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Characterization of Photochemical ly Cross-linked
Protein-Nucleic Acid Complexes by Mass Spectrometry

Chapter 1: Introduction

Pulchra sunt quae videntur,

Pulchroria quare scientur,

Longe pulcherrima quea ignorantur

Beautiful are the things we see,

More beautiful those we understand,

Much the most beautiful those we do not comprehend

Niels Steensen (Steno)

Ever since it was realized that deoxyribonucleic acid (DNA) is the carrier of genetic

information, researchers have been trying to elucidate the mechanisms by which the linear DNA

code is interpreted and transformed into the awesome complexity of the living cell. Vital

processes, such as cell division and cell differentiation, are orchestrated and controlled in large

parts by the interaction of proteins with nucleic acids. Some proteins bind to DNA to regulate the

expression of cell specific genes. Enzymes bind to DNA to replicate the genome in preparation

for cell division. Other proteins bind to DNA to arrange the linear chain into the tightly packed

structures of chromatin and chromosomes. Genes are transcribed into ribonucleic acid (RNA) by

means of enzymes that read off the DNA-sequence and produces a complementary RNA strand.

This RNA is subsequently processed and translated into a protein gene-product by the ribosome

a large protein-nucleic acid complex. Even though the processes of replication, transcription,

and translation are fairly well understood, we still have a long way to go to get a detailed picture of

the molecular features of these processes.

How do proteins and nucleic acids recognize each other in an often highly specific
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manner? What are the structural features of the protein that make it match up with a particular
nucleic acid substrate? Which amino acids are lining the nucleic acid binding site of nucleic acid

binding proteins? The scope of the present work is to develop a novel analytical approach that
might help answer these questions.

The new experimental strategy is based on using photochemical crosslinking techniques

in combination with mass spectrometric methods to characterize protein-nucleic acid contacts. As

will be explained in detail in the next chapters, irradiation of protein-nucleic acid complexes by

ultraviolet light induces the formation of a covalent photochemical bond between the two species.

The bond is formed between an amino acid in the nucleic acid binding site of the protein and a

nucleic acid base that is in close proximity. In effect, the nucleic acid binding site of the protein

has been tagged by the nucleic acid substrate, causing an increase in molecular weight of the

protein. Identification of the protein domain or the actual amino acids that are tagged will therefore

localize the nucleic acid binding domain of the protein.

Recent developments in the field of mass spectrometry have made sensitive analysis of

peptides, proteins, and nucleic acids possible. Characterization of intact, modified proteins is

possible, because a modification causes a mass increase relative to the unmodified protein.

Peptide mixture analysis (peptide mapping) by mass spectrometry is a powerful tool for monitoring

proteolytic digests of proteins and for localizing modified stretches of amino acids.

Given these premises it seems obvious to attempt to combine UV-crosslinking
techniques and mass spectrometry into a new sensitive analytical approach for investigating

protein-nucleic acid interactions, specifically for identifying contact points at the protein-nucleic
acid interface.

Improving the speed and sensitivity by which information regarding protein-nucleic acid

contacts can be obtained, should allow experiments to be performed in cases where limited
sample is available and it should allow many new experiments to be performed in cases where
sample amounts is not a limiting factor. Knowing the nucleic acid binding domain of a protein is
important for model building and for design of other experiments, such as site-directed
mutagenesis, binding studies, and conformational studies, to further characterize the nucleic acid

binding features of the protein.

Furthermore, the devised strategy should, in the long term, allow analysis of interactions

between multiprotein complexes and nucleic acids a class of molecular aggregates where

structural information on the molecular level is hard to obtain by other means. The emerging role

and importance of multiprotein complexes in cell biology make this outlook particularly interesting.

The aim of the present study is to demonstrate the feasibility of a mass spectrometry

based protocol for localizing contact points between proteins and nucleic acids after
photochemical crosslinking. This work also identifies the difficulties and problems associated with
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the proposed strategy and lays a foundation for future lines of research.

In the present work we have demonstrated for the first time that intact, UV-crosslinked
proteinnucleic acid complexes can be analyzed by mass spectrometry. The molecular weight

information provided by the analyses directly demonstrates that the expected crosslinked species

were formed. The purity and stoichiometry of a purified complex was ascertained by mass
spectrometric analysis.

Direct mass spectrometric mapping of peptide mixtures from a purified UV-crosslinked

proteinoligonucleotide complex was attempted but was not successful. However, we have
shown that peptide-nucleic acid hybrids isolated from a UV-crosslinked proteinnucleic acid
complex, after proteolytic digestion, can be analyzed by mass spectrometry. Accurate molecular

weight determination of a mixture of crosslinked peptidenucleic acid hybrids allowed
identification of the tryptic peptides that were crosslinked to a DNA oligomer. This in turn located

amino acid stretches of the protein that are involved in DNA binding and for the first time
demonstrates the utility of the proposed strategy using a biologically relevant system.

In order to optimize experimental conditions for mass spectrometric analysis of covalent

peptide-oligonucleotide conjugates we have synthesized larger amounts of defined sequence

peptide-linker-oligo(dT) hybrids by chemical methods. The results of mass spectrometric studies

of these species indicate that molecular weight information of low picomole amounts of purified

peptide-oligonucleotide hybrids can be obtained. Tandem mass spectrometry of these species

produced useful structural information regarding the nucleotide sequence but no amino acid
sequence information.

The results obtained using photoaffinity-labeled Rho demonstrate how powerful the

hyphenated method of liquid chromatography-mass spectrometry (LC-MS) is for peptide
mapping. However, peptide-nucleic acid complexes could not be unambigously identified,
probably due to the unknown nature of the photo-adduct or due to instability of the
photoaffinitylabel.

We feel confident that photochemical crosslinking techniques in combination with mass

spectrometric methods is a feasible approach for characterization of protein-nucleic acid
interactions. However, further optimization of several analytical steps of the protocol is necessary

to increase sensitivity and specificity for identification of amino acid-nucleic acid contact points.

Some of the data obtained during this study have been published (1, 2, 3, 4).
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Chapter 2: Background

Protein-nucleic acid interactions

A central goal of molecular biology is to elucidate the molecular interactions between
proteins and nucleic acids. Full knowledge of the structural details, as well as of the nature and

magnitude of the driving forces, of protein-nucleic acid interactions is considered essential to

understanding the basic cellular processes involved in packaging, replication, recombination,

dynamic alteration and repair of DNA, transcription and processing of RNA, synthesis of proteins,

and regulation of enzyme activities. Some examples of processes that involve protein-nucleic

acid interactions are listed in table I.

Table I. Examples of protein-nucleic acid interactions and the processes
they orchestrate and control.

Protein-DNA interactions Replication/repair

Transcription

Gene regulation

Chromosome structure

Protein-RNA interactions Transcription

RNA-processing

RNA-transport

Translation

Protein-NTP interactions Signal transduction

Enzyme regulation

Metabolic control
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For example, RNA transcription involves the binding of initiation and transcriptor factors
(enhancers, activators) to specific DNA regions near a promoter region. This in turn allows RNA

polymerase to bind to the promoter and initiate transcription. An understanding of the structural

features that govern the specificity of the above interactions is needed because many of the
processes where protein-nucleic acid interactions are involved are critical to the survival of a cell,
an organ, or an organism.

A cell contains millions of basepairs of DNA. The integrity of DNA is maintained by

proteins that can bind more or less specifically to DNA strands. Structural proteins, such as the
histones, bind non-specifically to DNA, that is, the proteins do not require a particular DNA-
sequence to be present in order to bind (however, recent data indicate that certain structural

features of DNA, such as bends or kinks, might be necessary for histones to bind). Regulatory
proteins, such as transcription factors, bind to specific DNA sequences, usually 6-12 by long, that

are present in only a few copies in the whole genome.

How do proteins bind to DNA? What are the features of the protein-nucleic acid interfaces

that allows either specific or non-specific binding to take place? How do sequence-specific DNA

binding proteins discriminate between "regular" DNA and a specific DNA sequence motif?
Although full answers to these questions are not known, enough structural data on DNA and
sequence-specific DNA-binding proteins is available to allow some conclusions to be drawn as

discussed below. There is virtually no detailed structural information available for non-specific

protein-nucleic acid interactions.

Let us first take a look at the structure of DNA. The DNA double helix contains a major and

a minor groove. In B-DNA, the in vivo structure of DNA, the major groove is big enough to allow a

protruding part of a protein to 'probe' nucleic acid bases within the groove. In some cases, DNA

conformation allows nucleobases in the minor groove to be probed by amino acids. Formation of

two hydrogen bonds between a DNA basepair and an amino acid side chain of the protein is

enough to provide sequence discrimination and specificity (5). Thus, sequence specific binding
can be obtained by forming hydrogen bonds between donor/acceptor groups on amino acid

sidechains of the nucleic acid binding site of the protein and complementary acceptor/donor
groups in the DNA (6). Sequence independent hydrogen bonds can form between the DNA
phosphate backbone and amino acid residues that are positioned properly relative to DNA. The

latter interactions further stabilize protein-DNA complexes.

Other types of interactions are also in effect, for example, electrostatic interactions
between the phosphate backbone of DNA with positively charged amino acid sidechains of the
protein. Electrostatic interactions to the phosphate backbone are obviously less specific than
interactions via hydrogen bonds to the nucleobases. Electrostatic interactions are believed to be
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involved in histone-DNA interactions, since histone proteins are highly basic, and, as mentioned
above, bind nonspecifically to DNA.

Interchelation of aromatic sidechains of amino acids with nucleobases in single-stranded

DNA has been proposed as a means for (non-specific) binding of single-stranded DNA binding

proteins (7, 8).

It has been realized that the conformations of both DNA and protein change upon binding

of the protein to DNA. The conformational change is brought about to protect non-polar groups at

the protein-nucleic acid interface from the surrounding solvent. This thermodynamically favorable

process serves to further stabilize protein-DNA complexes (9, 10). The conformational change

might also serve to 'report' that the protein is bound, thereby serving as a physiological signal for

other proteins. A dramatic example of conformational change of DNA induced by a protein is the

structure of the TATA-binding protein with DNA. The protein induces a 90 degree kink in the

DNA that presumably allows other transcription factors and RNA polymerase to bind (11).

Let us look in more detail at the known features of some sequence-specific DNA binding

proteins to get a better understanding of the structural features needed to direct a protein to bind

to DNA.

STRUCTURAL MOTIFS FOR BINDING DNA

Over the last 6-7 years the structures of several DNA-binding proteins have been
determined by X-ray crystallography and NMR spectroscopy. Identical structural motifs have
reoccurred in certain classes of proteins (12, 13, 14). These include helix-turn-helix,
homeodomain, 13-ribbon, zinc-finger, leucine zipper, and helix-loop-helix motifs.

In many procaryotic repressors/activators (for example, cro, X, 434, P22, Trp, CAP) a helix-

turn-helix (HTH) motif is responsible for recognition of the DNA target site (6, 15, 16, 17, 18). This

motif consists of two a-helices, helix 1 and 2, which are positioned at an angle of 120 degrees

relative to each other. The second a-helix of the motif, also known as the recognition-helix, is

responsible for forming specific hydrogen bonds with nucleobases in the major groove of the
DNA. Sequence specific DNA-binding is accomplished by binding of a protein dimer to the
palindromic target sequence (each protein monomer provides one helix-turn-helix motif) (Figure

1). Alignment and anchoring of the recognition-helix in the major groove is accomplished mainly

by (non-specific) hydrogen bonds between the DNA phosphate backbone and the protein. The

fact that the protein binds as a dimer illustrates how simple complementarity to the palindromic

DNA sequence can be obtained.
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Figure 1. Three dimensional structures of DNA binding motifs.
The A. cro repressor homodimer binds to DNA using the HTH motif (a). The MetJ repressor
homodimer beta-ribbon motif bound to the major groove in DNA (b). The monomeric eucaryotic .
homeodomain motif (c) binds to DNA using an a-helix for recognition. Adapted from refs. (17)
and (19).
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The HTH motif is not the only DNA binding motif in procaryotes. For example, the E. coil

MetJ repressor and the phage P22 arc repressor employ an antiparallel p-ribbon motif to

recognize their DNA targets (13, 19). The antiparallel 13-sheet fits into the major groove of DNA
(Figure 1 b).

Eucaryotes use an a-helix structure similar to the procaryotic HTH motif, called a

homeodomain (13, 20, 21) (Figure 1c). The difference between the homeodomain and HTH

motif is that transcription factors containing the former motif bind to DNA as monomers and that
the alignment of the homeodomain-helices is different from the alignment of the HTH motif
relative to the DNA (13).

Another eucaryotic motif, the zinc-finger, has been found in many transcription factors

(13, 22, 23). This structure is stabilized by complexation with a Zn2+ ion. The zinc-finger family

can be divided into three subgroups. The first one (class 1) is a 30 residue stretch of amino acids

with one Zn2+ ion coordinated by 2 His and 2 Cys residues (Figure 2a). The structure consists of

an antiparallel 13-sheet (hairpin) followed by a 12-residue a-helix that is packed against the 13-sheet.

One Cys present in each I3-strand and two His residues on the inward-facing side of the a-helix

stabilize the zinc-finger structure by binding themselves to a Zn2+ ion. This is the type of zinc
finger originally found in TFIIIA from Xenopus laevis.

The second zinc finger motif (class 2, Figure 2b) is a 70 amino acid stretch, found in some

steroid receptors, that contains two Zn2+ ions, each coordinated by 4 Cys residues. The third

class contains two closely spaced Zn2+ ions that share 6 Cys residues and is found in some yeast

activators, for example, GAL4 (Figure 2c).

Zinc-finger proteins usually contain repeats of three or more of these motifs. It was
recently shown that a triplet zinc-finger domain (Zip268, class 1) binds in the major groove of DNA

and partly wraps around the DNA (24) as had been predicted (25). Each finger is in contact with

nucleobases and the phosphate backbone, and each consecutive finger/DNA contact is spaced
3 by apart. Mainly the N-terminal residues of the a-helix form hydrogen bonds to the nucleobases

in the major groove. More recently, a 5-finger structure (class 1) complexed with DNA was solved
(26). In this case, only fingers 2-4 were in contact with DNA while finger 1 interacted mainly with

finger 2. Fingers 4 and 5 contacted nucleobases while fingers 2 and 3 mainly interacted with the

phosphate backbone. Much remains to be said about zinc-fingers.
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Figure 2. Zinc finger DNA binding motifs.
Several zinc-binding motifs exists. The Class 1 Zif268 zinc finger is shown in (a), the Class 2
glucocorticoid receptor zinc-finger is shown in (b), and the Class 3 GAL4 Zn2Cys6 zinc finger is
shown in (c). Adapted from ref. (23).

(a)

Figure 3. Basic coiled coil (bCC) and basic helix-loop-helix (bHLH)
structures.
The GCN4 bZIP domain bound to DNA is shown in (a) and the Max bHLH domain is shown in (b).
In both cases, binding to the DNA major groove is accomplished by a-helices. Protein-protein
interactions (dimerization) are facilitated by hydrophobic interactions between a-helices (leucine
zippers). Adapted from ref. (27).
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The DNA binding domain of the leucine zipper structure, also known as the basic coiled
coil (bCC) motif, consists of a leucine zipper domain that promotes dimerization, and a basic
domain that binds to DNA (13, 27). The leucine zipper motif is an a-helical, heptad repeat of
leucine residues over a stretch of 30-40 amino acids. It was proposed and recently demonstrated

by using the DNA binding domain of the yeast transcription factor GCN4 (28) that leucine zipper
regions can dimerize by forming an a-helical coiled coil of 2 parallel a-helices (Figure 3a).

Dimerization induces a structural transition of the basic domain into an a-helical structure that

allows DNA binding. Presumably, the dimer is Y shaped, with the coiled coil forming the stem of
the Y. The model suggests that the forks/branches bind to a palindromicsequence on the DNA in
a scissor-grip fashion.

