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ABSTRACT

We describe a novel strategy combining photocross-
linking and HPLC-based electrospray ionization mass
spectrometry to identify UV crosslinked DNA—protein
complexes. EcoRI DNA methyltransferase modifies the
second adenine within the recognition sequence
GAATTC. Substitution of 5-iodouracil for the thymine
adjacent to the target base (GAATTC) does not
detectably alter the DNA—protein complex. Irradiation of
the 5-iodouracil-substituted DNA—protein complex at
various wavelengths was optimized, with a crosslinking
yield >60% at 313 nm after 1 min. No protein degradation
was observed under these conditions. The crosslinked
DNA—protein complex was further analyzed by
electrospray ionization mass spectrometry. The total
mass is consistent with irradiation-dependent covalent
bond formation between one strand of DNA and the
protein. These preliminary results support the possibility

of identifying picomole quantities of crosslinked
peptides by similar strategies.

INTRODUCTION

Previous applications of photoactivatable analogs have relied
on incorporating 5-bromodeoxyuracil (5-BrU) into DNA or
4-thiouridine into RNA; typical crosslinking yields are often
<10% @-5). An improvement on 5-BrU was made with
5-iododeoxyuracil (5-1dU)&), because it is efficiently excited at
313 nm {) with minimal overlap with DNA or protein
absorbances. Thus 5-IdU is an excellent photoactivatable
replacement for thymine that results in significantly lower levels
of photoinduced protein degradation. Also, the van der Waals
radius of iodine (2.15 A) is only 8% larger than a methyl group.
Replacement of thymine with 5-IdU leaves several DNA—protein
complexes unaffected),

The well-studiedEcdRI restriction/modification system pro-
vides an excellent opportunity to develop improved crosslinking
strategies. The dimeriecdRl endonuclease (RcaRl, mol. wt
31059 Da) cleaves the recognition site G/AATTC and the
monomeric methyltransferase @taoRl, mol. wt 37 913 Da)
transfers a methyl group frorS-adenosylmethionine to the
second adenine to forhf-methyladenines). The X-ray crystal
structures of a DNA dodecamer containindzaoRI site and the
DNA-R.Ecarl complex have been well studie&-{1). Ourin
vitro study revealed that FAcaRl is an extremely efficient type
Il enzyme with a specificity constark:4/KmPNA) for plasmid
DNA of over 18 sIM~1(12). M.EcdRl is a bilobal enzymel ()
that has a catalytic domain containing the active site and

Sequence-specific DNA—protein complexes reveal proteiAdoMet-binding regions, and a DNA-recognition region. Unlike
interactions with bases as well as the phosphodiester backbotie Hhal cytosine @ DNA methyltransferase that causes®a 2
These interactions contribute to the overall binding energy arlgend upon binding its recognition site, MdcRI is capable of
provide the basis for the enormous sequence discrimination shotvanding DNA td 52° (14). We also demonstrated that the target
by these proteins. Protein—DNA interactions also contribute to tlalenine base is stabilized in an extrahelical conformation prior to
catalytic mechanisms of enzymes such as endonucleases, methybdification (L5). Similarly, base flipping has been observed in
transferases and repair enzymes. Ultraviolet (UV) light-inducell.Hhal (16) and suggested for other DNA modification enzymes
photochemical crosslinking of proteins to nucleic acids has be€h7,18). Thus, profound conformational changes can occur
demonstrated for a variety of nucleic acid binding proteins. Theithin the DNA—protein complex during sequence-specific DNA
amino acids proximal to the DNA can be identified througtrecognition and modification. One of our long term goals is to
structural characterization of DNA—protein adducts resulting frondentify key residues which mediate these conformational
photocrosslinking 1-3). However, low crosslinking efficiencies changes.

