresponds to DTT, a reducing agent fre-
quently used in cell lysis and subsequent protein purifica-
tion protocols. To test this hypothesis UV cross-linking was
performed with and without DTT, with TCEP and with per-
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deuterated DTT. For this purpose different experimental
models were used. In initial studies a short synthetic pep-
tide derived from U snRNP-specific SmB’/B protein and
Sm site 9mer U1 snRNA oligonucleotide was used. More-
over cross-linking was performed in native RNP purified
from S. cerevisiae in the presence of either DTT or TCEP.

Evaluation of Nucleoside Derivatives as the Origin of Un-
usual Mass Adducts—To assess our first hypothesis, namely
if a nucleoside derivative could explain the observed mass
increment, we first performed a UV cross-linking experiment
with and without heavy isotope labeling of U4 snRNA oligo-
nucleotide (nucleotide position 26-47 (35)) with human spli-
ceosomal protein 15.5K.

Using nonlabeled RNA for UV irradiation, we isolated and
sequenced a peptide of the 15.5K protein, ,,LLDLVQQSC-
NYKjz3, cross-linked to a U nucleotide without and with
the mass increment of 152 Da (for data, see XL_U4_
Ex1_naturalrNTP). Fig. 1A and 1B show the MS/MS spectra of
the peptide-RNA oligonucleotide cross-link without and with
mass increment, respectively. In Fig. 1A the y- and b-type
fragment ions clearly reveal the sequence of the cross-linked
peptide, and the mass difference between the peptide alone
(1422.7177 Da) and the measured precursor mass (1746.7536
Da) corresponds exactly to a uridine nucleotide (324.0359
Da). The spectrum also shows a mass shift in the y-ion series
starting from y, corresponding to a fragment derived from gas
phase dissociation of uridine (+C3;0, +51.9949 Da, see be-
low) identifying the cysteine residue as the cross-linked amino
acid. The observed y;* to y,* peaks correspond to peptide
fragment ions that still have the nucleoside attached. Fig. 1B
shows the same peptide cross-linked to a U nucleotide, but
additionally exhibiting the unexpected mass increment. The
observed precursor at m/z 633.92343* corresponds to a mo-
lecular weight of 1898.7502 Da, a difference of 476.0324 Da
from the molecular weight of the peptide alone, which corre-
sponds to a cross-link with [U+152 Da]. Manual interpretation
of the spectrum reveals a +378.0556 shift of the y ion series
starting with y,. The mass shift is consistent with a uridine
fragment [+226.0590 Da] plus an additional 152 Da mass
increment cross-linked to the cysteine residue (Fig. 1B).

We next performed 15.5K-RNA cross-linking experiments
with different '*C-labeled U4 snRNA oligonucleotides synthe-
sized by in vitro transcription. In each experiment, a different
3C-rNTP was incorporated, i.e. °C-A, '*C-G, '°C-U, '*C-C
(for data, see XL_U4_Ex1_C13ATP, XL_U4_Ex1_C13GTP,
XL_U4_Ex1_C13UTP, XL_U4_Ex1_C13CTP). If the mass in-
crement was caused by a nucleobase derivative, then the
cross-link would show an increased mass shift corresponding
to its heavy isotope labeling, which is 4 Da for U and C; and
5 Da for A and G, respectively. None of the experiments
employing heavy isotope labeling, however, produced any
evidence of a heavy isotope-induced shift in the +152 Da
mass increment. In all observed cross-links the observed

mass shifts could be readily and conclusively rationalized by
3C labeling of the nucleobases directly involved in the actual
cross-link, without any indication of a heavy isotope shift in
the +152 Da mass increment. Fig. 1C shows an example
MS/MS spectrum from the cross-linking experiment using
8C-UTP labeled oligonucleotide (for data, see XL_U4_
Ex1_C13UTP), corresponding to a peptide-RNA (oligo)nu-
cleotide cross-link ,,LLDLVQQSCNYKg; + ['*U+152]. The
molecular weight of "SUTP is 333.0952 Da; consequently, the
calculated molecular mass difference between the cross-link
and the unmodified peptide is 485.0702 Da matching ["U +
152 Da). Manual interpretation of the spectrum revealed a
shift of the y-series starting with y, by 387.0858, correspond-
ing to [(*3U-H;PO,) +152 Da]. The presence of several impor-
tant signals in the lower m/z region such as m/z 269.0441,
388.0860, and 468.0548 can be attributed to uridine adducts
[0’ +152 Da], [("®U-H;PO,) +152 Dal], and [(*3U-H,0) +152
Da], respectively, confirming that uracil is cross-linked to cys-
teine through the unusual mass adduct.