The basic helix-loop-helix (bHLH) motif is similar to the bCC motif in that the structure is
predominantly a-helical and a flexible a-helical region is used for DNA binding. However,
dimerization is accomplished by hydrophobic interactions between loops and a-helices, forming a
left-handed four-helix bundle (27) (Figure 3b).

Why is it that an a-helix is used so often in DNA-binding motifs? It was realized early on
that an a-helix can fit into the major groove of B-DNA. Furthermore, an a-helix is very stable, a
requirement for a structure that is exposed on the surface of a protein. In all the above cases, the
a-helix is packed tightly against a supporting protein structure that helps present and align the
recognition a-helix relative to the DNA. An overall picture emerges, in which there are at least

three contributions to sequence-specific DNA recognition by proteins (12, 29): First, the
supporting protein structure determines how the recognition helix is presented to DNA; Second,
the orientation of the recognition a-helix determines which amino acids can interact with DNA;
Third, specific amino acids that are exposed by the helix can interact with nucleobases in the DNA.

These contributions allows a wide variety of DNA sites to be recognized.

Another feature of the above mentioned motifs is that they are usually found in several
copies, either as protein-dimers (HTH, class 2 and class 3 zinc-fingers, bCC, bHLH) or as covalent
repeats (class 1 zinc-fingers). The presence of multiple contact points increases the stability of
the protein-DNA complexes and allows for an even larger variety of recognition motifs.

That nature cannot be expected to produce easily classified DNA binding proteins can be
illustrated by the yeast transcriptional activator GAL4 (30). It binds DNA by means of a class 3 zinc-

finger domain and dimerizes via a leucine zipper domain.

Other less easily classifiable binding domains exist. For example, interchelation of nucleic
acid bases with aromatic amino acids has been suggested to play a role in single-stranded DNA
binding proteins as mentioned above.

Which amino acids recognize which nucleobases is there a one-to-one correspondance
between certain amino acids and certain nucleobases? Unfortunately, no patterns have emerged
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from the protein-DNA complexes for which structures are available, although a slight preference
for interaction with purines (especially guanine) might be apparant (13). In all the known
structures, half of the protein-nucleic acid contacts involve hydrogen bonds between the protein

and the nucleobases, while most of the remaining contacts involve hydrogen bond interactions

between the protein and the phosphate backbone of DNA (13).

OTHER NUCLEIC ACID BINDING MOTIFS.

Binding of mononucleotides seems to be accomplished in a similar way by a variety of
proteins. By nucleotide we here mean NAD, NADP, FAD, NTP, NDP, NMP, and FMN. The PaP

mononucleotide binding domain (the Rossmann fold) is found in many dehydrogenases, where it

is a subset of a larger structure of (at least) three parallel p-sheets with two intervening a-helices

(17). Both the P-sheets and the a-helices are involved in nucleotide binding. An amino acid
sequence motif has been found in these mononucleotide binding proteins (31, 32). The motif

varies slightly between protein-families but is usually built around the sequence GxxxxG and

spans over 10-30 residues. Protein families that contain this motif are kinases, elongation factors,

ras-proteins, myosin heavy chain, and ATP synthase (32).

METHODS TO STUDY PROTEIN-NUCLEIC ACID INTERACTIONS

What do we want to know about a nucleic acid binding protein? If it is a DNA binding
protein we would like to know if it binds specifically or non-specifically. If it binds specifically, the

localization, size, and sequence of its DNA binding motif should be investigated. Whether the

binding be specific or non-specific, we would want to find out the affinity of the protein towards

nucleic acid. Finally, we would want to know the structure of the protein, especially the structure
of the nucleic acid binding domain of the protein and how it interacts with the nucleic acid
substrate.

Many methods are available that will answer one or the other of these questions. Some of

these methods are described briefly below.

The character and level of interaction between proteins and nucleic acids can be
effectively revealed through indirect methods, such as gel retardation, filter binding,
sedimentation equilibrium, and footprinting (33). These techniques do not expose any of the
structural features of the interaction, but can provide qualitative and quantitative information on

binding parameters, such as binding constants, binding site size, and binding site sequence.
The amino acid-base pair contacts in protein-nucleic acid complexes can be indirectly identified by
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site-directed mutagenesis (34): The influence of amino acid substitutions on nucleic acid binding
is investigated on a trial and error basis. This is a widely used method for studying the effects of
amino acid substitutions on substrate-binding. However, the influence of amino acid
substitutions on the overall protein structure is hard to predict, and therefore, care must be taken
when interpreting the results of this kind of experiment.

Direct methods for determining the topology of protein-nucleic acid interactions are

sparse. X-ray crystallography and, more recently, multidimensional nuclear magnetic resonance

(NMR) spectroscopy have yielded 3-dimensional, structural information on protein-nucleic acid
complexes (6). These techniques, which reflect a static state of a dynamic complex, require large,

homogeneous amounts of sample and are tedious to perform. However, persistent and skillful
use of these techniques have provided us with the protein structural features for DNA binding
proteins described in the preceding sections.

Visualization via electron microscopy has added qualitative, topological insights to many
facets of protein-DNA interactions discovered by other biochemical and biophysical techniques
(35, 36).

The emerging importance of 'molecular crowding' in many metabolic processes (37)
warrants the development of new analytical tools for investigation of multiprotein-nucleic acid

complexes. One example is the enzyme complex for nucleotide synthesis, which is now believed
to be working as an assembly line, channeling nucleic acid constituents directly to DNA
polymerase. Another example is the interaction between transcription factors, RNA polymerase,
and DNA. Nucleosomes and ribosomes are other examples of large protein-nucleic acid
complexes. Due to their large size these complexes are not easily amendable to analysis by NMR

spectroscopy and X-ray crystallography. Genetic analyses and microscopic techniques (35) can
be used to generate models of these assemblies. However, molecular detail of protein-nucleic
interactions in such complexes is hard to obtain.

There is a need for methods that allow non-specific interactions to be investigated in
molecular detail. X-ray crystallography and NMR need homogenous samples in order to produce
structural data. These techniques are therefore not easily amendable to non-specific interactions
where the protein can move relative to the DNA oligomer, supposedly because there is no "best"
binding site, therefore creating a heterogenous mixture of complexes. However, certain DNA

conformations might allow some non-specific protein-DNA complexes to be more stable than
others. An alternative approach to study non-specific protein-DNA interactions is to "freeze" the
complexes by crosslinking by irradiation with ultraviolet light, thereby producing a covalent
complex that is amendable to structural analysis by protein chemical techniques. These
photochemical crosslinking techniques are described in the following section.
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Photochemical cross-linking of nucleic acids to proteins

In the following sections I will describe the concepts and techniques that establish the
basis for developing a protocol for mapping nucleic acid binding sites in proteins by
photochemical crosslinking and mass spectrometry. In the next chapter I will bring these concepts
together into an overall analytical strategy.

It was discovered already in 1962 that ultraviolet light induces the formation of cross-links
between DNA and protein (38, 39). Later on, it was proposed and demonstrated that UV induced
crosslinking only takes place between nucleotide and amino acid residues that are in close
contact during UV irradiation (40, 41). Before describing in too much detail how photochemical
crosslinking can be used as a tool to investigate protein-nucleic acid interaction, I will review some
of the photochemical properties of nucleic acids and amino acids.

PHOTOCHEMISTRY OF NUCLEIC ACIDS AND AMINO ACIDS

The heterocyclic bases of nucleic acids absorb light primarily at 260 nm wavelength.
Aromatic amino acids absorb light primarily at 280 nm. Proteins contain only 5-10 percent of
aromatic amino acids on average. This allows rather large doses of 250-270 nm UV-irradiation to
be used for photochemical crosslinking of nucleic acids to proteins without significantly damaging
the protein since most of the light is absorbed by the nucleic acids. Some nucleic acid analogs
allow irradiation at wavelength above 300 nm to be used for crosslinking thereby minimizing
photoinduced damage to both protein and nucleic acids.

Upon absorption of a photon the nucleic acid base is excited from the ground state S0 to
the singlet state S1. The lifetime of this excited state is less than 100 ns (42). The molecule can

then undergo a photochemical transformation to the ground state or a transition into the first triplet
state T1. From the triplet state the molecule can undergo a photochemical transformation or a
transfer into the ground state. The triplet state can exist for up to 1 p.s. During irradiation with a
relatively low powered UV lamp (<108 W/m2) only the Si and the Ti states are populated. By
irradiation with laser light at higher fluences (>109 W/m2) the Si and Ti states can absorb another
photon and get excited to higher excited states (HS and HT respectively) with very short lifetimes
(<100 fs).

As stated above, the lifetimes of the reactive states Si and Ti are less than a
microsecond. This is less than the timescale for macro-molecular motion (milliseconds to
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seconds) and is the reason why pulsed UV-laser irradiation can be used to specifically "freeze"

otherwise dynamic protein-nucleic acid complexes, that is, without creating non-specific
complexes. However, the Hs and the HT states can be highly energetic, in some cases
exceeding the ionization energy of the nucleic acid base in solution, and therefore might create
longer lived ions or radical species that can react non-specifically with the protein. Therefore, care

must be taken to optimize and characterize the laser irradiation conditions for a given system.

The short lifetime of the reactive nucleic acid species and the formation of a zero-length
bond require the nucleic acid to be in close contact with the protein. In other words, it has to be
bound in the nucleic acid binding site of the protein. The efficiency of the crosslinking reaction is

characterized by the quantum yield: The ratio of reacted molecules to the total number of excited

molecules. This parameter is dependent on several factors (43): i) the excitation efficiency of the
base; ii) the lifetime of the excited state; iii) the reactivity of the excited base species; iv) the
reactivity of the amino acid residue in closest proximity; v) the relative positions and the mobilities
of the components to be crosslinked. It follows that the crosslinking yield is therefore dependent

on the conformation and composition of the protein-nucleic acid complex and on the solution
conditions.

What is the chemical mechanism by which nucleic acids crosslink to amino acids? Due to

the low crosslinking yields and, in some cases, heat and acid lability of the crosslinked products, it

is a difficult analytical task to characterize crosslinking mixtures. However, model studies using

purine and pyrimidine bases and individual amino acids or their analogs have provided some
information (44, 45). Pyrimidine bases, especially thymine, are the best crosslinkers. The
crosslink is formed in the C5 or C6 position of pyrimidines presumably via a free radical
mechanism. A pyrimidyl radical is generated by photoexcitation of the nucleobase followed by

hydrogen abstraction from a nearby amino acid residue. The pyrimidyl radical then recombines

with the amino acid radical to form a covalent bond (44).

P + hv > P*
P* + RH > PH- + R- -> PRH

Shetlar and coworkers have shown that all amino acids have the potential to crosslink to

DNA, with Cys, Lys, Phe, Trp, and Tyr being the most reactive (46). More recently, Shetlar and

collegues have characterized UV-crosslinked complexes of thymine-(N-acetyltyrosine) and

thymine-peptide (angiotensin I) using HPLC, NMR, and mass spectrometry techniques. They

demonstrated, for the first time, the formation of a thymine-peptide crosslink between the thymine

C6 and the ortho position of a Tyr residue in the peptide (47). In this case, they propose a
reaction mechanism that involves photoionization of tyrosine followed by deprotonation to form a
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radical cation (Figure 4). The ejected electron is captured by the nearby thymine base yielding a
radical anion, followed by protonation at C6 to produce the C5-y1 radical. Combination of the
radicals would produce the thymine-tyrosine adduct.

OH

Figure 4. Proposed mechanism by Shetlar et al. for photochemical
crosslinking of thymine to N-acetyltyrosine.
Photoionization of Tyr yields the radical cation, which rapidly deprotonates to form the oxygen-
centered radical. The ejected electron is captured by thymine to yield a radical anion, which
protonates at C6 to form the C5-yl radical. Combination of the two radicals yield the thymine-
tyrosine adduct. Adapted from ref. (47).

To date, there have been no reports on the detailed characterization of photochemical

crosslinks formed between proteins and nucleic acids. The identification of amino acids that are

crosslinked to poly(dT) has been accomplished by looking for a sequence gap during Edman

degradation of crosslinked peptides (48) as described below. This approach identifies the
crosslinked amino acid, but it does not provide any information on the type of linkage between the

nucleic acid end the amino acid residue.

UV CROSS-LINKING OF NUCLEIC ACIDS TO PROTEINS

In order to understand the mechanisms of UV-induced formation of covalent bonds
between nucleic acid and protein, a variety of relatively simple model systems have been studied
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(44, 45). Results from these studies indicate that the amino acids all have comparable crosslinking
potentials but that the nucleic acids have distinctly different crosslinking potentials. Thymine and
uridine respectively are by far the most efficient deoxynucleotide and ribonucleotide crosslinkers
(49). Although not fully understood, the UV crosslinking technique has proven useful in
exploring both static and dynamic protein-nucleic acid complexes (43, 48, 49). Over the last two

decades UV-crosslinking has been widely used to study protein-nucleic acid interactions in vivo

and in vitro (43, 44, 48). Some applications are listed in Table II to illustrate the variety of
nucleoprotein complexes that can be studied by this technique.

General requirements for crosslinking (chemical as well as radiation induced) to be
biologically relevant are: i) Cross linking should produce stable products; ii) Cross links should be
formed only between amino acid residues and nucleobases that are in close proximity to one
another; iii) Cross links should reflect the native conformation of the protein-nucleic acid complex.

Photochemical crosslinking presumably meets these requirements, e.g. it takes place
only between amino acid and nucleic acid residues that are in very close proximity it maintains

the original spacing between nucleic acid and polypeptide. This is where the term "zero-length"

cross-linking originates. This high specificity of the crosslink can be used as a tool to explore the

molecular details of protein-nucleic acid interactions in vivo and in vitro. This feature also implies

that only specific protein-nucleic acid complexes are crosslinked and sets photochemical
crosslinking apart from chemical crosslinking. The latter employes molecules that contain two

crosslinkable groups separated by a spacer/linker. In contrast to chemical crosslinking reactions,

UV-induced crosslinking depends only weakly on the temperature, pH and ionic strength of the

solution, thus allowing independent optimization of the conditions for formation and stability of
the nucleoprotein complex.

The utility of the photochemical crosslinking technique has been substantially extended

through the use of nanosecond pulses of monochromatic UV light generated by a laser (49) and
through the incorporation of photosensitive analogs into the nucleic acid reactants (photoaffinity
labeling) (48). These techniques will be described in the following sections.

LASER GENERATED PULSED UV CROSS-LINKING

Pulsed (nanosecond) UV laser irradition has advantages over continuous UV-irradiation

for crosslinking of protein-nucleic acid complexes. It allows dynamic aspects of protein-nucleic

acid interactions to be studied because the irradiation time (single 5-8 nsec pulse) is less than the

time-scale of macromolecular motion (49, 50). Due to the power of modern lasers, the same
number of photons can be delivered to the experimental system in a split second, as would
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otherwise take hours, days, or even weeks of continuous irradiation. This feature should
significantly decrease the amount of non-specific labeling and sideproducts (although little is

known about the lifetimes of the photoactivated intermediates).

The pulsed UV crosslinking technique was first demonstrated to be useful for studying a

RNA polymerase/DNA complex (51) and has since been applied to studies on nucleosomes (52,

53, 54, 55), ribosomes (56), DNA-hybridization (57), and the phage T4 replication machinery (58,

59, 60), and the interactions between RNA and the E. coli rho protein (49). Binding site sizes and

binding constants of nucleic acids to proteins can be determined since the amount of crosslinked

complex is proportional to the equilibrium concentration of the protein-nucleic acid complex.

PHOTOAFFINITY LABELING

A photoaffinity label is an analog of the normal substrate that can be activated by UV-light.