and application of standard peptide sequencing methods havélectrospray ionization mass spectrometry (ESI/MS) has
necessitated the use of milligram quantities of both nucleic acid apdoven to be an extremely powerful tool for the analysis of many
protein. Furthermore, a finer structural analysis of the resultatdrge biomolecules. Previous studies were restricted primarily to
adducts would be useful in defining the DNA—protein interface andomogeneous macromolecules that can form either positive ions
possibly in the design of improved photoactivatable analogs. (i.e. protein or peptide) or negative ions (i.e. DNA) in solution.
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Under the appropriate mass detection mode these ion spedP€M in methanol) laser (Continuum Co.) at various wavelengths
exhibit relatively high sensitivity. However, heteroconjugatedvas kept at 20 mJ/pulse with a pulse width of 6 ns and the laser beam
species such as peptide—oligonucleotide hybrids pose sped@meter was—5 mm. Covalently crosslinked complexes were
difficulties, since the two components generally possesseparated by SDS—-PAGE and the photocrosslinking yields were
conflicting requirements for ionization. Recently ESI mass analysiguantified by densitometry as described above.

of a synthetic peptide—oligothymidylic acid heteroconjugate was

described 19). Here we extend these studies, using ESI/MS-basgelrrification of crosslinked samples

methods to identify a photocrosslinked DNA—protein complex. . .
fyap P P To determine an accurate mass of the crosslinked complex by

ESI/MS the crosslinked samples were dialyzed against 10 mM
MATERIALS AND METHODS NH4OAc, pH 7.0, at 4C for 12 h to remove salts and glycerol in
Materials the reaction buffer (MWCO 14 000-16 000; Spectrum Co.).

All phosphoramidites and DNA synthesis reagents were obtain
from Milligen/Biosearch except 5-ldU-CE aN8-MedA-CE which
were purchased from Glen Researgi2P]ATP (6000 Ci/mmol) Al ESI/MS analyses were performed on a VG Platform Il mass
was from Amersham. Sinefungin and 2-mercaptoethanol wespectrometer (Fisons Instrument). The hebulizing gas was
purchased from Sigma. maintained at 100 p.s.i., with a 5.0 I/min flow as drying gas. The
M.EcaRI and REcdRI were purified fronEscherichia colstrain ~ DNA was brought up in a 90:9:1 methane@INH,OH solution
MM294 harboring plasmid pPG44Q@@). The concentration of ata concentration of 5 pmol/ DNA samples were infused utilizing
M.EccRI was determined spectrophotometricat}’fat 280 nm  a Harvard Instruments Syringe Infusion Pump 22 at a flow rate of
= 10.8) 8). Four DNA substrates 14 nt in length were prepared0 pl/min. Experiments were performed in the negative ionization
on a Biosearch 3810 DNA synthesizer usigyanoethyl mode and the ESI source temperature was kept &C120 most
phosphoramidites and purified on a Dynamax C18 reversamses 15 continuum scans were averaged in the ‘MCA mode over
phase PureDNA column (Rainin Instrument Co.). the mass to charge rangev4) 300-1700. The post-dialyzed
crosslinked samples were loaded onto a protein desalting cartridge
Top strand: ddé%%%gggg ) (g_;) (Michrom BioRegources Inc.) and Washedpwith 10% acet?)nitrile ir?
( e ) (CT) H>0. MEcdRI and the crosslinked DNA-HcdRl samples were
Bottom strand:  d(CCGGAATTC CGCC) (CB) eluted with acetonitrile:pD (80:20) at a flow rate of §@/min and
d(CCGQ@GAMTTC CGCC) (CBM) detected in positive ionization mode. The ESI source temperature
was 70C and the data were acquired in the continuum mode at
é4 s/scan across the flow injection peak.