Evaluation of DTT as the Origin of the Unusual Mass Ad-
ducts—According to our second hypothesis, the unexpected
mass increment might be caused by the addition or insertion
of a small organic molecule, possibly dithiothreitol, which has
an elemental composition matching the calculated exact
mass difference of 151.9966 Da between regular and modi-
fied cross-links. To evaluate this hypothesis we again chose a
simple system producing cross-links upon UV irradiation. We
selected an SmB/B’ peptide gMLQHIDYRMRCILQDGR,5
from human spliceosomal U small nuclear ribonucleoprotein
particles (snRNPs). Sm proteins consist of a highly conserved
set of seven proteins (SmB/B’, D1, D2, D3, E, F, and G), which
are common to all U snRNPs (U1, U2, U4, U5) and assemble
as a seven-membered ring around a single stranded U-rich
sequence called the Sm site. The selected peptide sequence
was observed to cross-link with the Sm site within endoge-
nous U snRNAs during the investigation of protein-RNA in-
teractions in spliceosomal U1 small ribonucleoprotein parti-
cles (Fig. 2E, PDB ID: 4PJO, (50, 51)). Close inspection of
peptide-RNA (oligo)nucleotide cross-links obtained in these
studies of endogenous RNPs already showed that a cysteine
within the C-terminal half of the peptide (;,CILQDGR,;) spe-
cifically cross-linked to uracil, again with a mass increment of
152 Da (Fig. 2A). We also identified peptide-RNA (oligo)nu-
cleotide cross-links derived from the N-terminal half of the
peptide ;MLQHIDYR,, but without the 152 Da adduct (Fig.
2B), even in the presence of DTT (for data, see XL_peptide_
Ex2_withDTT). Here, Tyr15 was found as the cross-linked
amino acid (Fig. 2B). This result is consistent with previous
observations that this mass increment is usually associated
with cysteine containing peptide sequences, and strongly
points toward a UV-induced cross-linking reaction that in-
cludes DTT.

We performed in vitro UV cross-linking with this particular
peptide with an Sm site RNA oligonucleotide AAUUUGUGG
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Fic. 1. Sequence analysis of peptide-RNA (oligo)nucleotide cross-links derived from human spliceosomal complex U4 specific 15.5K
protein cross-linked to U4 snRNA. A, MS/MS spectrum of m/z 874.3856%* annotated as LLDLVQQSCNYK (positions 22-33) cross-linked to
nucleotide U. The peptide fragment signals shifted by (U-H;PO,) or (226 Da) are indicated by #. B, MS/MS spectrum of m/z 663.92343"
annotated as LLDLVQQSCNYK (positions 22-33) cross-linked to nucleotide U with the additional mass of 152 Da. The peptide fragment signals
shifted by [(U-HzPO,)+152 Da] or (378 Da) are indicated by #. C, MS/MS spectrum of m/z 954.8976°" annotated as LLDLVQQSCNYK
(positions 22-33) cross-linked to nucleotide '3U with the additional mass of 152 Da. Fragment ions shifted by an additional mass of 387.0858
Da are indicated by #. Signals corresponding to uracil fragments with the 152 Da increment are annotated as U’, (y,»-Y,4) and (y,o-w,). All
signals corresponding to RNA and peptide-RNA adducts are highlighted by bold letter. RNA oligonucleotide fragmentation nomenclature is
according to McLuckey et al. (61). A proposed schematic illustration of the peptide-RNA cross-link along with cross-link product of +152 Da
is shown on the right. Cysteine as the cross-linked amino acid identified by shift in the y ion series (starting from the y, ion), is highlighted by
bold letter in the peptide sequence. y-type fragmentation of RNA is referred to as U’, wyq_ Y+, ¥,». Positions of '*C on UTP are marked by orange
circles in lower panel.

Molecular & Cellular Proteomics 14.12 3201



ASBMB

—~
o~
o~

o~

MOLECULAR & CELLULAR PROTEOMICS

MCP

DTT Mediates Protein—-RNA Cross-linking Upon UV Irradiation

b3
CI[Ljo D|(__:,R S
ps”

7 ONH y7# yB* y5¢ ya# y3it y2# y1 "
A " HN /ko Yr2 c[) B \ HN /go Vr2 ‘|>
" B2(A) U’ 5 oq» ‘:o v o 0}!’:0
o 3
A AN ) OH (l)H
1007 | 136.06 N N = 100 b2 yo# P\ 44
e P S LY o & 2451318 644.2086 5%
232.14 PR o\rF:o ; | b6 HoY-p—0
= ‘b3 | > a2 i 738.3621 .4 |
£ / on 5 | 21743711 b3 : yS on
S i [530.18 [ = ;i 3731899 i 1009.3786
£ Ll 5 oo £ |t e I R
95031 1 : PH(Yrgwpq)*152] "0 0 50 RN 1759.2346  $1120.4111
= : 588.31 1182.48 oH = Ve [ ”
K ' \ 1 o IMH ' ' i y4 i 1 y6
° P ! : o |0 'l 872.3201 | 1137.4319
' p+(U+152) | PHYr2Yp1)*+152] R : 0 4
P : 1068.43 | , 126245 l |E125¥)75173
Laml lu- Il.-l- [ il I il{l L 2 I.II l i .I‘
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200
m/z m/z
o2t b2 DD s’:: gg: b3* b4 b5* b6
C|I|LIQDIGIR
_\Iy—zly—:g% 0 BIW) CILIODGR oBtW
C [152] - D ¥6 y5 y4 y3 y2 y1 -
H
S, v o . i K, o
i o Ojrrfzo 2 wsias o Ojrplzc
y 3
545.1571 o 4 495 .
100 U+152 p5#2+ & Nt " 100,232.1406 . 2# Nt
2650326 516.6461" y HO T “wpy ‘\ N1 5231256 HO "o wrp
) : ya DT 1588.3104 v b1# ¢ y5 AN e
> 232y1404 © 4752263, ! | bi# ”°A[j’=° " > at* 4100459 | | | 588.3107 Ho-}-p=o0
[ TN lyepyeq)+1520y G [,562.0433 o 2 se20472 ¢ if: [ bo o
g : R 4 b2# 3 y3 i | 6362117
g i 459.0209, | i, £ v . ! : b6+(y,0-Wpq)
<5 vi Y- TN 675.1227 £ | 175.102347.1678 5 ; Yz
2 R T ATT S B ‘o ye 2 : 5 1 Y6 NS st
B I H ! 701.3985 g . : 701.3974 879.3069
e o b PO pat = ' : ba+{ypxp)| |
I | 788.2088 | I : .7'92.3144 5
1 Lol aad I. L akd
200 400 600 800 200 400 600 800
m/z m/z