Upon irradiation with UV-light the photoreactive group on the substrate will react to form a covalent
bond to the nearest molecule. Photoaffinity labeling can greatly increase the crosslinking

efficiency of nucleic acids; consequently, this technique can significantly reduce the photon flux

required to achieve crosslinking and concomitantly minimize the occurrence of unwanted
photoreactions. Photosensitive nucleic acid analogs used in photoaffinity labeling
include azido derivatives (48), 4-thiouracil (4sU) (61), 4-thiothymidine (62), and 5-halo-pyrimidines

(5-bromo-uracil, 5-iodo-uracil) (63, 64, 65). The use of halo- or thio-substituted pyrimidines allows

irradiation at higher wavelength (>300 nm) to be used which in turn decreases irradiation damage

to proteins. It was recently demonstrated that the combination of photoaffinity labeling with laser

irradiation can produce crosslinking yields of 60-70% relative to bound oligonucleotide due to the

high reactivity of the photoactive nucleic acid analog (65).

In the present work, 4-thio-uridine-diphosphate (4sUDP) was used to label the nucleic
acid binding sites of transcription termination factor Rho.
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Table II. Systems where photochemical crosslinking has been used to
study protein-nucleic acid interactions.
The use of laser generated pulsed ultraviolet (pUV) irradiation, continous UV (cUV) irradiation, or
photoaffinity-labeling is indicated.

System Technique Comment Ref.

Phage fd gene 5 protein cUV DNA Binding site (66)

Phage T4 gene 32 protein cUV DNA Binding site (67)

Phage T4 gene 32 protein pUV DNA binding (58, 59)

E.coli SSB cUV DNA Binding site (68)

Human Al hnRNP cUV DNA Binding site (69)

HIV Reverse transcriptase cUV Binding site (70)

RNA pol III Photoaffinity DNA contact (62)

T4 DNA pol + Acc. proteins cUV Complex formation (71)

RNase A cUV Binding site (41)

CRP cUV Protein-DNA interaction (72)

Poly(dA)/poly(dT) pUV Hybridization (57)

Uracil-DNA glycosylase cUV DNA Binding site (3)

Histone pUV DNA-protein interaction (52, 53)

Rat DNA pol l3 cUV DNA Binding site (73)

RNA pol II Photoaffinity RNA binding site (74)

(3-tubulin cUV GTP binding site (75)

Transfer RNA/synthase cUV Protein-tRNA contacts (76)

Ribosome (E.coli) cUV Assembly (43, 77)

GCN4 (Yeast) Photoaffinity DNA contact (63)

Myc (AMV) Photoaffinity DNA contact (64)

DNA pol I (E. coli) Photoaffinity Template-Primer contact (78)
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CHARACTERIZATION OF UV-CROSSLINKED PROTEIN-NUCLEIC ACID
COMPLEXES

By labeling nucleotides with [32P], UV-crosslinked protein-nucleic acid complexes can be

monitored by gel-electrophoresis and autoradiography, and they can be quantified by
gel-scanning. Locating the nucleic acid crosslinking site in a reacted protein relies on prior

knowledge of its entire primary structure. The classical procedure fo identifying nucleic acid

binding sites after UV-crosslinking consists of digesting the purified, crosslinked complex with

trypsin or some other proteolytic enzyme, isolating the [32P]nucleotide-labeled peptide via anion-

exchange and/or reversed-phase HPLC, and amino acid (Edman) sequencing the crosslinked

peptide (48). A site of crosslinking can usually be inferred from the absence of an identifiable

phenylthiohydantoin derivative at a particular position in the peptide sequence. This approach

consumes considerable time, labor, and sample, and because it is indirect, the results can be

inconclusive. Nevertheless, a wealth of protein-nucleic acid complexes have been characterized

by this approach (see Table II).

In a few cases, fast-atom-bombardment (FAB) mass spectrometry has been used to

characterize photoaffinity labeled peptides (47, 75, 79) demonstrating the usefulness of mass

spectrometry for studying modified peptides. However, rather large amounts of peptides were

consumed in these experiments. Modern mass spectrometric ionization techniques are 100-
1000 fold more sensitive than FAB for peptide analysis (see below).

How does structural information obtained by UV-crosslinking experiments compare to
known three dimensional structures of protein-nucleic acid complexes? Only a few systems have

been studied by both UV-crosslinking and X-ray crystallography or NMR .

The first experimental evidence that UV-crosslinking of protein-nucleic acid complexes

creates covalent bonds in the nucleic acid binding site of the protein was provided by Havron and

Sperling in 1977 using ribonuclease A (RNase A) and pUp (41). The latter is a competitive
inhibitor of RNase A enzyme. Residues 80, 81, and 82 of the protein were identified as being UV-

crosslinked to pUp. The 3-dimensional structure of RNase A revealed that residues 77-82 form

the bottom of the binding site for the pyrimidine ring. Thus, UV-crosslinking specifically labels the

residues in the nucleic acid binding site of RNase A.

The DNA binding properties of the phage fd gene 5 protein were studied by NMR (8, 80) ,

and the DNA-binding site was studied by UV-crosslinking to fd 5 DNA and (dT)4 (66). The

putative DNA binding groove of the protein is defined by Tyr26, Tyr34, Phe73, and Tyr41 based on

the NMR data obtained from the protein in the presence of DNA ligand. The UV-crosslinking

experiment identified Cys33 as the only crosslinked residue. This residue is very close to the Tyr
residues of the putative DNA binding site of the gene 5 protein.
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The structure of rat DNA polymerase p, in the absence and presence of DNA and
dideoxyCTP, was recently solved (81, 82). Previously, UV-crosslinking of the 8 kD N-terminal
fragment of the polymerase to (dT)i 6 indicated that Ser30 and His34 were involved in DNA

binding. This region of the DNA polymerase did not provide good structural information by X-ray

diffraction in the absence of DNA indicating that it is flexible. In the presence of DNA, this region

changed conformation so as to bring it closer to the single stranded DNA primer. However, no

direct contact to DNA was observed and the authors speculate that this is due to the short primer

region that was used in the experiment. Although not conclusive, the structural data indicate that

the UV-crosslinking experiment produced relevant data.

More detailed information was obtained by crosslinking Myc, a basic helix-loop-helix

transcription factor, to DNA by using a consensus oligonucleotide with 5-bromo-uracil
incorporated instead of thymine (64). A histidine that is conserved between bHLH proteins was

crosslinked to the DNA. The structure of Max, a similar HLH protein, shows that this histidine

forms hydrogen bonds to a guanine base positioned next to a thymine residue in the DNA
consensus sequence (11).

Although the above mentioned examples indicate that UV-crosslinking indeed takes

place at the protein-nucleic acid interface of complexes, more research is needed to demonstrate

the relevance of UV-crosslinking and photoaffinity-labeling experiments to nucleoprotein
structure under physiological conditions. This can be accomplished by UV-crosslinking of
protein-nucleic acid complexes of known structure (assuming that these are correct) and then

correlating the data obtained by both approaches. Methods that facilitate fast and sensitive

analysis of UV-crosslinked complexes would help in bringing about such information.



21

Mass spectrometry

Mass spectrometry (MS) refer to the measurement of mass-to-charge (m/z) ratios of gas-

phase ions derived from a sample, and it can therefore be used for molecular weight
determination of sample constituents. In some cases, structural information can be obtained if the

analyte molecule fragments in the ion source or in the mass analyzer. In the last decade,
tremendous progress in the application of mass spectrometry to the analysis of larger and and

more complex compounds has come about due to the development of new ionization techniques

and more accurate and sensitive mass analyzers (83, 84, 85, 86, 87). This evolution of
techniques has now made it an almost routine task to analyze peptides, proteins and
oligonucleotides by mass spectrometry.

Matrix-assisted laser desorption/ionization (MALDI) (88), which is best combined with

time-of-flight mass analysis, and electrospray ionization (ESI) (89), which can be readily coupled

on-line to micro-chromatographic (p.LC) or electrophoretic systems and is usually (but not
necessarily) combined with quadrupole mass filtering, both permit the molecular weights of

proteins as large as 40 kD to be determined to within 1 part in 104 from sample amounts on the

order of 0.1-10 pmol. Both the forms and amounts of samples required by these two techniques

are consistent with existing practices in biological research laboratories. In the following I will

describe these two new ionization methods as they pertain to the topic of this thesis.

MATRIX-ASSISTED LASER DESORPTION/IONIZATION

By using crystals of an ultraviolet (UV) light absorbing compound as a matrix for sample

preparation and a pulsed UV-laser for desorption/ionization, Karas and Hillenkamp discovered that

gas-phase ions can be produced from polypeptide and protein samples (88, 90, 91). The new

ionization technique was coined matrix-assisted laser desorption/ionization (MALDI). MALDI has

now matured into a routine MS technique. Sub-picomole levels of peptides (86, 92, 93), proteins

(84, 86, 91, 94, 95), and oligonucleotides (96, 97, 98, 99, 100, 101, 102, 103), can be analyzed,

either as purified samples or as mixtures. This latter application is known as MALDI peptide

mapping when applied to, e.g., a proteolytic digest of a protein (see below). A mass accuracy of

0.01% for peptides (mass < 10,000) and 0.1% for protein molecular weight determination (mass >

20,000) has been demonstrated using time-of-flight (TOF) mass analyzers (104, 105).
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The 266 nm line from a Nd:YAG (Neodynium:Yttrium-Aluminum-Garnet) laser was used in
combination with a nicotinic acid matrix in the original work by Karas and Hillenkamp. More
recently, the use of 337 nm (N2) and 355 nm (Nd:YAG) UV-lasers have been demonstrated (106),

and a wealth of matrix-materials have been discovered (100, 102, 107, 108, 109) (see Table III).

During crystallization of the matrix/analyte solution, the analyte has to be incorporated into the

crystal (in effect creating a solid solution of analyte molecules in the matrix) for the crystal to

produce ions upon UV laser irradiation. As can be seen from Table III the matrix requirements for

protein and peptide analysis differ inversely from those required for oligonucleotide analysis. This

is an important fact to keep in mind for later discussions of MALDI mass spectrometric analysis of

protein-nucleic acid complexes. The matrix has to be tolerant to buffers and solvents usually used

for protein work, and it has to be fairly volatile and, at the same time, stable in the high vacuum in
the mass spectrometer. The role of the matrix is presumably to absorb the UV light and convert

the photon energy, via electronic excitation, into heat that causes a rapid evaporation and
ionization of the matrix and the embedded analyte material (110). Physical chemical studies of this

phenomena may one day produce a definitive explanation as to why the MALDI process works as

well as it does.

Table III. Some commonly used matrices for MALDI mass analysis of
proteins, peptides, and oligonucleotides.
The suitability of a given matrix for a given compound class is indicated with + (Not good) to +++++
(Excellent).

Matrix Peptide and
protein

Oligo-
nucleotide

Ref.

Sinapinic acid +++++ (107)
4-hydroxy-ia-cyano-cinnamic acid +++++ (108)
2,5-dihydroxybenzoic acid ++++ ++ (109)
Ferulic acid + ++ +++ (107)
2,4,6-trihydroxyacetophenone ++ +++++ (100)
3-Picolinic acid +++++ (102)
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ELECTROSPRAY IONIZATION

In the late sixties, Dole and coworkers characterized the properties of charged particles

generated at atmospheric pressure by spraying polymer solutions from a metal needle held at a

high electric potential (3-6 kV) and positioned close to a conducting plate at ground potential

(111). Dole attempted to determine the mass of the electrosprayed particles by a charge

retention technique. The problem with this technique was that the charge state of the particles

was an unknown and therefore it was not straightforward to use the technique for molecular

weight determination of large molecules. In the mid-eighties, Fenn and coworkers at Yale set out

to reevaluate the electrospray technique using a quadropole mass spectrometer to analyze the

charged particles generated by electrospray. As mentioned above, a mass spectrometer always

combines both mass and charge information into the form of an Ink ratio without distinguishing
between the two. Fenn and colleagues soon realized that the electrospray technique is a
convenient and simple way of generating ions from polymer solutions (89, 112, 113).
Interestingly, the molecular ions that are generated by electrospray ionization (ESI) carries

approximately one charge for every one-thousand mass units. For example a molecule of mass

20,000 usually carries between 10 and 22 charges, bringing the m/z ratios into the range of a

quadropole mass spectrometer (10-2500 amu).

The rediscovery of electrospray and its use as an ionization technique for mass
spectrometry has revolutionized the field of biological mass spectrometry over the last 5-6 years.

The use of ESI-MS as a tool in protein chemistry is particularly fascinating. High accuracy
molecular weight determination of peptide, protein, and oligonucleotide samples at the low

picomole to femtomole level is possible (114). An extremely powerful approach to mixture-

analysis is to combine a separation technique with ESI-MS. ESI-MS is routinely used as a
sensitive and selective on-line HPLC detector that not only generates an elution profile of the

separated molecules but also provides molecular weight information on each eluting compound.

This hyphenated mode of operation (liquid chromatography-mass spectrometry, LC-MS) is a

powerful and sensitive technique for analyzing proteolytic digest mixtures derived from proteins

(LC-MS peptide mapping, see below). LC-MS analysis for selective identification of
phosphopeptides and glycopeptides has been reported (115, 116). A more recently developed

separation technique, capillary electrophoresis (CE), can also be interfaced to ESI-MS and is a

promising technique to further increase the sensitivity for mass spectrometry of biological
compounds (117, 118, 119).
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MASS SPECTROMETRIC PEPTIDE MAPPING

Peptide mapping refers to the analysis of peptide mixtures subsequent to chemical or

enzymatic cleavage of a protein. Mass spectrometric peptide mapping is a proven procedure that

couples chemical and enzymatic procedures with mass analysis to obtain information about the

contribution of specific stretches of the amino acid backbone to the structure and function of
proteins and polypeptides (120). This technique has been used to analyze peptides and
proteins for molecular weight, sequence, location of mutated amino acids, location of
post-translational modifications, character of cystine bridges, and differences between native and

recombinant species (83, 86, 121, 122). MALDI peptide mapping (92, 95) and LC-MS peptide

mapping (123, 124, 125, 126, 127) are particularly sensitive tools for protein digests.
Modifications of proteins or peptides can be characterized by monitoring the molecular weight

increase caused by covalent attachment of the ligand. Localization of phosphorylation sites and

glycosylation sites in proteins can now be performed by LC-MS peptide mapping by taking

advantage of the unique capabilities of the mass spectrometer for detection of specific reporter

ions (115, 116).

TANDEM MASS SPECTROMETRY

Tandem mass spectrometry (MS/MS) (128) is a means of obtaining detailed structural

information on molecules. A tandem mass spectrometer is a linear arrangement of two mass

spectrometers (MS1 and MS2) separated by a collision cell (Figure 5). The collision cell can be

filled with an inert gas, usually Argon or Helium. A molecular ion (parent ion), selected by MS1, is

allowed to collide with gas molecules in the collision cell between MS1 and MS2. Collisions will

induce thermal excitation of the molecular ion, in turn causing it to fragment. The charged
fragments (daughter ions) can be analyzed by scanning MS2 over the mass range of interest.

By using the tandem MS mode, structural (sequence) information on peptides can be
obtained (86, 129, 130). It has also been demonstrated that sequence information can be
obtained from intact proteins by tandem mass spectrometry (131, 132, 133). The nomenclature

for peptide fragment designations is given in Figure 6 (134).

Collisional activation of peptide ions produces mainly fragment ions resulting from

cleavage of the peptide amide bond. Charge retention on the N-terminal fragment results in B ion

series, while charge retention on the C-terminal fragment results in Y ion series. Tryptic peptides

produce particularly nice B and Y ion series, because both the N-terminal and the C-terminal
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fragment can retain a charge: The B ions are formed by protonation of the N-terminal amino group
and Y ions by protonation of the basic sidechain of the C-terminal residue (lysine or arginine).