F’E‘fectrospray ionization mass spectrometry

(The MEcdRI recognition site is in bold and underlined; |
5-iodouridine; M,N6-methylated adenine.) Oligonucleotides wer
diluted _'n 10 mM Tris, pH 8.0, 1 mM EDTA and the Concemratlon%\ le 1.Electrospray ionization (ESI) mass spectrometry data
determined by absorbance at 260 nm. Complementary single strands

were annealed and the double-stranded form was confirmed Bmpe Calculated mass Measured mass
autoradiography of 32P-labeled DNA with non-denaturing Da Da

I lamide gel electrophoresi ®) ®)
polyactylamide get €lectropnoresis. CT, d(GGCGBAATTC GCGG) 4345.1 4344.7+ 0.43
Determination of dissociation constants CTl, d(GGCAEAAITC GCGE) 4456.1 44558008

. . B, d(CCGGGAATTC CGCC 4184.1 4183.6 0.54

The double-stranded DNA substrate was radiolabeled using Tﬁ ( )
polynucleotide kinase ang-f2P]JATP. Excess ATP was removed CBM, d(CCGGAMTTC CGCC)  4198.1 4197.40.29
using a Bio-gel P6 column (BioRad) and the reaction cocktailv.EcoRI (325 amino acids) 37913.4 37 91&30.52
diluted with buffer containing 10 mM Tris, pH 8.0, 1.0 MM EDTA 5\ A _m Ecor complex 422415 42 242:921.28

and 100 mM NaCl. The apparent thermodynamic dissociation
constantsKg) for the various DNA substrates were determined CT!-!: d(GGCGSAAUTCGCGG) 43291 4328.2+ 0.53
using a standard gel mobility shift assay as previously described

(21). The binding assay (30) contained 0.1 nM DNA, 100 mM
Tris, pH 8.0, 10 mM EDTA, 20ag/ml BSA, 10 mM DTT, 2uM
sinefungin and various McdRl concentrations (0-5.0 nM). RESULTS AND DISCUSSION

Dissociation constants were determined by fitting data obtained Ipyesign and characterization of DNA substrates
densitometry to a standard hyperbolic binding isotherm.

Previous studies indicated that the thymine methyl moiety is critical
for sequence-specific binding by B&dRI (22,23). Thus the
thymine is a reasonable target for insertion of a photocrosslinking
Small scale reactions (3f) contained 4 nM2P-labeled DNA and  probe. Four oligodeoxynucleotides were synthesized using normal
20 nM MEcdRI in the binding assay buffer as described abovautomated phosphoramidite synthesis technology (as described in
except that BSA was eliminated. Larger scale reactions (up Materials and Methods). Incorporation of modified bases was
0.5 ml) contained 1AM unlabeled DNA and 1M M.EcdRl in  confirmed by ESI/MS analysis. Following oligonucleotide
the identical buffer. All reactions were conducted in 1.5 ml micro tegturification negative ionization electrospray mass spectrometry was
tubes and incubated on ice during UV irradiation. The energy outpused to obtain the mass spectra shown in Figukeseries of seven

of a tunable YAG 8010 Pump ND 6000 frequency-doubled dy®sns were detected in the mass to charge range 400-1200 with

Photochemical crosslinking reaction
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§’ Figure 2. Gel mobility shift assay fdky determination. Autoradiogram of gel
g mobility shift assay for determining the dissociation constant BERRI from
ﬁ 14 bp DNA. The binding reactions contained 0.1 Af®-labeled DNA,
o 100 mM Tris, pH 8.0, 10 mM EDTA, 20@g/ml BSA, 10 mM DTT, 2QuM
2 sinefungin and various McaR| concentrations (0-5.0 nM). After incubation
_‘c§ at 37°C for 20 min the samples were loaded onto a 12% polyacrylamide gel and
é | run at 200 V at 4C for 2 h. Densitometric data was obtained from the upper
bands of the gel shift autoradiogram and the dissociation constant was
determined by fitting this data to a standard hyperbolic binding isotherm.
0 ad . . e . .
4000 4100 4200 4300 4400 S contribution to specificity 43). Thus the slight increase Ky

when the methyl group was replaced with a larger iodide group
Figure 1.Negative electrospray ionization mass spectrometry of oligonucleotidesmay be understandable. The similar binding affinity observed for