Fic. 2. Sequence analysis of peptide-RNA (oligo)nucleotide cross-links derived from human spliceosomal complex U1 SnRNP
specific SmB/B" peptide. A, MS/MS spectrum of m/z 805.2468%" showing the peptide CILQDGR (positions 19-25) cross-linked to AU with
an additional mass of 152 Da in the presence of DTT. Spectrum obtained from LTQ-Orbitrap XL (HCD fragmentation). All signals corresponding
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following our standard protocol, both without and with the
addition of DTT (for data, see XL_peptide_Ex2_withoutDTT,
XL_peptide_Ex2_withDTT). Peptide-RNA (oligo)nucleotide
cross-links were observed corresponding to both peptide
sequences MLQHIDYR and CILQDGR obtained by tryptic
cleavage. Interestingly almost all cross-links derived from the
tryptic peptide CILQDGR, but not those of from peptide
MLQHIDYR, were observed both with and without the mass
increment of 152 Da in the presence of DTT (supplemental
Table S1). Without the addition of DTT, none of the side
products were observed.

Fig. 2C and 2D shows the MS/MS spectra of two peptide-
RNA oligonucleotide cross-links obtained from the peptide
CILQDGR in the presence and absence of DTT (for data, see
XL_peptide_ Ex2_withDTT, XL_peptide_ Ex2_withoutDTT), re-
spectively. The calculated molecular weight difference be-
tween the cross-link (1279.4284 Da) and the corresponding
peptide (803.3960 Da) is 476.0288 Da. This difference
matches to a U nucleotide plus a mass increment of 151.9965
Da. An analysis of the product ion spectrum reveals a com-
plete y ion series. In addition the spectrum contains a and b
ion series shifted by a fragment of uracil plus the mass incre-
ment of 152 Da including an ion nominally corresponding to
b,*, identifying the cysteine residue as the site of crosslinking
(Fig. 2C). If a peptide’s N-terminus is not modified by e.g.
acetyl, then b, ions are usually not observed under CID con-
ditions as they cannot be stabilized via an oxazolone structure
as is the case for higher order b ions (52). We postulate,
however, that the large nucleotide moiety stabilizes the
charge sufficiently. In the absence of DTT we found a cross-
link of 1127.4318 Da corresponding to cross-linked U nucle-
otide (324.0359 Da) without the mass increment of 152 Da
(Fig. 2D).

For further confirmation the UV cross-linking experiment
was performed in the presence of perdeuterated DTT (d4,-
DTT). Of the ten deuterium atoms in d,,-DTT, two belong to
the thiol functions and two more to the weakly acidic hydroxyl
functions, which are prone to hydrogen exchange in aqueous
media. We would therefore expect a mass increment of
158.0342 Da if deuterium labeled DTT was incorporated in
cross-links because of the remaining 6 C_-deuteriums.

Fig. 3A shows the MS/MS spectrum of a cross-linked pep-

CILQDGR in the presence of DTT (for data, see XL_peptide_
Ex2_withDTT). The calculated molecular weight difference be-
tween the cross-link (1937.5335 Da) and the corresponding
peptide (803.3960 Da) is 1134.1375 Da. This difference
matches the trinucleotide AAU (982.1410 Da) plus a mass
increment of 151.9965 Da. An analysis of the fragment spec-
trum reveals a complete y ion series up to yg, again pointing
to the cysteine residue as the site of cross-linking. In addition
the spectrum contains a number of fragments in the upper
m/z region that can be assigned to successive fragmentation
of the RNA moiety of the cross-link.

Interestingly the mass increment of 152 Da is present in all
RNA-derived fragments down to the smallest units, suggest-
ing that the structure causing the fragment is either close to,
or actually part of the site of cross-linking. In the low m/z
region the spectrum exhibits marker ions for the adenine
nucleobase at m/z 136.0620 and the corresponding nucleo-
tide at m/z 330.0600, respectively (Fig. 3A), corroborating that
the cross-link is formed via the uracil nucleobase rather than
one of the adenine bases. Uracil itself does not generate
strong marker ions but ion series in the high m/z region
confirmed that uracil is linked to cysteine either directly or via
the 152 Da adduct. Moreover we observed a fragment ion at
m/z 265.0314 because of the mass of the uracil base shifted
by 151.9963 Da (Fig. 3A).