Peptides can be sequenced by tandem mass spectrometry either by off-line analysis ofa

purified peptide, by direct analysis of mixtures (selecting one peptide at a time for sequencing), or

by on-line sequencing of peptides as they elute off an HPLC column (LC-MS/MS) (124, 125).

The latter procedure is extremely sensitive and powerful as has been demonstrated recently by

separation and sequencing of antigenic peptides isolated from major histocompatibility
complexes, by capillary HPLC interfaced to ESI-MS/MS (135, 136, 137).

Figure 5. Principle of tandem mass spectrometry.
A parent ion selected in MS1 undergoes collision induced fragmentation in the gas filled region
(collision cell) between MS1 and MS2. The resulting fragment (daughter) ions are analyzed by
scanning MS2. Adapted from ref (130).
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Figure 6. Nomenclature for peptide fragments generated by mass
spectrometric fragmentation.
The three possible cleavage points of the peptide backbone are called, A, B, and C, when the
charge is retained on the N-terminal fragment, and X, Y, and Z when the charge is retained on the
C-terminal fragment. The most common fragment ions are A, B, and Y. Adapted from ref. (134).
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Chapter 3: Strategy and aims

As touched upon in earlier sections, characterization of protein-nucleic acid complexes

will provide us with important information that might one day allow us to understand the nature of

specific and, maybe more importantly, non-specific protein-nucleic acid interactions in greater

detail.

The classical techniques have provided considerable information, but in order to probe
more deeply, we feel that new and more sensitive techniques must be developed.

The recent surge in applications of UV-crosslinking and photoaffinity-labeling techniques

to study protein-nucleic acid interactions provides a new tool that, in combination with protein

chemical techniques, allow contact points between proteins and nucleic acids to be identified

under the assumption that a zero-length covalent bond is formed at the protein-nucleic acid
interface. This investigation has been carried out on the premise that mass spectrometric

characterization of photochemically crosslinked protein-nucleic acid complexes, when fully
developed and implemented, will be a fast, sensitive, and selective method for identifying
crosslinked amino acid residues in proteins and, presumably, crosslinked nucleic acid base

residues in oligonucleotides. Mass spectrometry has recently proven to be more sensitive than

Edman degradation for peptide sequencing, and the hyphenated method of LC-MS and LC-

MS/MS allows proteolytic digest mixtures to be separated, mass analyzed, and sequenced in

considerable less time than by the classical approach. Other advantages of mass spectrometry

over Edman degradation are that N-terminally blocked peptides can be sequenced and that post-

translational or chemical modifications can be identified.

Our strategy is depicted in Figure 7. In the first stage, the nucleic acid binding protein and

its nucleic acid substrate or a photoactivatable analogue thereof are incubated under proper

conditions to form the protein-nucleic acid complex. The sample is subsequently irradiated with

UV-light for a given period of time in order to create photochemically crosslinked protein-nucleic

acid complexes. The irradiated reaction mixture is directly analyzed by MALDI MS to monitor the

crosslinking reaction and to assess the identity of the crosslinked product based on accurate
molecular weight determination. If the crosslinking yield is low, the crosslinked protein-nucleic

acid complex can be separated from the unreacted reagents before further characterization.

In the second stage, the crosslinked complex is fragmented by an enzyme (for example

trypsin) or by chemical treatment, and the peptide mixture is analyzed by MALDI and HPLC-ESI

MS in order to generate a mass specific peptide map.
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Figure 7. Strategy for characterization of protein-nucleic acid contacts using
photochemical crosslinking and mass spectrometry.
The protocol consists of three parts: i) Photochemical crosslinking of protein to nucleic acid; ii)
Peptide mapping to identify crosslinked peptide-nucleic acid complexes; iii) Identification of
crosslinked amino acid residues by sequencing of covalent peptide-nucleic acid complexes.
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Since the UV-crosslinked protein-nucleic acid complex is a covalently modified protein,

comparison of mass spectrometric peptide maps of the protein produced before and after UV-

crosslinking to the nucleic acid can be used to identify peptides that deviate from their expected

molecular weight by a mass increase that corresponds to a nucleic acid addition (the modification

in this case). This strategy relies on the fact that, in most cases, the amino acid sequence of the

nucleic acid binding protein will be known and that it will be possible to predict the respective

molecular weights of the peptides resulting from cleavage by a specific enzyme. However, even

in cases where the protein sequence is unknown, a change of retention time and mass of the

adducted vs. non-adducted peptides might serve to identify the crosslinked peptide.

In the third stage, the modified peptides identified in the previous stage are sequenced

by ESI tandem mass spectrometry (MS/MS) in order to identify the amino acid residues involved in

forming the photochemical crosslink to the nucleic acid, and thereby, the nucleic acid binding

sites of the protein. The use of fast atom bombardment MS/MS for the final characterization

(sequencing) of UV-crosslinked peptide-nucleic acid complexes has been demonstrated (47, 75,

79). However, fast atom bombardment ionization lacks the sensitivity of MALDI and ESI. Since

these latter techniques require only femtomole to low picomole amounts of sample for protein and

peptide analysis, the amount of material needed for the full characterization of a UV-crosslinked

protein-nucleic acid complex via our protocol should not exceed a few tens of picomoles.
Sensitivity at this level is essential for UV laser crosslinking and in vivo studies.

BIOLOGICAL PERSPECTIVES

Due to the improved sensitivity and speed available through implementation of the above

strategy more experiments can be performed on a given amount of protein and nucleic acid. For

example, crosslinking sites can be studied as a function of salt concentration or in the presence of

other macromolecules. Such experiments might provide information on how conformational
changes affect protein-nucleic acid complexes. Because our protocol has the potential to be

faster than the traditional approach (that is, radiolabeling, HPLC peptide mapping, and Edman

degradation), it becomes feasible to apply the strategy to a larger number of proteins and, in turn,

possibly identify common or new nucleic acid binding motifs.

Employing mass spectrometry to identify photo-products can allow us to learn more about

the chemical changes that macromolecules undergo during UV-irradiation. Specifically, it is
possible to characterize the photochemical process and the type of bond that is formed between

protein and nucleic acid. Such information might relate to other fields of research, such as aging
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and cancer, where DNA or protein modifications induced by external factors degrade or alter the
cellular control mechanisms.

In many cases it is easier to obtain structural information of an unliganded protein than of

the corresponding protein-nucleic acid complex by techniques such as X-ray diffraction and NMR

spectrocopy. Using molecular modeling software and graphical workstations it is possible to fit the

nucleic acid to the putative binding site in the protein. Photochemical crosslinking and
identification of the crosslinked amino acids by mass spectrometry can be used to develop or

establish such models. The proposed protocol might therefore be used to supplement and
improve data obtained by the more established techniques.

As mentioned in a previous section, the importance of macromolecular assemblies in

biological processes is emerging. Using our strategy to dissect multiprotein-nucleic acid
complexes might provide insights into how individual components of the complexes carry out
their respective roles in nucleic acid binding.

Ultimately, it might be possible to irradiate living cells or tissues, isolate specific
crosslinked protein-nucleic acid complexes, and identify the contact sites by using this sensitive

protocol.

ANALYTICAL CHALLENGE

Successful detection of crosslinked amino acid-nucleotide adducts demands sensitive

and gentle analytical techniques. The crosslinking yield can vary from below 1% to above 70%

depending on the system under study, the irradiation conditions, and the type of nucleic acid that

is used. The protein x nucleic acid complexl might be unstable to acid, base, high temperature,

or salt. Very little is known about the covalent bonds that are induced by UV-irradiation of protein-

nucleic acid complexes as mentioned previously, and this adds some uncertainty to this pursuit.

More information should be forthcoming by implementation of our protocol since mass

spectrometry can reveal structural information about molecules. The crosslinked species are

often present in complex mixtures, a condition that necessitates high sensitivity and dynamic
range of the analytical techniques.

Mass spectrometry fulfills these requirements. The absolute sensitivity for individual

peptides and nucleic acids is better than 1 picomole by several orders of magnitude. Specificity is

obtained by accurate molecular weight determination. The ultimate analytical method,
chromatographic separation with online mass spectrometric detection, is now available and
provides high separation efficiency coupled to specific and sensitive detection of analytes.

1The nomenclature A x B indicates a photochemically crosslinked A-B complex.
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AIMS

The general aim of the present investigation has been to establish the feasibility of the

above mentioned strategy and to identify problems associated with it. We have approached this
by:

1) Analyzing intact UV-crosslinked protein-nucleic acid complexes by mass spectrometry.

Molecular weight data can directly establish that a complex has been formed and can

provide information on the stoichiometry of the components of the complex.

2) Demonstrating that covalent peptide-nucleic acid complexes, derived from UV-crosslinked

protein-nucleic acid complexes by protease digestion, can be analyzed by mass
spectrometry. Accurate molecular weight determination will help identify the peptide

portion of the complex because the peptide mass can be calculated by subtraction of the

known nucleic acid mass from the experimentally obtained mass of a peptide-nucleic acid

complex. The molecular weight of the peptide along with the cleavage specificity of the

protease is enough to map the peptide in the protein sequence.

3) Demonstrating that mass spectrometry can be used in combination with chromatography

to identify covalent peptide-nucleic acid complexes in peptide mixtures. Chromatographic

separation of peptides and peptide-nucleic acid complexes with on-line mass

spectrometric detection will be a powerful method to rapidly localize the nucleic acid
domain of a protein.

4) Demonstrating that tandem mass spectrometry can be used to sequence peptide-nucleic

acid complexes, thereby localizing the amino acid residue(s) involved in forming the
covalent bond to the nucleic acid.

5) Demonstrating that molecular weight information obtained by mass spectrometry of UV-

crosslinked protein-nucleic acid complexes and peptide-nucleic acid complexes can be
used to localize nucleic acid binding domains in proteins.
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Chapter 4: Model systems

In order to establish the feasibility of the proposed protocol we have used a variety of

biological systems consisting of nucleic acid binding proteins and their respective ligands. The

gene 32 protein is involved in DNA replication, recombination and repair, transcription termination

factor Rho is an important component in transcription, whereas uracil-DNA glycosylase is a DNA

repair enzyme. These three biological systems and a chemical model system are described

below.

Phage T4 gene 32 protein

Phage T4 gene 32 protein is the single-stranded DNA-binding protein in a 5 protein

system involved in the elongation phase of leading strand DNA synthesis (138, 139, 140). Its

apparent role is to bind to the transiently formed single-stranded DNA-structures at the replication

fork and stabilize them. The gene 32 protein (gp32) is also involved in recombination and repair of

DNA where it serves to protect and stabilize single-stranded DNA (ssDNA).

The gene 32 protein is present at a concentration of 3 1.1M in T4 infected E. coli cells

(approximately 10,000 molecules/cell). It controls its own translation by specific, cooperative

binding to gp32 mRNA (141). The gp32 polypeptide contains 301 amino acid residues (Figure 8)

and has a molecular weight of 33,502. Hydrodynamic studies have shown the protein to be a
prolate ellipsoid with a 4:1 axial ratio and a 12 nm length.

During replication multiple gp32 molecules bind to ssDNA like pearls on a string. It has

been demonstrated that DNA-binding induces a conformational change of gp32 (142). DNA-
binding activity resides in the central domain of the protein as shown by limited proteolysis (143),

photoaffinity-labeling (144), and UV-crosslinking (67), whereas protein-protein interactions are

mediated by the acidic C-terminal domain of the protein (145, 146). The central DNA-binding

region of gp32 has a zinc-finger like motif (3 Cys, 1 His) that presumably binds Zn2-1-. The

presence of one Zn2+ per gp32 is necessary for cooperative binding to DNA (147) and for

translational autoregulation of gp32 mRNA (148). The amino-terminal region is necessary for

cooperative binding of gp32 to ssDNA. A structural model has been proposed in which the acidic
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C-terminal domain of gp32 folds into a four-helix bundle that might interact with other proteins
(146).

The DNA binding site of gp32 covers 8 bases in ssDNA (49). NMR studies performed in

the absence and presence of ssDNA indicates that aromatic amino acids (Phe, Trp) are involved in

protein-DNA interactions (149, 150). It has been proposed that a stretch of amino acids from
Tyr73 to Tyr115 define part of the DNA binding surface. Subsequent UV-crosslinking experiments

have identified Phe183 as the crosslinked residue (67). Although a lot of effort has been put into

characterizing DNA-binding properties of gp32 over the last 25 years the molecular details are still
not known and there is still no 3-dimensional structure available on gp32 although both NMR

and X-ray studies were initiated years ago (141).

Single-stranded DNA binding by gp32 is suggested to be mediated by hydrophobic

interactions between aromatic amino acid sidechains and nucleobases (stacking) and charge-

charge interactions between positively charged amino acid sidechains and negatively charged

DNA backbone phosphate groups (7).

Leading strand DNA synthesis proceeds at a rate of several hundred nucleotide residues

per second. Since a number of sequential reactions are required to insert a single nucleotide

residue at the 3' end of the nascent DNA chain (151), each template-dependent reaction cycle

must go to completion in milliseconds. As is typical in cases where several proteins are involved,

the protein-nucleic acid system in the T4 DNA replication system is an extremely labile complex

that cannot survive rigorous biochemical analysis without the intervention of some technique like

UV induced crosslinking. Given that the bacteriophage T4 leading strand replication system has

been well characterized using other methods (138, 139) and that the amino acid sequence for

gp32 is known, von Hippel and coworkers used gp32 to calibrate and characterize laser
generated pulsed UV crosslinking as a tool for studying dynamic aspects of protein-nucleic acid

interactions that take place on the millisecond time scale (49, 58, 152).

The work on the T4 gp32 protein has shown that a dose of approximately 1017 photons

(266 nm) delivered in a single 5 ns pulse (generated by a frequency-quadrupled Nd:YAG laser) is

optimal for inducing crosslinking between DNA and proteins. Under these experimental
conditions -4% of (dT)i 0 oligomers put into the reaction vessel covalently bind to the reactant

protein; by contrast, only 0.08-0.16% of cytidine or purine oligomers crosslink to the protein
reactant. Typically, pulsed UV-crosslinking at 266 nm with a single pulse of 2- 5.1016
photons/sample works well for protein concentrations ranging from 1043 to 5.10-5 M and for

nucleic acid concentrations of 10-8 to 10-4 M (in units of nucleotide residues).

The gene 32 protein crosslinked to (dT)20 oligonucleotide by pulsed UV irradiation was

used in our initial mass spectrometric studies of protein-nucleic acid complexes in order to
establish the feasibility of the project.
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Transcription termination factor Rho

NTPases, specific and non-specific single-stranded nucleic acid binding proteins,
translocases, and helicases have activities that are critical to genetic recombination, replication,

and critical aspects of gene expression, such as transcriptional control and message processing.

Transcription termination factor Rho from Escherichia coli (Rho) has been widely adopted as a

model system for the physical study of nucleic acid binding protein structure and activity (153,

154, 155, 156). The protein is a single-stranded RNA binding protein with an ATPase activity. It

binds a wide subset of sequences defined within a particular RNA secondary structure (or non-

structure). Rho will bind single-stranded RNA and DNA equally well, yet its ATPase activity is not

viable when DNA is bound. Furthermore, the affinity of nucleic acid to the nucleic acid binding site

of rho is determined by base content not consensus sequence.

TRANSCRIPTION TERMINATION AND RHO

Transcription of a mRNA from a DNA-template involves three processes: initiatiation,
elongation and termination. In E. coli, termination of the transcriptional process can be
accomplished by two mechanisms called Rho-dependent and Rho-independent transcription
termination, respectively. In Rho-independent transcription termination a DNA region of dyad
symmetry followed by a stretch of As usually encodes the transcription termination site. The

former region allows a hairpin loop structure to form in the nascent RNA-transcript while the latter

region weakens the RNA:DNA interaction. This causes instability of the transcriptional "bubble",

facilitating the dissociation of the RNA-polymerase/DNA/RNA ternary complex and subsequent
release of the RNA-transcript (157). This is the most common termination mechanism in
procaryotes. The transcript is always terminated at the same site (within 1-2 nucleotide units), that

is, the mRNA size for a given gene is constant. In contrast to this sequence-dependent

termination event, Rho-dependent transcription termination requires a protein factor to release

the nascent RNA-transcript while the RNA-polymerase is paused at specific Rho-dependent
termination sites. There is no obvious consensus sequence that dictates Rho-dependent
termination events as will be explained below.