OligonucleotidEfs Wered disso:ved i? n}eth%nw-N: fIH40H (9?:9611) to a  5-]dU-substituted DNA validated the use of this DNA for further
concentration of piM and a 1Qul sample infused at a flow rate of filimin into h r linkina experimen

the electrospray interface. Each spectrum is the average of 15 83a@31,( photocross g experiments.
d(GGGGGAAITCGCGG). B) CBM, d(CCGCGAMTTCCGCC). The ion

signals adjacent to the major peak are the sodium adduction signals. DNA—protein photocrosslinking

5-ldU-substituted DNA was previously used for photocrosslinking
charged states ranging from —4 to —10. The data reveal that the€Dxytricha novaelomere protein subunits with irradiation at 308
5-ldU-substituted strand (CTI) is 111 a.m.u. greater than thend 325 nm@). The crosslinked nucleoprotein complex was readily
unmodified top strand (CT), consistent with incorporation of agenerated and detected by SDS—PAGE. However, the utilization of
iodine group into the oligonucleotide. Similar analysis for CBM an@08 nm light for crosslinking usually results in considerable protein
CB by mass spectrometry confirmed that a methylated group welegradation and decreases the crosslinking yield, in spite of a higher
incorporated into the oligonucleotide (Takillz Our ESI mass extinction coefficient at 308 nm than 325 n@ Protein damage
spectra exhibit excellent mass resolution and accuracy under thesay be caused by excitation of tryptophan residues.

optimal mass spectrometric conditions. Our crosslinking experiments have been optimized to minimize
photodegradation and maximize cr_osslinking yield. We investigated
M.EcoRl affinity for 5-IdU-containing DNA ( Kg) the effect of short wavelength light on our 5-ldU-substituted

DNA—protein complex. A time course of crosslinking at 308 nm is
Since the van der Waals radius of iodine is only 8% larger than tshown in Figure3A. Following illumination of the radioactively
methyl group of thymine, replacement of thymine with 5-1dU wadabeled duplex DNA and an excess oEMRI the reaction mixture
predicted to leave the DNA—protein complex unalterefEddRl ~ was subjected to SDS—PAGE. The highest crosslinking yield was
binds to a double-stranded substrate in which one strand d@shieved within 1 min irradiation, with longer exposures resulting in
substituted with 5-IdU in place of the first thymine (CTI) with degradation of the crosslinked complex. Two predominant
similar affinity (Kg = 0.55+ 0.02 nM) to the thymine-substituted secondary products were observed that may implicate susceptible
duplex (0.43+ 0.08 nM) @1; Fig. 2). The similarities inKg  sites in the polypeptide chain. Further mass spectrometric
indicate that the DNA-—protein complex is not perturbed byexperiments are ongoing to reveal the exact cleavage positions in the
incorporation of 5-ldU into the canonical site. However, oumprotein. However, no DNA degradation products were observed.
previous results indicated that the methyl group of the first A large scale crosslinking experiment was performed at
thymine was in contact with McadRI but showed a negative 308 nm, followed by Coomassie staining of the samples on
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Figure 3. Photocrosslinking of DNA to NEcaRI at 308 nm as a function of irradiation tima) (12% SDS—PAGE of the crosslinked complexes from reactions
containing 4 nM2P-labeled DNA and 20 nM MicaRI in 100 mM Tris, pH 8.0, 10 mM EDTA, 10 mM DTT, M sinefungin and irradiated for the indicated times.
Arrows indicate degradation producB) Coomassie stained SDS—PAGE of the large scalg\tlll. EcaRl and DNA) crosslinking samples. Densitometry indicate
that[60% of the protein crosslinked to the DNA.