Fig. 3B shows the MS/MS spectrum of the peptide-RNA
(oligo)nucleotide cross-link derived from the peptide se-
quence CILQDGR with the d,,-DTT-AAU nucleotides (for
data, see XL_peptide_Ex2_dDTT). Comparison of the spec-
trum with that of the nonheavy isotope-labeled species in
panel A clearly shows that all fragments incorporating the
oligonucleotide moiety are similarly shifted upward by 6 Da
owing to the six deuterium atoms in DTT, whereas y-type
fragments assigned to the peptide sequence do not exhibit
this shift. The results obtained on this model system strongly
support the hypothesis that DTT is indeed the origin of the 152
Da mass increment.

Importantly, we observed fragments at m/z 1008.3978 and
1014.4338 (Fig. 3A and 3B, respectively) corresponding to a 6
Da mass difference in these product ion spectra, the latter
contains deuterated DTT (+6 Da). We assigned these values
to the mass of the peptide (803.3960 Da) plus the DTT adduct

tide-RNA (oligo)nucleotide obtained from the peptide (151.9965 Da and 158.0342 Da, respectively) plus C,0

to peptide-RNA adducts are highlighted by bold letter. B, MS/MS spectrum of m/z 691.2858%* shows the peptide MLQHIDYR (positions 9-16)
cross-linked to U-H,O in the presence of DTT. A shifting of y ions by 306 Da corresponding to (y,.-Y,4) is indicated by #. Tyrosine as the
cross-linked amino acid, identified by a shift in y ion series from y, to y-, is highlighted by bold letter. C, MS/MS spectrum of m/z 640.72022*
in the presence of DTT shows the peptide cross-linked to U with an additional mass of 152 Da. Shifting of a and b fragment ions of the peptide
by different RNA fragments identified cysteine as cross-linked amino acid. D, MS/MS spectrum of m/z 564.72522" shows the peptide
cross-linked to U in the absence of DTT. In all spectra signal correspond to RNA and RNA fragments and shifting of the peptide signals by
different RNA fragments masses are annotated and highlighted as bold letter. Proposed schematic illustration structures for peptide-RNA
cross-links along with and without cross-link product of 152 Da mass are shown on the right side of each corresponding spectrum.
Fragmentation of RNA refers as y,, X4, W,y and y,, by McLuckey et al. (61). E, Mapping of MLQHIDYRMRCILQDGR peptide (positions 9-25)
on the crystal structure of Sm ring of U1 SnRNP (PDB ID: 4PJO, (62)). In SmB/B’ protein (both front and side view), the peptide is highlighted
in pink color whereas the cross-linked cysteine is highlighted in cyan color as a sphere.
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Fic. 3. Sequence analysis of peptide-RNA (oligo)nucleotide cross-links derived from human spliceosomal complex U1 SnRNP
specific SmB/B’ peptide CILQDGR (positions 19-25). A, MS/MS spectrum of m/z 646.8510°" in the presence of DTT shows the peptide
cross-linked to the trinucleotide AAU with an additional mass of 152 Da. The fragment nominally corresponding to the [M+H]*" of the
unmodified peptide is annotated as p*. All signals corresponding to RNA and RNA fragments and shifting of peptide signal fragment signals
by different RNA fragments via 152 Da mass are annotated and highlighted by bold letters according to the nomenclature by McLuckey et al.
(61). Marker ions of the adenine base and nucleotide with loss of water are annotated as A’ and [y,4-(y,.,)] respectively. Similarly, uracil base
and uracil nucleotide with the loss of water are annotated as U’ and (y,»-Y,;) respectively. Shifting in signal of uracil nucleobase (U’) with
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Fic. 4. Proposed scheme for the
cross-linking reaction of uridine/ura-
cil to cysteine/DTT. Panel (A) shows UV
induced peptide-DTT-uridine cross-link
formation. Panel (B) shows CID fragmen-
tation of cross-linked uracil according to
Nelson and McCloskey (53). Sequential
loss of HNCO and NH; from uracil result
in formation of C3H,O™ covalently linked
to DTT-peptide. Abbreviations used in
the figure are “P” for peptide and “R” for
ribose.