Transcription termination factor Rho is a RNA-dependent ATPase. Rho-dependent

transcription termination is presumably initiated by the Rho hexamer binding to a (rC)-rich
recognition site on the nascent RNA-transcript. This event is followed by an ATP-driven
extension of the interaction towards the 3' end of the transcript. If the RNA-polymerase is stalled
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at a pause-site, it will allow Rho to catch up and this eventually causes the release of RNA from the

ternary transcription complex. The sizes of RNA transcripts terminated by this mechanism vary
because the process is dependent on the kinetics of RNA-polymerase pausing and Rho
movement (ATPase activity). The details of the Rho-dependent termination mechanism are not

yet fully understood, although the large amount of information accumulated over the last few

years, have spawned several models. Rho apparently acts as an ATP-driven DNA-RNA helicase

and therefore it belongs to an important class of proteins that couple NTP-hydrolysis with physical

action on a nucleic acid substrate (155). This class includes DNA-helicases involved in replication,

recombination and repair and translational initiation factors (such as eIF4A and eIF4F) that promote

the binding of ribosomes to eucaryotic mRNA and the search for initiation sites. Elucidating the

molecular details of Rho-action therefore can provide insight into mechanisms involved in

important cellular processes. The following overview of our current knowledge of Rho structure

and function is based on reviews by Bear and Peabody (154), Richardson (155) and Platt and

Richardson (156). More recent references are included, where appropriate.

RHO STRUCTURE

The Rho polypeptide is composed of 419 amino acids (Figure 9); the molecule has a

molecular weight of 47,004 and an isoelectric point close to 9. Rho contains only one cysteine

residue and therefore no disulphide bridges are present. The active form of Rho is a hexamer

made of three functional units of asymmetric Rho dimers. It has a planar hexagonal geometry
(closed ring or lock-washer appearance) with D3 symmetry as revealed by physical-chemical

studies (158, 159) and cryo-electron microscopy (160). Each Rho subunit has one RNA-binding

site and one NTP binding site. The RNA-binding site is located in the 151-residue N-terminal

domain of the Rho polypeptide whereas the NTP-binding site is located in the central domain of

the polypeptide. An amino acid sequence of proposed purine nucleotide binding sites [A/G G

G K T/S] can be found in several prokaryotic and eucaryotic helicases and also exists in Rho
[178 AtAppu(K)aGKT]. Site-directed mutagenesis studies also indicate that this region of Rho is
involved in NTP binding and furthermore that Asp265 is required for ATPase activity (161).

Photoaffinity-labeling studies using azido-ATP identified Lys181 as the labeled residue (162,
163). Another, although weaker, NTP-binding sequence motif can be found in the region of
amino acid 345-359.
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NTP-BINDING SITE OF RHO

The ATPase activity of Rho is only present when RNA is bound. Work performed by von

Hippel and coworkers indicates that the functional units in the Rho hexamer are the dimers (164,

165). The Rho hexamer has six nucleoside-triphosphate (NTP) binding sites, one on each

subunit. Three of these are considered high-affinity sites and the other three are low-affinity sites

(164). However, all binding sites have a binding constant that allows binding of ATP, in principle

allowing all ATP-binding sites to be involved in the catalytic ATPase cycles. Physical-chemical

studies and limited trypsinolysis experiments indicate that the Rho hexamer undergoes a
conformational change upon binding of ATP, in effect, reducing the symmetry of the Rho
hexamer from D3 to "pseudo-D3". This might have implications for the mechanism by which Rho

moves uni-directionally (5' to 3') along the RNA-transcript, in that unidirectional movement by

association-dissociation events can be achieved only by an asymmetric structure (164). Also,

conformational change in one functional dimer might change the ATP binding constants of the

neighbouring dimers, allowing cooperativity or allosteric regulation between functional dimers.

RNA-BINDING SITE OF RHO

As stated previously, each Rho subunit has a RNA-binding site making a total of six in the

hexamer. Three are high-affinity and three are low-affinity RNA-binding sites, that differ 10-fold in

binding constant (165, 166). All six RNA-binding sites of Rho have to be occupied in order to

maintain the ATPase activity (165). The bound Rho hexamer covers approximately 70
nucleotides on the substrate RNA-transcripts and RNA-binding induces a conformational change

of Rho. Apparently, Rho has no RNA-sequence or -structure requirements for binding to RNA.

Rather, a lack of RNA secondary and tertiary structure and the presence of rC-clusters in the RNA

are necessary for binding. Both poly(rC) and poly(dC) can bind to Rho, but the latter inactivates

the Rho ATPase, indicating that Rho is able to discriminate between RNA and DNA. Using

synthetic (rU, rC)-octamers and -decamers, it was shown that each RNA-binding site covers 8-9

nucleotides (166, 167). It was demonstrated that Rho ATPase activity is oligonucleotide-
sequence and -composition dependent in that stretches of 5 or more rC units provide the largest

association constant for the RNA-binding sites of Rho, while rU units situated at the 5' end of (rU,

rC)-octamers provide the greatest stimulation of the ATPase activity of Rho (166, 168). This

demonstrates that RNA-binding by Rho is 'polarized', that is, it requires proper 5' to 3' orientation

of the RNA-transcript in the binding sites, where rC residues promotes the binding of the
oligonucleotide and rU residues stimulates the ATPase activity. This requirement for "orientation"
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may provide another means for uni-directional movement of the rho hexamer along the RNA-

transcript. Occupancy of the NTP binding sites by ATP, ADP or a non-hydrolyzable ATP analog

had no effect on the binding of (rU, rC)-oligonucleotides, whereas RNA-binding is necessary for

the ATPase activity of Rho. Furthermore, the RNA binding constant does not correlate directly

with ATPase activity, and therefore, it is proposed that one has to consider the RNA-binding

event and the ATPase driven movement of Rho along the RNA-transcript as separate aspects

(166). As for the ATP-binding site, RNA-binding to one functional dimer might affect binding in

the neighbouring dimers, that is, cooperative or allosteric effects might be present in the
hexamer.

AIMS

The aim of the photoaffinity labeling and mass spectrometric studies presented in the

following chapters is to establish the proposed strategy and to locate the NTP binding site of Rho

in order to get a better understanding of the mechanisms of Rho function. Previously published

data on photoaffinity-labeling of the ATP-binding site of Rho (162, 163) and site-directed
mutagenesis studies (161) indicate that the region around the Lys181 residue is involved in ATP

binding. We want to confirm this finding using 4sUDP as a photoaffinity label and our analytical

protocol, and subsequently use RNA with 4sU incorporated to label the RNA binding site of Rho.

The ATP-binding site of Rho is well suited to study by photoaffinity labeling with the ATP-

analog 4-thio-uridine diphosphate (4sUDP). UV crosslinking experiments performed with 4sUDP

at 335 nm are selective and relatively devoid of extraneous photoreactions because the excitation

wavelength is far from the absorbance maxima of amino acids or other nucleic acids (61).
Compared to azido labels (48), 4sUDP is much easier to work with. Since 4sUDP occurs in nature

with biological properties very similar to uracil, it can be readily incorporated anywhere within an

oligonucleotide reactant making it possible, for example, to map an entire DNA- or RNA-binding

site on a protein.
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Uracil-DNA glycosylase

This short overview is based on a recent and extensive review by Mosbaugh and Bennett

(169) of the uracil-excision repair pathway and the role of uracil-DNA glycosylase in this process.

Uracil can be introduced or incorporated into DNA by several routes: Deamination of

cytosine is believed to be the predominant pathway, but high levels of dUTP in the cell can result

in misincorporation of U instead of T during DNA synthesis. The implications of the presence of U

in DNA is still not fully understood. In some cases cells can survive U incorporation under

conditions where uracil excision repair is absent. However, in the presence of uracil excision

repair activity, excess uracil-incorporation is lethal to cells. This effect is caused by the activity of

the uracil-DNA glycosylase (Ung) enzyme.

Ung catalyzes the cleavage of the N-glycosidic bond between the uracil base and the

deoxyribose backbone of DNA and thereby initiates the uracil excision repair pathway. This

pathway causes the apyrimidinic (AP) site to be repaired by cleavage of the damaged DNA strand

(incision) next to the AP-site, followed by a one-nucleotide excision repair process that includes

removal of the AP-site, DNA synthesis, and ligation. This is in contrast to (oligo)nucleotide

excision-repair pathways where a longer patch (12-15 bases) is removed by an exonuclease
enzyme, followed by DNA synthesis and ligation. This implies that the uracil excision repair
pathway is concerted, that is, binding of Ung allows only one-nucleotide repair enzymes access to

the DNA the regular nucleotide excision repair enzymes are excluded from reaching the AP site.

It has therefore been suggested that Ung serves as a nucleation point for other enzymes,
although no evidence for protein-protein interactions has been provided.

Ung has been isolated from many species, indicating that it is an enzyme of major
importance to cells and organisms. This is also suggested by the large degree of homology and

amino acid identity (40-50%) that is found between Ung enzymes isolated from different species.

The E. coli enzyme, which was used in the present work, consists of 228 amino acids (Figure 10),

excluding an N-terminal Met that is posttranslationally removed. Ung has a molecular weight of

25,563 and a pl of 6.6, contains one cysteine residue, and has a "normal" amino acid composition

(9.2% acidic residues, 8.3% basic residues).

Ung binds to single stranded DNA with a two-fold specificity relative to double stranded

DNA and has no cofactor requirement. The enzyme is inhibited by uracil and DNA containing AP-

sites. The phage PBS2 uracil-DNA glycosylase inhibitor (Ugi) is a noncompetitive inhibitor of Ung.

It forms a very stable 1:1 complex with the enzyme.

The aim of the present study is to locate the DNA binding region in the Ung polypeptide.

This will provide information as to which amino acids are important for DNA binding. Assuming that
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the catalytic site is near the DNA binding site, identification of the latter might also provide

information on the catalytic site and in turn shed light on the mechanism involved in cleavage of

the N-glycosidic bond. Following identification of the DNA binding domain of Ung site-directed

mutagenesis studies will be initiated to further characterize the binding site.

Synthetic peptide-oligonucleotide hybrids

During the course of the present study we found it necessary to synthesize peptide-
oligonucleotide hybrids in order to learn more about the chromatographic and mass spectrometric

behavior of these species. We were particularly interested in testing the applicability of tandem

mass spectrometry for structural elucidation of peptide-oligonucleotide hybrids.

We synthesized peptide-linker-oligonucleotide hybrids by coupling a peptide carboxyl

group to an amino group on an aminolinker-5'-oligonucleotide. The two species were coupled by

formation of an amide bond using a catalyst. The purified peptide-linker-oligonucleotides were

analyzed by reversed phase HPLC, MALDI, and ESI mass spectrometry.
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MFKRKSTAEL AAQMAKLNGN KGFSSEDKGE WKLKLDNAGN 40
GQAVIRFLPS KNDEQAPFAI LVNHGFKKNG KWYIETCSST 80
HGDYDSCPVC QYISKNDLYN TDNKEYSLVK RKTSYWANIL 120
VVKDPAAPEN EGKVFKYRFG KKIWDKINAM IAVDVEMGET 160
PVDVTCPWEG ANF'VLKVKQV SGFSNYDESK FLNQSAIPNI 200
DDESFQKELF EQMVDLSEMT SKDKFKSFEE LNTKFGQVMG 240
TAVMGGAAAT AAKKADKVAD DLDAFNVDDF NTKTEDDFMS 280
SSSGSSSSAD DTDLDDLLND L 301

Figure 8. Amino acid sequence of phage T4 gene 32 protein.

MNLTELKNTP VSELITLGEN MGLENLARMR KQDIEFAILK 40
QHAKSGEDIF GDGVLEILQD GFGFLRSADS SYLAGPDDIY 80
VSPSQIRRFN LRTGDTISGK IRPPKEGERY FALLKVNEVN 120
FDKPENARNK ILFENLTPLH ANSRLRMERG NGSTKDLTAR 160
VLDLASPIGR GQRGLIVAPP KAGKTMLLQN IAQSIAYNHP 200
DCVLMVLLID ERPEEVTEMQ RLVKGEVVAS TFDEPASRHV 240
QVAEMVIEKA KRLVEHKKDV IILLDSITRL ARAYNTVVPA 280
SGKVLTGGVD ANALHRPKRF FGAARNVEEG GSLTIIATAL 320
IDTGSKMDEV IYEEFKGTGN MELHLSRKIA EKRVFPAIDY 360
NRSGTRKEEL LTTQEELQKM WILRKIIHPM GEIDAMEFLI 400
NKLAMTKTND DFFEMMKRS 419

Figure 9. Amino acid sequence of E. coli transcription termination factor
Rho.

MANELTWHDV LAEEKQQPYF LNTLQTVASE RQSGVTIYPP 40
QKDVFNAFRF TELGDVKVVI LGQDPYHGPG QAHGLAFSVR 80
PGIAIPPSLL NMYKELENTI PGFTRPNHGY LESWARQGVL 120
LLNTVLTVRA GQAHSHASLG WETFTDKVIS LINQHREGVV 160
FLLWGSHAQK KGAIEDKQRH HVLKAPHPSP LSAHRGFFGC 200
NHFVLANQWL EQRGETPEDW MPVLPAESE 229

Figure 10. Amino acid sequence of E. coli uracil-DNA glycosylase.
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Chapter 5: Experimental

High performance liquid chromatography

SEMI-PREPARATIVE HPLC

A Beckman Model 100A HPLC system equipped with a Vydac C18 column (The

Separations Group, Hesperia, CA; 4.6 mm x 250 mm, 5 gm particles, 300 A pores) was used for

semi-preparative purification of peptide and synthetic peptide-nucleic acid hybrids. Peptides

were detected by UV-monitoring at 220 nm using a Waters Model 486 UV detector. Nucleotides

and synthetic peptide-linker-nucleotide hybrids were detected by UV-monitoring at 256 nm.

MICROBORE HPLC SYSTEM

An ABI 140B syringe pump (Perkin-Elmer/Applied Biosystems Division) equipped with a

Rheodyne 8125 injector (5 lit_ sample loop) and a 1 mm x 250 mm Vydac C18 column (The

Separations Group, Hesperia, CA) was used for all separations. An ABI/Kratos model 783 UV-

detector equipped with a microbore flow cell (1 1.11_ dead volume) was used to detect eluting

compounds. For microbore HPLC-MS applications the column was connected to the electrospray

mass spectrometer by a 50 pm ID fused silica capillary. Further details of the microbore HPLC-MS

setup can be found in the mass spectrometry section below.

CAPILLARY HPLC SYSTEM

Nanoscale separations were carried out by using custom packed 320 gm x 110 mm or 250

x 250 mm fused silica capillary columns.

In order to obtain a low flowrate, while still getting reproducible gradients, the ABI 140B

pump was run at a flow rate at 40-80 µL/min and the flow split to approximately 5 gL/min before the

injector. The splitting tee was fabricated from 50 gm ID fused silica capillary and an Upchurch tee

(100gm ID). The splitting ratio was set by the length (backpressure) of the open-ended capillary.
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Mass spectrometry

THE OSU MALDI-TOF MASS SPECTROMETER

A custom-built time-of-flight mass spectrometer (Figure 11) equipped with a frequency-

tripled (355 nm) Nd:YAG laser (Spectra-Physics GCR-11) was used for positive and negative ion

MALDI mass spectrometric analysis. Acceleration potentials of 24 kV and 18 kV were applied to

the probe and the first extraction lens respectively. A negative potential of 200-600 V was applied

to an ion guide-wire spanning the 60 cm flight path to improve ion transmission to the detector. A

negative potential of 3,500 V was applied to the front of the instrument's detector, which is a

hybrid consisting of a microchannel plate mounted in front of a mesh electron multiplier
(Hamamatsu R2362).