100-

ing Yield (

e Cro
-

SDS-PAGE (Fig3B). Unlike the small scale reaction described N ! ! L - - 1 .
earlier, equal amounts of DNA and protein were used, since t
DNA-protein complex is the predominant species at these hi¢ _ .
concentrations. Approximately 60% of the protein is crosslinke & 1 / .
to the DNA after 60 s irradiation (FigB, UV lane). The lower go{ / ™
band in this lane corresponds to unreacteldaR| (predicted ‘\ |
mass 37 913 Da), while the upper band is presumed to contain a0 /12345678 Crosslinked ™ |
crosslinked complex consisting of a single enzyme molecule ai / : Complex =, |
a single strand of the oligonucleotide (CTI) lacking the iodidez ' .
group (calculated mass 42 242 Da)ERtRI, like most DNA 40 \
methyltransferases, functions as a monafmgrand shows no
covalent nucleoprotein complex formation in the absence of U3 201
irradiation (Fig.3B, non-UV lane). Our results indicate that all of 2 | \\
the duplex DNA bound to the enzyme can be crosslinked wit (R T — Y, 11T N
excess MEcoRI (data not shown). Therefore, small scale 0 H——— — -
crosslinking reactions witf?P-labeled DNA result in relatively 308 112 116 220 324
much higher crosslinking yields. Wavelength (nm)

We applied a similar photocrosslinking strategy usirtecBRI
and the substrate described above. T,EEGRITDNA CO'CrySta,l Figure 4. M.EcaRlI crosslinking as a function of irradiation wavelength. Graph
structure shows that the nearest amino acids to the thyrRine G relative crosslinking yields versus wavelength using the densitometric data
methyl group are GIn115, Gly140 and Alal42, which are 3.66¢btained from the upper bands in the inset. Data was best fitted by a polynomial
3.97 and 3.58 A away respectivelyl). This detailed information Cur‘geb('{‘oserg N‘I‘ Eﬁfﬁ"fg?ﬁ g#‘TA ;‘g& i%gf“ﬂn'ﬁ}ﬁﬁgg‘i;gg ;‘:'\é'iﬁTe”rzvm
provides an opportunity t_O C.haraCtenze the effectiveness of t aveléngths for 2 min7on ice (Ianeé 1-8, non—UVgand 308, 311, 314, 317, 320,
5-ldU-based photocrosslinking strategy. We could not detecizz and 325 nm respectively). The crosslinked samples were processed by
formation of covalent complexes, in spite of demonstrating thasDS—PAGE and autoradiography as described in Materials and Methods.
the enzyme binds the DNA with an affinity comparable with theCrosslinking yields were quantified by densitometry.
unmodified substrate (data not shown). The lack of any proximal
aromatic residues may therefore explain the inability to crosslinkhe photocrosslinking of DNA to McdRl as a function of
REcRI, since many characterized protein-DNA adductsrradiation wavelength is shown in Figufe All samples were
involve such amino acids,@4). However, our ability to crosslink jrradiated for 2 min to avoid protein degradation. A maximum
a bending-deficient H235N McaRl mutant shows that the crosslinking yield was achieved at 313 nm, consistent with previous
method is not limited to wild-type McoRI (unpublished data using this analog7) Irradiation at 313 nm results in
results). Nevertheless, the requirements for successful DNA-prgrosslinking yields that are at least five times higher than irradiation
tein photocrosslinking, including amino acid-DNA distancesat 325 nm and no protein degradation was observed.
and the types of amino acid residue which lead to good
crossll_nk_lng are sill not completely understood. ... ESIIMS of M.EcoRIl and DNA-M.EcoRI crosslinked complex

Irradiation at a longer wavelength (325 nm) was done to minimize
protein degradatior®f. 5-ldU-substituted DNA has relatively lower ESI mass analyses of covalent protein—nucleic acid complexes
crosslinking yields at 325 nm, due presumably to the lower opticahn be problematical, since proteins and nucleic acids are
density at 325 nm7J, which necessitated longer irradiation times.normally studied using positive or negative ionization methods
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A: 37916 were determined to be >60% for most of the reactions. The

guantities of DNA—protein complexes and the resultant adducted
B: 42243 peptides should be amenable to characterization by various mass

spectrometric methods. The approach outlined in this paper may be
readily extended to ESI/MS-based identification of adducted
peptides similar to HPLC-ESI/MS analysis of post-translationally

A8 | 38000 42000 Tass modified peptides46-28). Our goal is to perform direct on-line

A30 A25 identification of adducted peptides starting with microgram

guantities of protein.
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