A
OH
Peptide_s_s/v\/SH
OH

B

OH |

[M+H]* = 1068.4235

(51.9928 Da). We conclude that C;0 must have derived from
internal fragmentation of uracil as indicated in Fig. 4. Accord-
ing to Nelson and McCloskey (53) protonated uracil follows
different fragmentation pathways under CID conditions. A
neutral loss of HNCO leads to C;H,NO™ (70 Da) and further
neutral loss of NH; to C;HO™ with a nominal mass of 53 Da,
which consists of the C4, C5, and C6 atoms from uracil. We
note that the actual structure of this particular charged prod-
uct ion is different as the cross-link to the DTT-peptide has to
be considered. Therefore we postulate a structure of C;H,O*
covalently linked to the DTT-peptide as depicted in Fig. 4. If
we assume a reduction of the double bond between positions
5 and 6 and the DTT-peptide moiety attached to the C5-atom,
then a structure of C;H,O" attached to the nonprotonated
DTT-peptide appears highly plausible (Fig. 4). The exact
masses of the product ions in Fig. 3A and 3B, with m/z
1008.3978 and 1014.4338, respectively, fit within less than 5
ppm to the predicted structure of the DTT-peptide to uracil
and thus strongly support this structure. Note that similar
product ions with the same mass increment of 52 Da were
observed upon CID fragmentation of other UV-induced pep-
tide-RNA (oligo)nucleotide cross-links containing the cross-
linked amino acids glycine, lysine, proline, tyrosine, and valine
(U.Z., H.U., unpublished observations) in the absence of DTT
(i.e. mass increment of 151.9966 Da), which clearly shows that
the product ion mass increment of 52 Da must have been
derived from uracil.

DTT-driven Protein-RNA Cross-linking in Intact RNP Com-
plexes—To complement our in vitro experiments on low com-
plexity model systems, we decided to investigate a more
complex system to see if additional information could be
gained from a more statistical approach evaluating a larger
number of peptide-RNA (oligo)nucleotide cross-links. For this
purpose a UV cross-linking experiment was performed on a
large protein-RNA complex (RNP) from S. cerevisiae obtained

Peptide —g— S/Y\/S 2; Peptide —g— S/Y\/S

+

I
+
(o]

_Z> Peptide —s— S/WS ﬁ
H H H \H
[M+H]* = 1008.3931

by using fused TAP-Cbp20 tag. Because yeast Cbp20 to-
gether with Cbp80 binds to capped mRNA, the purified RNP
represents a mixture of proteins that have direct or indirect
interactions with mRNA. We have recently successfully com-
bined this purification strategy with UV-induced cross-linking
and several peptides cross-linked to RNA (22). Of note, in this
preparation we used 2 mm DTT in the final buffer used for the
purification of the yeast mRNPs, and most of the cysteine
containing peptides that were found cross-linked showed the
mass increment of 152 Da.

To study the role of DTT in cross-link formation in such a
large-scale preparation, we performed TAP-tag purification of
the yeast mRNPs according to Kramer et al. (22). The final
step of MRNP purification was performed in buffer containing
either DTT or TCEP in two parallel experiments (for data, see
XL_yeast_Ex3_DTT, XL_yeast Ex3_TCEP). After UV irradia-
tion of the purified RNPs, proteins were hydrolyzed by trypsin
under denaturing conditions and cross-linked peptide-RNA
heteroconjugates separated from noncross-linked peptides
by size exclusion chromatography. RNA was hydrolyzed to
short fragments using RNases A/T1 and benzonase. After
desalting by reverse phase chromatography, samples A and B
were analyzed by nLC-ESI-MS/MS and data was analyzed
using the RNP* software pipeline (22). Product ion spectra
assigned to cross-links were manually evaluated.

In total we identified 99 peptide-RNA (oligo)nucleotide cross-
links containing 59 unique cross-linked peptide sequences (with
various combination of cross-linked RNA nucleotides) derived
from 43 different proteins (supplemental Table S2 and Table II).
From these 59 unique cross-linked peptides, 26 were exclu-
sively found in the preparation with DTT and 10 exclusively with
TCEP, respectively. 17 cross-linked peptides were found in
both preparations. The majority of peptide-RNA (oligo)nu-
cleotide cross-links derived from the DTT experiment (24
out of 43) exhibit a mass increment of 152. Importantly,

152 Dais also depicted. B, MS/MS spectrum of m/z 972.7957%* in the presence of d,o-DTT shows the peptide cross-linked to the trinucleotide
AAU with the additional mass of 158 Da. Signals in the high m/z range correspond to shifting of mass of peptide shifted peptide fragment
masses by different RNA fragments along with 158 Da mass, and are annotated as in spectrum A. The difference of 6 Da is clearly observed
between the two spectra in the high m/z region. C, Proposed structure for peptide-DTT-uracil cross-link formation. Upon UV irradiation at 254
nm, DTT can form covalent bonds with uracil and the thiol group of cysteine.
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TABLE Il
List of peptide-RNA cross-links purified from S. cerevisiae. Protein IDs are shown by UniProt accession. Proteins identified in the previous study
of Kramer et al. (22) are marked by * sign. Abbreviations used in the table are, TCEP: Tris(carboxyethyl) phosphine-hydrochloride, DTT:
dithiothreitol. “-” is denoted for cross-links not identified in the corresponding experiment. “0” is denoted for the nucleotide minus water and
“-p” for the loss of metaphosphoric acid (HPO,). “152” is denoted for mass of DTT adduct. Where possible, identified cross-linked amino acids
are highlighted as bold letter within the cross-linked peptide sequences. Green color indicate cross-links identified only in the presence of DTT,
red color indicates cross-links identified only in the presence of TCEP and yellow color shows cross-links common in both experiments. Further
details of cross-links are given in supplementary Table S2