The data acquisition system consists of a Le Croy TR8828 transient recorder controlled by

a Le Croy 6010 Magic Controller that is interfaced to a PC via a National Instruments GPIB PCII

board. Recorded time-of-flight mass spectra consist of the summed data generated from 30-50

consecutive 5-20 106 W/cm2 laser pulses. Mass calibration and data analysis was performed

using M-over-Z software (170) running on a PC or TOFMA software (171) running on an Atari
Mega 4 computer.

SAMPLE PREPARATION FOR MALDI MASS SPECTROMETRY

The following compounds were purchased from Aldrich Chemical Co. for use as MALDI

matrices: 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid), 4-hydroxy-a-cyanocinnamic acid

(HCCA), 4-hydroxy-3-methoxycinnamic acid (ferulic acid), 2,4,6-trihydroxyacetophenone (THAP),

and 2,5-dihydroxybenzoic acid (gentisic acid or DHB).

Formic acid (98%) was purchased from Fluka. Diammoniumhydrogencitrate,
trifluoroacetic acid and 1,1,1,3,3,3-hexafluoroisopropanol were purchased from Aldrich. All water
was Millipore filtered. Acetonitrile was from Malinckroth (UltimAR grade). Further details of the

solvent combinations used are mentioned in figure legends and tables in the Results chapter.

The matrix compounds were dissolved to a final concentration of 10 g/L (saturated

solution) except HCCA ,which was dissolved to a final concentration of 5 g/L (saturated solution).

Matrix solutions were centrifuged prior to use to precipitate insoluble matter. Typically, 1 gl.
sample was mixed into 3-9 tiL of matrix solution to obtain a 1-10 piM analyte concentration. For
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each analysis, 0.5-1 4L of the sample/matrix solution was deposited onto a stainless steel probe.

Prior to insertion into the mass spectrometer, the deposit was dried under a stream of air at

ambient temperature, washed by dipping into cold (40C) water, and dried again.

Alternatively, the mass spectrometer target was prepared by depositing 1 4.1_ of matrix

solution which was gently wiped off after 10-15 seconds using a Kimwipe tissue. This allows a

microcrystalline "seed-layer" to form on the probe tip. Subsequently, 1 pt of the analyte/matrix

solution, prepared as above, was deposited on top of the seed layer and allowed to dry. In some

cases the analyte/matrix crystals were rinsed by gently dipping the probe tip into water before the

sample had dried totally ("wet-rinse"). The probe was then inserted into the mass spectrometer

and mass spectra acquired as outlined above.

Equine cytochrome c (MW 12,360), equine myoglobin (MW 16,951), chymotrypsinogen

A (MW 25,656), and bovine serum albumin (MW 66,430) were purchased from Sigma for use as

internal mass calibrants.

THE OSU ELECTROSPRAY IONIZATION TANDEM MASS SPECTROMETER

In the spring of 1994 a Sciex API III Plus triple quadropole mass spectrometer (Perkin-

Elmer/Sciex, Canada) was installed in the Department of Agricultural Chemistry/Environmental

Health Sciences Center. This instrument uses pneumatically assisted electrospray (ion-spray) to

create gas-phase ions at atmospheric pressure (Figure 12).

Calibration was performed in the positive ion mode using a mixture of polypropylene

glycols. Positive ion mass spectra were collected using an electrospray potential of 5,000V and

orifice potentials in the range of 60 to 110 V. In the negative ion mode the electrospray potential

was set at -4100 V with the orifice potential set at -110 V. A curtain gas (nitrogen) flow of 0.6 L/min

and a nebulizer gas (oxygen) flow of 0.6 L/min were used for flow injection analysis and capillary

LC-MS.

Flow injection analyses at 3.3 plimin were performed using a Harvard syringe pump

connected to the electrospray interface via a Rheodyne 8125 injector (5 pt sample injection
loop). For peptide analysis the solvent was an aquous solution of 0.1% formic acid/50%
methanol. For oligonucleotide and peptide-oligonucleotide hybrid analysis the solvent was 5 mM

ammonium acetate/50% acetonitrile (172). The mass range of interest, typically 400-2,200, was

scanned by 01 in approximately 4 seconds using a dwell time of 1 msec and a step size of 0.5 Da.

Sequencing by tandem mass spectrometry (MS/MS) was accomplished by selecting a

doubly charged parent ion emerging from 01 and scanning Q3. A collision cell gas (argon)
pressure of 100-200 (arbitrary units, laboratory frame) was used.
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Online detection of HPLC eluents by ESI-MS, i.e. LC-MS, was accomplished by
connecting the above mentioned microbore HPLC system to the ESI interface with a 50 iirn fused

silica capillary. A flow rate of 40 gUmin was used. Negative ion mass spectra were collected as

outlined above. The conditions for microbore and capillary HPLC-ESI MS peptide mapping of

Rho are described in the Rho section of this chapter.
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gp32 project

PULSED UV LASER CROSSLINKING OF GP32 TO dT20

Oligomeric dT20 was purchased from Pharmacia. Purification of gp32 followed the

method of Nossal (173), except that a phenyl Sepharose column step was added after the DEAE

resin step specified in the original procedure.

Pulsed UV-laser crosslinking of gp32 to dT20 oligomers was performed on 10 ill_
mixtures containing 22.5 .t.M gp32 and 10 µM dT20 in 20 mM HEPES, pH 7.5, 100 mM KOAc, 1

mM EDTA, and 0.5 mM DTT. 25% glycerol was present in some of the samples. In order to
monitor the efficiency of crosslinking, a mixture containing a trace amount of 5'-[32P]-(dT)20 was

crosslinked at the same time. Samples of dT20 were radioactively 5'-labeled with T4

polynucleotide kinase (174). After crosslinking, radioactive mixtures were subjected to
electrophoresis on 10% polyacrylamide-SDS gels. Yields of crosslinking were determined by
scanning the dried gel on an AMBIS 4000 radiodetection unit (AMBIS, Inc.). The protocol for
irradiating gp32-dT20 mixtures was as described by Hockensmith et al. (58), with the following

modifications: i) the laser was operated in the single-shot mode in order to obtain an 8 ns pulse;

and ii) between samples, the laser was switched to continuous pulsed mode to stabilize the pulse

energy. The energy of each single laser pulse was measured to be 22.9 ± 3.0 mJ (3.0 ± 0.4

1016 photons) using a pyroelectric detector (Oriel, model 70825) connected to a digital storage
oscilloscope (Tektronix, model 2201).

The UV-laser crosslinking experiments were performed by Dr. Mark Young in the
laboratory of Peter von Hippel, Institute of Molecular Biology, University of Oregon.

SAMPLE PREPARATION FOR MALDI MASS SPECTROMETRY OF UV-
CROSSLINKED GP32-dT20 COMPLEXES

Samples were prepared as outlined above. Further details on matrix and solvent
combinations are given in the Results chapter.
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Ung project

UV-CROSSLINKING OF URACIL-DNA GLYCOSYLASE TO dT20

Preparations of Ung and Ung x dT20 complex were provided by Samuel E. Bennett and

Professor Dale W. Mosbaugh. The oligonucleotide dT20 was UV-crosslinked to the Ung protein

as described in detail elsewhere (3). Briefly, Ung was incubated with an 83-fold molar excess of
dT20 and UV-irradiated at 254 nm for 30 minutes. The crosslinking yield was calculated to be

approximately 5% relative to Ung. Cross linked Ung x dT20 complex was isolated by anion-

exchange chromatography and DNA-Sepharose chromatography. Tryptic digestion of purified,
crosslinked Ung x dT20 complex and purification of peptide x dT20 hybrids by anion-exchange

chromatography was performed as described in detail elsewhere (3). Prior to mass spectrometric

analysis, the samples were desalted using Nensorb cartridges and eluted with water/methanol

(1:1).

MASS SPECTROMETRY OF PURIFIED, UV-CROSSLINKED URACIL-DNA
GLYCOSYLASE X dT20 COMPLEX.

A 10 g/L solution of 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) dissolved in

33% formic acid/33% acetonitrile was used as a matrix for MALDI mass analysis of purified UV-
crosslinked Ung-dT20. For each analysis, 0.5 gl_ of the matrix solution was deposited on the

probe and dried under a stream of air. Another 0.5 ii.L of the matrix solution was deposited on top

of the initial application and followed immediately by addition of 0.5 !IL of a solution containing the
purified crosslinked Ung-dT20 complex. The sample was allowed to dry by slow evaporation and

the dried deposit was washed by rinsing in cold (4°C) Millipore-filtered water. The sample was then

inserted into the mass spectrometer and analyzed by MALDI.

All time-of-flight mass spectra were generated by summing the signals generated by 30-
50 individual laser pulses and were calibrated by using ion-signals from the matrix and dT20 as

internal mass calibrants. The molecular weights reported in the Results chapter are averages of
several independent measurements.
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PROTEOLYTIC DIGESTION OF UNG AND UNG X dT20 BY TRYPSIN

The experimental conditions for over night digestion of S-alkylated Ung and Ung x dT20

by trypsin are given by Bennett et al. (3).

MASS SPECTROMETRIC PEPTIDE MAPPING OF UNG AND UNG X dT20
TRYPTIC DIGESTS.

A 5 g/L solution of 4-hydroxy-a-cyanocinnamic acid in 0.1% trifluoroacetic acid /33%

acetonitrile was used as a matrix for MALDI mass spectrometric mapping of tryptic peptides
derived from Ung and Ung x dT20. The samples were prepared by mixing 0.51.1_ of the peptide

mixture into 2-3 pL of the matrix solution. For each analysis, 1 pi. of this solution was deposited

on the mass spectrometric probe and dried under a stream of air. The crystallized sample was

rinsed prior to MALDI mass analysis by dipping the probe tip into cold (4°C) water in order to

remove urea and other interfering components present in the sample.

MASS SPECTROMETRY OF PURIFIED PEPTIDE X dT20 COMPLEXES.

MALDI mass analyses of desalted samples of peptide-dT20 complexes were performed

using 10 g/L solutions of 2,4,6-trihydroxyacetophenone (THAP) or 4-hydroxy-3-

methoxycinnamic acid (ferulic acid) in 50 mM diammoniumhydrogen citrate/50% acetonitrile as the

matrix. The samples were mixed 1:1 or 1:2 with the matrix solution on the mass spectrometric

probe and allowed to dry at room temperature.

Rho project

UV-INDUCED CROSSLINKING OF TRANSCRIPTION TERMINATION FACTOR RHO
TO 4SUDP

Rho protein was prepared and stored as described by Gogol et al. (160); 4-thio-uridine

diphosphate (4sUDP) was purchased from Sigma. Due to the size of the Rho protein (47 kD), gel

electrophoresis cannot discriminate between the unlabeled and photoaffinity-labeled protein;

therefore, an ATPase inactivation assay is employed to monitor the UV crosslinking reaction
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between 4sUDP and Rho. The protein was assayed for NTPase activity by utilizing 50 nM final

Rho monomer concentration and 20 Al poly(rC) (in nucleotides) as described by Seifried et al.

(175). Photo labeling experiments were carried out in NTPase solution with 5 !..iM Rho and 50 p.M

4sUDP. Solutions were irradiated by a 450 W or 150 W Xenon lamp whose output was passed

through a monochromator to yield 335 nm light. Filtering the output for infrared radiation was

found to be unnecessary. Aliquots were removed at various times to determine the rate of

crosslinking by assaying the photo-inactivation of the NTPase activity of Rho. The rate of photo-

inactivation of Rho was found to be linear with time and directly related to the slit-width of the

monochromator (Swenson and Seifried, U. of Hawaii, manuscript in preparation). This is an

indication of a well-behaved photochemical reaction with no dead-end products or unproductive

photochemistry, which is in accordance with our knowledge of the 4sUDP photosystem.
Inactivation of Rho by 4sUDP does not occur in the absence of light.

Addition of ADP or ATP to the photolabeling solution decreased the rate of
photolabeling, a clear indication that the adenine-containing nucleotide was competing with the

4sUDP for the NTP binding site of Rho. Complex behavior of the photolabeling rate was

observed when polymeric nucleotides were bound to Rho during irradiation indicating the lack of

4sUDP binding to the polynucleotide cofactor binding site of Rho.

Photo labeling of Rho by 4sUDP was carried out by Stephen Swenson in the laboratory of

Dr. Steven Seifried, Department of Biochcemistry and Biophysics, University of Hawaii at Manoa.

Samples containing respectively Rho, UV-irradiated Rho, Rho + 4sUDP (non-irradiated),

UV-irradiated Rho + 4sUDP, and UV-irradiated 4sUDP were prepared. Rho concentrations were

201.1M and 4sUDP concentrations were 200 µM in ATPase buffer (0.1 M KCI, 20 mM HEPES, pH

7.5, 10 mM MgOAc).

REDUCTION AND S-ALKYLATION OF RHO AND RHO X 4SUDP

For S-carbamidomethylation, 10 4 of each of the above samples was added to 12 4
solution containing 0.1 M Tris-HCI (pH 8), 5 mM dithiothreitol (DTT) and 2 mM CaCl2 and incubated

for 30 minutes at 50°C. After cooling the samples to room temperature, 1 4 of 300 mM
iodoacetamide was added, and the samples were incubated for 15 minutes at room temperature.

PROTEOLYTIC DIGESTION OF RHO AND S-ALKYLATED RHO

In preparation for proteolytic digestion, non- alkylated samples were mixed 1:1 with 0.1 M

Tris-buffer, pH 8. Alkylated samples were prepared as described above.
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For tryptic digestion of Rho (cleavage after Lys and Arg), 1 4 of an aquous 0.5 g/L
solution of trypsin (Boehringer-Mannheim, Sequencing Grade) was added to each sample. This

corresponds to an enzyme to substrate ratio of 1:20 (w/w).

For proteolytic cleavage N-terminal to aspartic acid residues, 1 lit of a 0.1 g/L
Endoproteinase Asp-N solution (Boehringer-Mannheim, Sequencing Grade) was added to each

sample (enzyme/substrate ratio of 1:100 w/w).

Digestion with endoproteinase Lys-C (cleavage C-terminal to Lys) was accomplished by

adding 1 4 of a 0.5 µg /µL solution of enzyme (Wako) to the non-alkylated protein samples.

All enzymatic digestion reactions were allowed to proceed for 20-22 hours at room
temperature.

Chemical cleavage by cyanogen bromide (C-terminal to Met) was performed by mixing a 5

4 aliquot of protein stock solution with 98% formic acid (1:1) followed by addition of 1 4 of a 5 M

solution of CNBr in acetonitrile. After incubation for 22 hours in the dark at room temperature, 70

4 0.1 M ammonium acetate was added and the samples were dried in a Speedy Vac. Prior to

mass spectrometry, the samples were redissolved in 10 4 0.1% TFA.

MALDI MS PEPTIDE MAPPING OF RHO

A saturated solution of 4-hydroxy-a-cyanocinnamic acid in 0.1% trifluroacetic acid /33%

acetonitrile was used as the matrix. Analyte/matrix solutions were prepared by mixing a 0.5 1.1.L

aliquot of Rho peptide mixture sample into 2-3 4 matrix solution in a 0.6 mL microcentrifuge tube.