Cross-linked RNA

Protein ID Protein Cross-linked Peptide Sequence
TCEP DTT
POCX43/POCX44*  60S ribosomal protein L1-A/B 7°SCGVDAMSVDDLKK®? U°+152
POCX45/P0CX46* 60S ribosomal protein L2-A/B 201GVAMNPVYDHPHGGGNHQHIGK?2" AAGU° AAGU°
P14126 60S ribosomal protein L3 326GCIPGNR332 - U°+152
P10664* 608S ribosomal protein L4-A S4TTGTKPAAVFTETLK3C AU, AAAUP AAAUP
P49626* 60S ribosomal protein L4-B S4TTGTKPAAVFAETLK3eC AU°, AAAUP -
P10664/P49626* 60S ribosomal protein L4-A/-B 853GQGAFGNMCR®® - U%+152
P26321* 60S ribosomal protein L5 °SSAYSSRFQTPFR?" AGU™® -
16FQTPFR?! - AGUP
197SYIFGGHVSQYMEELADDDEER?'® uo, u ue
Q02326/P05739* 60S ribosomal protein L6-A/B 32ASLVPGTVLILLAGRFR?8 GU™®, GU°, U° GUP, GU°, u°
P05739* 60S ribosomal protein L6-B SWYPSEDVAAPK'® AU° -
P05739* 60S ribosomal protein L6-B STHLEDNTLLVTGPFK™® ue ue
P29453* 60S ribosomal protein L8-B 184YGLNHVVSLIENK46 uu°, gu° GU°
P05748* 60S ribosomal protein L15-A 148YNWICDPVHK'5? - U°+152
P26785* 60S ribosomal protein L16-B STAEALNISGEFFR?*8 ACU -
37TAEALNISGEFFRNK®° ACU, ACUP, AU® ACU, ACUP
POCX49/ POCX50*  60S ribosomal protein L18-A/-B STALFLSK®® AU° AU°
POCX82/ POCX83*  60S ribosomal protein L19-A/-B 115 DK(Carbamyl)HLYHVLYK2® ACUU ACUU
POC2H8/POC2H9* 60S ribosomal protein L31-A/-B 20 HGVSFK?2® uu, UU°, uuu Uy, UU°, UuuU
P87262/P40525 608S ribosomal protein L34-A/-B 92AFLIEEQK®® ue -—
POCX84/POCX85* 60S ribosomal protein L35-A/-B S0S]ACVLTVINEQQR®® ue U, U°+152
P49166/P51402 60S ribosomal protein L37-A/-B 15SHTLCNR?! - U°+152
POCHO08 608S ribosomal protein L40A TSCGHTNQLRPK'24 | 98KCYAR™02 - U°+152, U+152
POCX27/P0OCX28* 60S ribosomal protein L42-A/-B 88CKHFELGGEK®” - ue
P33442/P23248"  40S ribosomal protein S1-A/-B T16KWQTLIEANVTVK'28 AUP, U° ue
P25443 408 ribosomal protein S2 162CGSVTVR'68 - U°+152
P26783* 408 ribosomal protein S5 189T|IAETLAEELINAAK?Z03 GUP, GU°% U°, U  GUP, GU°, Uu°
85AQCPIIER®? - U°+152
POCX37/P0OCX38 40S ribosomal protein S6-A/B 80NVSCYRPR®” ue U°+152
168TYTKAPK'74 - AU°
013516/P05755 40S ribosomal protein S9-A/B 92KLDYVLALK'®® uo, u -
POCX47/POCX48  40S ribosomal protein S11-A/B 16QPHIFNNPK2* ue ue
POCX51/POCX52* 40S ribosomal protein S16-A/-B S9VTGGGHVSQVYAIR®? ue -
P02407/P14127* 408 ribosomal protein S17-A/-B 34LCDEIATIQSK?** - U°+152
SOIAGYTTHLMK®® ue -
POCX31/POCX32*  40S ribosomal protein S24-A/-B 44 AEVYKAEK®2 ue -
T1SDKKIFGTGK'2® - (6]V]
P41057* 408 ribosomal protein S29-A 23\/CSSHTGLIR®? - U°+152
P41058* 408 ribosomal protein S29-B 23YCSSHTGLVR®? - U+152, U°+152
P38845* Cruciform DNA-recognizing protein ~ '°IPEAGGLLCGKPPR''® AU° U%+152
P04147* Polyadenylate-binding protein 319YQGVNLFVK327 - ue
P02994* Elongation factor 1-alpha 320RGNVCGDAK?S28 | - U°+152
402FyPSKPMCVEAFSEYPPLGR*?!
P41920 Ran-specific protein 1 134CANHIIAPEYTLKPNVGSDR54 - U°+152
P10080* SS-Nucleic acid binding protein 184SKDTLYINNVPFK98, 186DTLYINNVPFK'96 ue ue
Q01560* Nucleolar protein 3 156]LNGFAFVEFEEAESAAK'73, u, u° -
222ENSLETTFSSVNTR23®
P00549* Pyruvate kinase 1 S7TONCTPKPTSTTETVAASAVAAVFEQKS394, - U+152, U°+152
“14YRPNCPIILVTR#2%
P38013* Peroxiredoxin type-2 T4FASDPGCAFTK24 - U+152, U°+152
P41277 Glycerol phosphohydrolase 219GCDIIVK?®, °*LCNALNALPK18 - U°+152
P38720 Phosphogluconate dehydrogenase  3°3GGCIIR®5® - U%+152
P00924* Enolase 1 244|GLDCASSEFFK?255 - U+152
P38999 Saccharopine dehydrogenase 333GNALDTLCAR342 - U%+152
P0O0817* Inorganic pyrophosphatase 83NCFPHHGYIHNYGAFPQTWEDPNVSHPETK''2 - U°+152
Q07163 Transposon TyH3 polyprotein 308yACQLIMR3'S - U°+152