The mass spectrometer target was prepared by depositing 0.5 4 matrix solution,
incubation for 15 seconds, followed by gently wiping off the remaining liquid with a Kimwipe

tissue. This created a crystalline seed-layer on the probe. The analyte/matrix solution was then

deposited on top of the seed layer and allowed to dry. The crystals were rinsed by dipping the

target into water. After drying of the probe by a stream of air, the sample was inserted into the
mass spectrometer.

MICROBORE LC-MS PEPTIDE MAPPING OF RHO

Microbore HPLC was done on the ABI Model 140B syringe pump at a flow rate of 40
4/min. The 1 mm x 250 mm Vydac C18 column was used for peptide separation. Solvents were

5 mM ammonium acetate + acetonitrile (tryptic peptides, 0% to 80% acetonitrile in 50 minutes) or

0.1% formic acid + acetonitrile (tryptic, Lys-C, and Asp-N peptides, 0% to 65% acetonitrile in 60
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minutes). In cases where UV- and MS-detection were used simultaneously, 0.1% trifluoroacetic
acid was used as the aqueous mobile phase.

Mass spectrometric detection was accomplished using the Sciex API III Plus triple
quadropole mass spectrometer. The column eluent was transfered to the ion source by a 50 gm

ID fused silica capillary at a rate of 40 gUmin. Electrospray ionization was performed using a

needle potential of 5,000 V, interface potential of 650 V and orifice potential of 110 V. The
nebulizer gas (oxygen) flow rate was 0.6 LJmin and the curtain gas (nitrogen) flow rate was set to

0.9-1 Umin.

Positive ion mass spectra were acquired by scanning the first quadropole (Q1) from 200

to 2,400 Da in 4 seconds.

Synthetic peptide-nucleic acid hybrid

SEMIPREPARATIVE REVERSE-PHASE HPLC PURIFICATION OF PEPTIDE
PRIOR TO SYNTHESIS OF HYBRID

The peptide was synthesized by Professor Jane Aldrich and colleagues using a solid-
phase synthesis protocol.

The peptide was purified by RP-HPLC using the Vydac C18 column and 0.1%

trifluoroacetic acid and acetonitrile as solvents. The gradient used for peptide-purification was
programmed as follows: 5° /0 0,0-35 / B in 10 min.; 35%-65% B in 30 min.; 60% to 90% B in 5 min. A

flowrate of 1 mLJmin was used. The peptide was detected by UV-monitoring at 220 nm.

SYNTHESIS OF LINKER-OLIGONUCLEOTIDES

The linker-oligonucleotides were a gift from Oligos Etc., Inc. (Wilsonville, Oregon). An
amine linker chain {- (CH2)6 -NH2} was attached to the 5' end of the oligothymidylic acid by a

phosphodiester linkage.

SYNTHESIS OF COVALENT OLIGONUCLEOTIDE-PEPTIDE HYBRIDS.

Approximately 800 gg of oligonucleotide was used in each experiment. All other
reagents were added in 2-3 times molar excess over nucleotide. The reactions were performed at
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room temperature in 200 p.1_ dimethylformamide (DMF). The DMF stock solution was dried by
sparging with N2 for 2 hours. Diisopropylethylamine (DIPEA) was prepared as a 10% solution in

DMF. Benzotriazolyloxy- tris(pyrrolidino]- phosphonium hexafluorophosphate (PyBOP) was
prepared as a 100 g/L solution in DMF and hydroxybenzotriazole (HOBT) as a 50 g/L solution in

DMF.

Coupling of peptide to the dT6 oligonucleotide was accomplished as follows. Dry peptide

(1.57 mg) was dissolved in 100 I.LL DMF in an 1.5 mL microcentrifuge tube and sonicated briefly.

8.5 .tL of 10% DIPEA was added followed by 11.8 fat of PyBOP solution and 7 p_ of HOBT

solution. The peptide solution was incubated for 10 minutes. This solution was then added to
another microcentrifuge vial containing 820 lig of dT6 oligonucleotide dissolved in 73 41._ DMF.

The reaction mixture was vortexed regularly over the incubation period of 4 hours to 3 days at
room temperature. Aliquots were removed and analyzed by RP-HPLC and by MALDI mass
spectrometry in order to monitor the time course of the reaction.

The coupling of peptide to the dTi 0 oligonucleotide was accomplished by an analogous

method.

MICROBORE HPLC MONITORING OF REACTION MIXTURES OF PEPTIDE-
NUCLEIC ACID HYBRIDS

The coupling reactions between peptide and nucleic acid was monitored by microbore

HPLC. The solvent system consisted of 5 mM ammonium acetate and acetonitrile. The

components of the reaction mixture were separated using a gradient from 5% to 90% acetonitrile

over 45 minutes at a flowrate of 40 µL /min. Eluting compounds were collected, dried, and
analyzed by MALDI mass spectrometry.

HPLC PURIFICATION OF COVALENT PEPTIDE-NUCLEIC ACID HYBRID

The peptide was purified using an aquous solution of 0.1% trifluoroacetic acid and 0.08

TFA in acetonitrile as solvents. A gradient from 5% to 90% acetonitrile over 45 minutes at a

flowrate of 1 mL/min was used. Purification of the hybrid was accomplished using solvents and a 1

mUmin gradient identical to those described for the microbore system.
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MALDI MASS SPECTROMETRY OF PEPTIDE-NUCLEIC ACID HYBRIDS

Peptide was dissolved in 0.1% trifluroacetic acid and mixed with matrix solution (saturated

solution of HCCA in 0.1% TFA /acetonitrile (2:1)).

Aliquots from reaction mixtures were diluted in water (1:99) and then mixed 1:4 with matrix

solution (saturated solution of THAP in 50 mM diammonium citrate/50% acetonitrile).

Linker-oligo(dT)'s and HPLC purified hybrids were redissolved in water + acetonitrile (1:1)
and an aliquot mixed with THAP matrix as described above.

0.5-1 j.tL of matrix/analyte solution was deposited onto the probe and allowed to dry.

ESI-MS AND -MS/MS OF SYNTHETIC PEPTIDE

A 50 j.tM solution of HPLC purified peptide in 50% methanol/1 /0 formic acid was

prepared. Flow injection at 3.3 j.tUmin was accomplished by using a Rheodyne 8125 injector with

a 5 gl_ loop connected to a Harvard syringe pump. Nebulizer gas (oxygen) flow and
countercurrent gas (nitrogen) flow were 0.6 Umin. The electrospray voltage was 5,000 V and the

interface voltage was 650 V. The optimal orifice voltage was 60 volts. For collisional excitation an

Argon pressure of approximately 130 (laboratory frame) was used to induce fragmentation of the

doubly charged peptide ion at m/z 621. This is about half the pressure normally used for CID of

tryptic peptides.

ESI-MS AND LC-ESI-MS OF PEPTIDE-NUCLEIC ACID HYBRIDS

HPLC purified hybrid samples were dried in a speedvac, redissolved in 5 mM ammonium

acetate and acetonitrile (1:1), and subsequently analyzed by negative ESI MS by flow injection
using a 1:1 mixture of 5 mM ammonium acetate and acetonitrile as solvent. The electrospray
potential was -3,800 V to -4,100 V and the orifice potential was -110 V. Microbore HPLC-MS

analyses of reaction mixtures were performed under similar ion source conditions at a liquid flow
rate of 40 gUmin.
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ESI-MS/MS OF PEPTIDE-NUCLEIC ACID HYBRIDS

Tandem mass spectrometry of peptide-linker-dT6 hybrid in the positive ion mode was

performed under the same conditions as peptide fragmentation, except that the argon gas
pressure in the collision cell was increased to 150-180 (laboratory frame collision gas thickness)

In the negative ion mode, MS/MS experiments were performed using an electrospray

potential of -4,100 V and an orifice potential of -120 V. The collision gas pressure was set at 150.
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Chapter 6: Results

The following sections describe the experimental results obtained by mass spectrometric

analysis of photochemically crosslinked protein-nucleic acid complexes. Starting by using
samples of UV-irradiated protein/nucleic acid mixtures, the presentation of experimental data

follows the strategy outlined in Chapter 3 (Figure 7) from the top down. The first part of this

chapter describes the data obtained by MALDI mass spectrometric analysis of intact complexes of

gp32 x dT20, Ung x dT20, and Rho x 4sUDP. Then a description of attempts to directly analyze

proteolytic peptide mixtures derived from the crosslinked complexes by MALDI mass
spectrometry is given, followed by results obtained by MALDI analysis of synthetic peptide-linker

di-6/113 hybrids. The next section describes the analysis of anion-exchange purified Ung peptide

x dT20 complexes. The last sections describe how MALDI and HPLC-ESI-MS was used to

characterize proteolytic digest mixtures of Rho and Rho x 4sUDP in an attempt to identify peptide

x 4sUDP complexes.

Analysis of intact, UV-crosslinked proteindT20
complexes

Our initial experiments concentrated on demonstrating that intact, UV-crosslinked
proteinDNA complexes could be detected by MALDI mass spectrometry. This work is described
in the following section. Proteins that bind to single-stranded DNA (gp32 and Ung) were UV-
crosslinked to dT20 and analyzed by MALDI mass spectrometry.

MALDI MASS ANALYSIS OF GP32 UV-CROSSLINKED TO dT20

Laser generated pulsed UV crosslinking has been used extensively to characterize the

DNA-binding properties of gp32 (49, 58, 59). We used gp32 crosslinked to dT20 by pulsed UV

irradiation for our first mass spectrometric studies. The UV laser irradiated reaction mixtures of
gp32 and dT20 were analyzed by SDS-polyacrylamide gel electrophoresis and MALDI mass

spectrometry without any prior cleanup of the samples. The crosslinking yields were estimated by
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gel scanning to be 10-16% relative to the oligonucleotide concentration (Figure 13). This

corresponds to gp32 x dT20 covalent complex yields of 4.4-7.0% or, equivalently, to gp32 x

dT20 concentrations of 1-211M in the reaction vials.

Experimenting with several matrix-solvent combinations for MALDI (summarized in Table
IV), we found that previously reported matrices did not yield spectra of the gp32 x dT20 covalent

complex. However, we discovered by trial and error that good MALDI mass spectra of the photo-
induced gp32 x dT20 complex along with the native gp32 are produced from a system of

sinapinic acid in formic acid/acetonitrile (2:1) containing 1% (v/v) glycerol after washing the glycerol

off the matrix crystals with cold water (Figure 14a). About 1 time in 4, we encounter a reaction
mixture from which we cannot produce a spectrum of the gp32 x dT20 complex with this modified

sinapinic acid sample preparation procedure.
A non-irradiated mixture of gp32 and dT20 did not produce any signals that could

correspond to a covalent or non-covalent complex (data not shown).

1 2

non-crosslinked (dT)20

Figure 13. Autoradiogram of SDS polyacrylamide gel electrophoresis of a
crosslinking reaction mixture of gp32 and dT20.
A trace amount of 5'1321=1-labeled dT20 was added to visualize the DNA. The pulsed UV laser
crosslinking procedure was as described in the Experimental section. Lane 1: An aliquot of a
mixture of gp32 and dT20 before exposure to a UV laser pulse. Only non-crosslinked dT20 is
visible in this lane. Lane 2: Aliquot of the mixture after exposure to a single 266 nm UV laser
pulse. The higher molecular weight species in this lane result from the dT20 crosslinked to gp32.
The crosslinking yield in this case is 12% of the DNA.
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Table IV. Matrices surveyed for MALDI analysis of the UV-crosslinked gp32 xdT20 complex

Ion signals
Matrix Solvent corresponding to

Sinapinic acid

4HCCA

Ferulic acid

Gentisic acid

(2,5-DHB)

0.1% TFA/acetonitrile (2:1)

0.1% TFA/acetonitrile (1:1)

0.1% TFA/acetonitrile (1:3)

Formic acid/acetonitrile (2:1)

66% formic acid/
33% acetonitrile/1% glycerol

Formic acid/acetonitrile (1:1) with or
without 1% glycerol

Formic acid/2-propanol (1:1)

Formic acid/1,1,1,3,3,3-
hexafluoroisopropanol (1:1)

1 , 1,1,3,3,3-hexafluoro-isopropanol

0.1% TFA/acetonitrile (2:1)

0.1% TFA/2-propanol (1:1)

0.1% TFA/2-propanol (3:1)

0.1% TFA/2-propanol (1:3)

0.1% TFA/acetonitrile (2:1)

Water/acetonitrile (2:1)

0.1% TFA/acetonitrile (2:1)

Water/ethanol (1:1)

gp32 (weak)

gp32 and gp32 x dT20a

gp32 and gp32 x dT20b

gp32

dT20

gp32

aSignals observed only if glycerol present in sample.

bMatrix-solvent system works well about 3 times in 4.
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Figure 14. Positive ion MALDI mass spectra of samples taken from a mixture
of gp32 and dT20 exposed to a single, 266 nm laser pulse.
Labeled peaks are singly charged species; peaks at lower m/z are multiply charged (e.g. +2, +3,
etc.) species; and peaks at higher m/z are clusters of molecular units. (a) Matrix-solvent: sinapinic
acid (10 g/L) in 66% formic acid/33% acetonitrile/1% glycerol. Non-crosslinked gp32 (calculated
MW 33,502) and crosslinked gp32 x dT20 (calculated MW 39,603) ions are detected ( m/z
between the two peaks corresponds approximately to the MW of dT20). (b) Matrix-solvent:
sinapinic acid (10 g/L) in 1,1,1,3,3,3-hexafluoroisopropanol. Only ions corresponding to dT20
are detected. (c) Matrix-solvent: 4-hydroxy-acyanocinnamic acid (5 g/L) in 0.1% TFA/acetonitrile
(2:1). Only ions corresponding to gp32 (calculated MW 33,502) are detected.
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Unreacted dT20 oligonucleotide is not detected with the same matrix-solvent
combination that reveals the gp32 x dT20 complex. However, by preparing the sample in

sinapinic acid dissolved in 1,1,1,3,3,3-hexafluoroisopropanol, we found that the unreacted dT20

can be detected in the absence of any protein signals (Table IV; Figure 14b). We have also

discovered two sets of sample preparation conditions under which the unreacted gp32 can be
detected in the absence of any signals corresponding to dT20 or gp32 x dT20 (Table IV; Figure

14c).

The average measured molecular weight of gp32, 33,508 ± 3, agrees with the molecular

weight calculated from the amino acid sequence, 33,502, to within 1 part in 5,500 (0.018%). This

result is a good indication of the precision and accuracy usually obtained with pure proteins of this
size on our instrument. The average experimental molecular weight of the gp32 x dT20 complex,

39,637 ± 69, is only slightly larger than the molecular weight (39,603) calculated on the
assumption that a zero-length photochemical bond exists between the protein and the
nucleotide (Table V).

MALDI MASS ANALYSIS OF UV-CROSSLINKED UNG x dT20

The molecular weight of Ung was determined by MALDI MS to be 25,558 ± 6 (Table V),

which, as in the case of gp32, is in excellent agreement with the calculated mass, 25,563. It was

demonstrated that Ung can be photo-crosslinked to dT20 in a site-specific manner by continous

UV irradiation for 30 minutes (3). The crosslinking efficiency was dependent on salt concentration

and denatured Ung did not crosslink to dT20. Presence of the Ung inhibitor (Ugi) prevented

crosslinking and UV-crosslinked Ung x dT20 did not bind Ugi.