peptide-RNA (oligo)nucleotide cross-links containing the 152
Da mass increment were exclusively found in the presence of
DTT in the buffer solutions and all these cross-linked peptides
revealed a cysteine as cross-linked amino acid. In three cross-

linked peptide RNA (oligo)nucleotides (60S ribosomal protein
L35A/B, 40S ribosomal protein S6 A/B, Cruciform DNA recog-
nizing-protein) the cysteine was found to be cross-linked to
RNA with and without the 152 mass increment.
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Fic. 5. Comparison of MS/MS fragment spectra of a peptide derived from S. cerevisiae mRNPs in two cross-linking experiments. A,

MS/MS spectrum of m/z 650.7609%" shows the peptide NVSCYRPR

(positions 80-87) cross-linked to U-H,O without the additional mass of

152 Da observed in the presence of TCEP. Shifts of the y5 and yq ions by 306 Da corresponding to (y,»-y,;) are indicated by #. B, MS/MS
spectrum of m/z 726.7605%" shows peptide cross-linked to U-H,O with the increment of 152 Da, obtained in the presence of DTT. Signals
corresponding to shifts of the y; and yq ions by 458 Da [(y,.-y,4) + 152 Da] are highlighted by bold letters and indicated by # according to the
nomenclature by McLuckey et al. (61). Proposed schematic structures for peptide-RNA (oligo)nucleotide cross-links with and without the 152
Da increment are also shown. Cysteine is identified as the cross-linked amino acid by the shifting of the y, ion, highlighted as bold letter in the
sequence. C, Crystal structure of S6-40S ribosomal protein in complex with 18S rRNA (PDB ID: 3J78, (54)). The cross-linked peptide
NVSCYRPR (positions 80-87) is mapped on the crystal structure of S6-40S ribosomal protein. Cross-linked cysteine (position 83) and
uracil161 (18S-rRNA), which are in close spatial proximity, are shown as cyan and blue spheres within the structure, respectively.

Fig. 5 shows two MS/MS examples for peptide-RNA
(oligo)nucleotide cross-links with and without the DTT incre-
ment, both derived from goNVSCYRPRg, of S6-40S ribo-
somal protein. The (U-H,O) cross-linked RNA moiety was
identified both in the DTT and TCEP preparations (for data,

see XL_yeast_Ex3_DTT, XL_yeast_Ex3_TCEP). Subtraction of
the peptide molecular weight (993.4814 Da) from the calcu-
lated molecular weight of the cross-link (1299.5067 Da) cor-
responds to an RNA moiety of 306.0253 Da (U-H,0). In the
corresponding DTT preparation we identify the cross-link with

Molecular & Cellular Proteomics 14.12
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the 152 Da mass increment, with a calculated molecular
weight of 1451.5033 Da and an RNA moiety increment of
458.0219 Da [(U-H,0)+152 Da], respectively (Fig. 5B). In both
cases the fragment spectra are highly similar with almost
complete y-ion series. Shifting of the y5 and y4 ions by 306 Da
and 458 Da, respectively, identified Cys83 as the cross-linked
amino acid, which lies within the flexible region of protein.
Mapping of the cross-linked peptide to the crystal structure of
S6-40S ribosomal protein (PDB ID: 3J78, (54)) also reveals
the presence of U161 of 18S rRNA in close spatial proximity
to Cys83 (Fig. 5C).

For the other peptide-RNA (oligo)nucleotide cross-links it
was not always possible to determine the position of the
cross-linked amino acid on the peptide sequence accurately
owing to the labile nature of the cross-links under CID-MS/MS
conditions (22).

From 43 identified cross-linked proteins, 32 have been
identified in the study of Kramer et al. (22) as well. The majority
of the cross-linked proteins derived from ribosomal subunits,
14 are nonribosomal proteins. Among these are cross-linked
peptides derived from proteins with a described RNA-binding
motif: nucleolar protein 3, polyadenylate-binding protein, sin-
gle-stranded nucleic acid-binding protein, and Transposon
TyH3 polyprotein with cross-linked peptides located in the
RNA-binding motif. Further cross-links derived from a nonri-
bosomal protein that does not contain a “classical” RNA
binding domain (RBD), i.e. elongation factor 1-alpha and met-
abolic enzymes including glycerol phosphate phosphohydro-
lase, phosphogluconate dehydrogenase, pyruvate kinase 1,
peroxiredoxin type-2, enolase 1, saccharopine dehydrogen-
ase, and inorganic prophosphatase. Indeed, cross-linking of
metabolic enzymes to RNA has been previously described
(16, 17, 22) and the sites we have identified here in enolase 1,
pyruvate kinase 1, and inorganic pyrophosphatase were also
previously identified by Kramer et al. (22).

DISCUSSION

We have shown that DTT specifically cross-links cysteine
residues within RNA-binding proteins to the uridine nucleo-
base, and that this reaction requires activation by UV irradia-
tion. DTT acts in a surprisingly efficient manner when com-
pared with “pure” UV-light based photo-cross-linking and
thus can be actively used as a protein—-RNA cross-linking
enhancer in UV light induced cross-linking. This is an entirely
novel finding and expands the use of DTT, which is used
mainly in the isolation and purification of biochemical prepa-
rations or assays. As a strong reducing agent, DTT usually
reacts to form a stable six-membered ring with an internal
disulfide bond (55). In its reduced state it promotes protein
denaturation by disruption of S-S bonds and prevents protein
aggregation by preventing or reversing oxidation of cysteine
side chains.

We observed that UV-induced cross-links are purely addi-
tive in nature, including cysteine cross-links to uracil both

without and with DTT. This suggests that the double bond of
uracil between positions 5 and 6 is reduced when the free
sulfhydryl group (of DTT or cysteine) reacts under UV light
with uracil. This finding is in line with earlier and recent de-
tailed investigations of the UV-induced reaction of amino ac-
ids within proteins to RNA (22). In previous studies it has been
suggested that sulfhydryl groups are photoreactive toward
uracil and add preferentially at the 5 position of uracil in its
triplet excited state (56, 57). This is further corroborated by the
observation that UV irradiation of 5-bromouracil in the pres-
ence of cysteine or glutathione results in the formation of
5-S-cysteinyl uracil or 5-S-glutathione uracil, respectively (58,
59). Addition of DTT at position 6 of uracil is not favored (60).

We therefore have postulated a plausible reaction scheme
outlined in Fig. 4 to explain the cross-linking reaction of uri-
dine/uracil to cysteine/DTT. However, our mass spectrometric
results do not allow for any conclusions as to how the reaction
exactly occurs mechanistically.

In earlier and recent studies we found that the UV-induced
protein—-RNA cross-linking reaction is not specific to a certain
amino acid, as all amino acids except for aspartic acid and
glutamic acid have been found to be cross-linkable by UV
light to bases of nucleotides ((22), U.Z. and H.U., unpublished
results). However, no precise conclusion can be drawn about
the cross-linking yield in these studies, owing to a lack of
appropriate standards for quantification. Interestingly, when
compared with pure UV-induced zero-length cross-links, the
UV-induced DTT cross-linking reaction seems to be surpris-
ingly efficient for identification of cross-linked peptides con-
taining cysteine residues. When we compared the identified
cross-linked peptide-RNA oligonucleotides derived from the
purified yeast pre-mRNA complexes in the presence of DTT or
TCEP, we found that 21 peptide-RNA (oligo)nucleotide cross-
links contained cysteine residues with DTT, demonstrating
that DTT enhances efficiently the cross-linking of peptides
containing cysteine residues to RNA. Even in previous studies
where DTT was only present in cell lysis and/or RNP purifica-
tion buffers, we found a relatively large proportion (19 out of
24) of cross-linked peptides containing cysteine residues that
also contained DTT (22).

The DTT-driven cysteine photo-cross-linking of proteins to
nucleotides is specific, although the presence of the DTT
increment suggests a “spacer-distance” of ca. 10 A between
the C-a atom of cysteine and C-5 atom of uracil. Because we
show here that cross-linking to nucleobases occurs at the
same cysteine with and without DTT adduct in ribosomal
proteins (see Table Il and Fig. 5) it identifies those cysteine
residues that are in close proximity to the RNA. Moreover, in
a recent study of the crystal structure of the RNase H domain
(without its cognate RNA) of the spliceosomal protein Prp8,
two peptides derived from Prp8 were found to be cross-linked
to U4 snRNA (46). The apparent cross-linked amino acids
Tyr1858 (peptide 1) and Cys1878 (peptide 2) are both found at
the base of the same B-hairpin loop. The peptide-RNA (oligo)
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nucleotide cross-links including Cys1878 showed the DTT
mass increment.

In summary, we introduce here DTT as a potent protein-
RNA cross-linker that makes it possible to link cysteine resi-
dues in RNA-binding regions to RNA, and is superior over
pure UV light cross-linking of cysteine residues. The DTT-
mediated protein-RNA cross-linking reveals RNA-binding
proteins with their regions that have not been brought to
attention in the context of RNA-binding before. Its suitability
for similar approaches, e.g. in protein-DNA cross-linking,
however, still needs to be evaluated. In addition, a detailed
understanding of the reaction mechanism might help over-
come the limited reaction yield achieved by allowing for fur-
ther optimization of the cross-linking conditions.
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