The purified, UV-crosslinked Ung x dT20 protein-nucleic acid complex was mass analyzed

under experimental conditions similar to those used above for MALDI analysis of the UV-laser
crosslinked gp32 x dT20 complex, using sample preparation conditions that employ a good

protein solubilizing solvent, such as formic acid. In the present case, we used a matrix consisting

of sinapinic acid dissolved in a 33% aquous solution of formic acid containing 33% acetonitrile.
MALDI mass spectra exhibited signals corresponding to dT20 and to covalently crosslinked Ung x

dT20 (Figure 15). A minor peptide contaminant with a molecular weight of approximately 3,500

was also detected (data not shown). The average molecular weight of the UV-crosslinked protein-

DNA complex, 31,477 ± 42, is in good agreement with the MW, 31,587, obtained by adding the

MW of the protein (25,563 Da) and the MW of the oligonucleotide (6,024 Da). Implicit in the

calculated MW is the assumption that a "zero-length" covalent bond is formed. A relatively high

laser fluence was used to obtain the spectrum, a fact which might explain the deviation of the
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experimentally obtained mass from the calculated mass. However, the molecular weight is
consistent with the hypothesis of a 1:1 Ung : dT20 ratio in the complex. It also provides direct

evidence for the formation of a covalently crosslinked protein-nucleic acid complex because a
non-covalent complex would dissociate during sample preparation. There is no signal that could

correspond to non-crosslinked protein, indicating that the Ung x dT20 preparation is pure.

i

24000 m/z 38000

Figure 15. MALDI mass spectrum of purified UV-crosslinked Uracil-DNA
glycosylase-dT20 complex.
The spectrum reveals a peak at m/z 31,480.7 corresponding to the UV-crosslinked protein-
nucleic acid complex with a 1:1 stoichiometry (calculated MW 31,587). There are no signals
corresponding to non-crosslinked Ung (MW 25,563). Sinapinic acid dissolved in 33% formic acid
and 33% acetonitrile was used as the matrix. The spectrum is the sum of 30 individual laser
pulses.
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Table V. Molecular weight determinations of nucleic acid binding proteins
and UV-crosslinked protein-nucleic acid complexes by MALDI mass
spectrometry

Analyte Molecular weight

Measureda Calculated

gp32 33,508 ± 3 33,502b
gp32 x dT20 39,637 ± 69 33,603

Ung 25,558 ± 6 25,563
Ung x dT20 31,477 ± 42 31,587

Rho 47,004 ± 4 47,003
Rho x 4sUDP 47,560 ± 37 47,422

aAverage ± standard error.

bAssuming that the four cysteine residues are in the cystine (oxidized) form.
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Mass spectrometry of intact, photoaffinity-labeled Rho x
4sUDP complex

The UV-irradiated mixture of Rho and 4sUDP, which contained mainly Rho x 4sUDP
protein-nucleic acid complex as measured by the ATPase inactivation assay, was successfully

mass analyzed by MALDI using a matrix/solvent combination consisting of sinapinic acid dissolved

in 1,1,1,3,3,3-hexafluoroisopropanol or sinapinic acid dissolved in 10% formic acid and applying

the wipe/rinse technique. The MALDI mass spectrum exhibits signals corresponding to the
singly, doubly, and triply charged ions of Rho x 4sUDP as well as signals corresponding to equine

cytochrome c, the internal mass standard (Figure 16). The absence of any signal corresponding

to non-crosslinked Rho could be consistent with a crosslinking yield close to 100%; before
coming to such a conclusion however, we would require independent knowledge that there is no

significant difference between the desorption/ionization efficiencies of Rho and Rho x 4sUDP
under the conditions used. Also, the resolution of the instrument is not sufficient to fully resolve

the two species if both were present.

The experimentally determined average of Rho's molecular weight, 47,004 ± 4, using

HCCA as matrix, is in excellent agreement with the value, 47,003, calculated from the amino acid

sequence (Table V). This high accuracy was obtained by using two internal mass calibrants, one

with mass lower than Rho and the other with mass higher than Rho. The molecular weight of Rho

x 4sUDP was determined on the average to be 47,560 ± 37 (Table V) which indicates that a

modification of the protein has taken place. The difference between the measured masses of
Rho x 4sUDP and Rho, 556 ± 37, is substantially larger than the molecular weight, 420, of 4sUDP.

MALDI mass spectrometric analysis of UV-irradiated Rho and of a mixture of Rho and
4sUDP resulted in molecular weights consistent with the presence of native Rho.
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Figure 16. Positive ion MALDI mass spectrum of Rho x 4sUDP.
The molecular weight was measured to be 47,560 ± 37. The matrix/solvent combination was
sinapinic acid in 1,1,1,3,3,3-hexafluoroisopropanol. Equine cytochrome c (MW 12,360.1) was
used as an internal mass standard. The spectrum is the sum of signals generated by 50 laser
pulses.

Analysis by MALDI mass spectrometry of crude peptide mixtures
derived from photochemically crosslinked complexes

Proteolytic digestion of UV-irradiated protein-nucleic acid mixtures produces a mixture of

nucleic acids, peptides, and peptide x nucleic acid hybrids. The amount of the latter is
determined by the crosslinking yield. Thus, by improving the crosslinking yield the chances of

detecting the peptide x nucleic acid complex in the mixture should increase. Using the samples

at hand, Rho x 4sUDP and purified Ung x dT20 complexes, we produced MALDI peptide maps

after proteolytic digestion of the intact complexes. The results of the experiments involving Ung
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and Ung x dT20 are presented in this section whereas the experimental data obtained by using

Rho and Rho x 4sUDP is presented in a later section.

MALDI PEPTIDE MAPPING OF UNG AND UNG x dT20

In order to ensure that tryptic digestion of Ung went to completion, MALDI MS was used

for analysis of Ung and Ung x dT20 peptide mixtures obtained after 24 hours of tryptic digestion in

1 M urea. A tryptic MALDI peptide map of S-alkylated Ung is shown in Figure 17. The spectrum

exhibits many peaks, each corresponding to a tryptic peptide. The experimentally measured

molecular weigths of tryptic peptides are correlated to the predicted masses calculated from the

Ung amino acid sequence, and each peak is then tentatively assigned to particular Ung peptide.

The mass assignments are shown in Table VI. Almost all predicted peptides above MW 500 were

detected this way, except T5, T14, T15, and the slightly acidic C-terminal peptide T20. The latter

could be detected in the negative ion mode (data not shown). The tryptic peptides T6-T7 (MW

3,915) and T8-T9 (MW 2,588) were not cleaved internally, because trypsin does not usually

cleave Arg-Pro or Lys-Pro amide bonds. Thus, peptides accounting for 211 of 228 amino acids,

corresponding to 92% of the whole Ung amino acid sequence, could be mapped by MALDI mass

spectrometric analysis as shown schematically in Figure 19.

The MALDI peptide map of trypsin treated Ung x dT20 was almost identical to the MALDI

peptide map of non-crosslinked Ung, that is, it did not directly reveal UV-crosslinked peptide x
dT20 complexes nor did any of the peptide signals disappear (Figure 18). Attempts to develop

signals from peptide x dT20 complexes by using a variety of matrix/solvent combinations or

negative ion mode were not successful (data not shown). Interestingly, the mass of the T6//7

peptide seem to be shifted up from 3916.4 to 3927.5 accompanied by a broadening of the peak

in the UV-irradiated sample. T6/7 contains one of two Met residues that are present in Ung. The

other Met residue is located in peptide T20, which is not detected in positive ion mode. Partial

oxidation of the Met residues in Ung could explain the peak broadening and the mass increase,

since a heterogenous population of peptide T6/7 would be present. Complete oxidation should

lead to a mass increase of 16, corresponding to addition of one oxygen molecule to Met.
However, the peak intensities for this peptide in the two spectra are fairly low, so care should be

taken in interpreting the mass change and peak width.
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Figure 17. Positive ion MALDI tryptic peptide map of Ung.
The sample was mixed 1:7 into a saturated solution of 4-hydroxy-acyanocinamic acid in 0.1%
trifluoroacetic acid/33% acetonitrile), deposited on the probe, dried, and rinsed in water prior to
mass spectrometric analysis.. The spectrum is the sum of signals generated by 30 laser pulses.
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10
2588.8 x5
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Figure 18. Positive ion MALDI tryptic peptide map of Ung x dT20.
The sample was prepared and analyzed as described in the legend to the previous figure.
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Table VI. Molecular weight determinations of Ung and Ung x dT20 tryptic
peptides by MALDI mass spectrometric peptide mapping.

Ung tryptic
peptide

Predicted
Mass

Experimental
MALDI

peptide
mapping

T1 1,655 1,655

T2 1,895 1,895

T3 1,217 1,217

T4 868 869

T5 908 908

T6 2,419

T6/7 3,915 3,916

T7 1,514

T8 1,279

T8/9 2,588 2,590

T9 1,329

T10 1,426 1,426

T11 1,943 1,943

T12 1,079 1,080

T13 1,571 1,571

T14 146

T15 616

T16 302

T17 633 633

T18 1,169 1,170

T18/19 3,376

T19 2,223 2,225

T20 1,771 1,771
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MANELTWHDV LAEEKQQPYF LNTLQTVASE Rv QSGVTIYPP 40
T1 (1655) T2 (1895) T3 (1217)

QICDVFNAFRF TELGDVKVVI LGQDPYHGPG QAHGLAFSVIZ 80
T4 (868) T5 (908) T6 T6/7 (3915)

PGIAIPPSLL NMYKELENTI PGFTRPNHGY LESWARQGVL 120
T7 T8 T8/9 (2588) T9

LLNTVLTVIZ GQAHSHASLG WETFTDKVIS LINQHREGVV 160
T10 (1426) T11 (1943) T12 (1079)

FLLWGSHAQK KvGAI1DKv QRH HVLKAPHPSP LSAHR, GFFGC 200
T13 (1571) T14 T15 T16/17/18 (2069) T17 (633) T18 (1169)

NHFVLANQWL EQRv GETPIDW MPVLPAESE 229
T19 (2223) T20 (1771)

Figure 19. Mapping of tryptic peptides detected by MALDI MS to the Ung
amino acid sequence.
The peptides that were detected in the MALDI peptide map account for 211 of 228 (92%) of the
amino acids in Ung.

Chemical synthesis and mass spectrometric analysis of covalent peptide-
oligonucleotide hybrids

Using a novel approach that includes the coupling of a peptide carboxyl group (aspartic

acid) to an aminolinker on a nucleotide, we have produced covalent peptide-linker-dT6 and

peptide - linker -dT10 hybrids. The reagents and the reaction products were characterized by RP-

HPLC, MALDI mass spectrometry and ESI mass spectrometry.

A peptide (I) containing one free carboxyl group, in the form of an aspartic acid residue

(underlined in (I) ), was synthesized by a solid phase protocol. The N-terminal amino-group was
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protected by acetylation and the C-terminal carboxyl group was protected by amidation. The
calculated molecular weight of this peptide is 1240.4.

(I) CH3CO-Gly-Phe-Phe-Gly-Ala-Asp-Arg-Phe-Val-Leu-Ala-NH2

CHARACTERIZATION OF SYNTHETIC PEPTIDE AND AMINOLINKER-
OLIGONUCLEOTIDES

Molecular weight determination by MALDI mass spectrometry and ESI mass spectrometry

indicated that the desired peptide had been synthesized by virtue of the presence of a
protonated molecular ion at m/z 1,241 (Table VII). The peptide was further characterized using

ESI tandem mass spectrometry to sequence the doubly charged peptide ion (m/z 621) (Figure

20). The peptide was easily fragmented using only 1/2 to 1/3 of the collision gas pressure
normally employed for collisional activation. It was also noted that a low orifice potential had to be

used in order not to generate peptide fragments in the ion source region. This indicates that the

peptide is very labile in the gas-phase. Almost all of the B and Y sequence ions are observed in

the tandem mass spectrum (indicated in Figure 20) providing complementary confirmation of the

amino acid sequence. These data confirm that the correct peptide had been synthesized.

The peptide was purified by RP-HPLC prior to being used in the reaction to remove low

molecular weight contaminants leftover from the solid-phase synthesis reaction.

The two oligonucleotide species, NH2-(CH2)6-5'-pdT6 and NH2-(CH2)6-5'-pdT1 0, were

analyzed by MALDI mass spectrometry and ESI mass spectrometry prior to being used in the

coupling reaction to the synthetic peptide. The masses obtained were in agreement with the

calculated molecular weights (Table VII). The spectra identified only minor contaminants so the

oligonucleotides were used as they were received.

The peptide-linker-oligo(dT) hybrids were synthesized using PyBOP as a catalyst. The
PyBOP activation of carboxyl groups is a recently developed approach for creating peptide amide

bonds during peptide synthesis (176). In this case, an amide bond was formed by reaction of the

aspartic acid sidechain carboxyl group with the amino-group of the amine-linker-oligonucleotide.

The reaction is schematically shown in Figure 21.
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Figure 20. ES/ tandem mass spectrum of the peptide (1).
The amino acid sequence and the corresponding B and Ysequence ions are indicated.
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Figure 21. Reaction of peptide with aminolinker-oligothymidylic acid.
PyBOP was used to catalyze the coupling of the Asp carboxyl group to the aminolinker-oligo(dT)
to produce an amide bond.

MALDI MS OF REACTION MIXTURES AND HPLC PURIFIED HYBRIDS

The chemical reactions were monitored by MALDI mass spectrometry and RP-HPLC. A

typical MALDI mass spectrum of a peptide + aminolinker-dTi 0 reaction mixture is shown in Figure

22. Signals corresponding to unreacted peptide (m/z 1,241.4 ) and unreacted aminolinker-dTi 0

(m/z 3,159.0) are detected along with a signal corresponding to the hybrid at m/z 4,381.3. The

identity of the complex as a covalent hybrid is confirmed by the fact that the mass of this species is
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the sum of the mass of the peptide and the mass of the nucleotide less the mass of a water

molecule lost during the reaction. There is no signal that could correspond to a non-covalent

complex. Thus, MALDI mass spectrometry, although not quantitative, provides a quick, sensitive,

and straightforward method to monitor for the presence of the covalent peptide-linker-
oligonucleotide product.

In order to obtain quantitative data microbore RP-HPLC was used to monitor the coupling

reactions. Oligonucleotides and hybrids were detected by UV at 256 nm wavelength. The HPLC

chromatogram obtained from a peptide + aminolinker-dT6 reaction mixture (Figure 23) exhibits

several peaks that were identified by comparison of the elution times of the initial reagents and, in

some cases, by off-line MALDI mass spectrometric analysis of the collected fraction. A new

species eluting between the oligonucleotide and the peptide, was collected, lyophilized, and

analyzed by MALDI mass spectrometry (Figure 24). The molecular weight (3,162.8) of this
species matches the calculated molecular weight of the expected peptide-linker-dT6 hybrid to

within one mass unit (Table VII). A shoulder on the high mass side of the peak corresponds to the

potassium adducted molecular ion species.

The isolated peptide-linker-dTi 0 hybrid produced a similar spectrum dominated by a

signal that corresponds to the predicted structure (Table VII).

The reaction, although not going to completion, seemed to take place within a very short

time (<10 minutes) as has been reported previously for PyBOP catalyzed formation of peptide

amide bonds (176). The relative intensities of nucleotide and hybrid peaks in the HPLC
chromatogram did not change significantly over several days even after addition of fresh pH-buffer

and catalyst.

Based on the absorption at 256 nm of the HPLC eluents we estimate that yields of

hybrids were approximately 5% relative to the initial amount of oligonucleotide. The low yield

could be due to the secondary structure of the peptide preventing efficient alignment with the
linker-region of the oligonucleotide. Judging from the response from the microbore HPLC UV-

detector, we estimate that the MALDI mass spectrum shown in Figure 24 was obtained by using

only 10-20 pmoles of hybrid. Using normal bore HPLC, larger amounts of the peptide-
oligonucleotide hybrids were purified and used to optimize the conditions for ESI mass
spectrometric analysis of these species. We have not yet attempted further experiments to

increase the yields of hybrids since the reaction produced more than enough sample for this

study.
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Figure 22. MALDI mass spectrum of peptide + aminolinker-dTio reaction
mixture.
Signals corresponding to peptide (m/z 1,241.4), aminolinker-dTi 0 (m/z 3,159.0), and the
peptide-linker-dTw hybrid (m/z 4,381.6) are detected. Note the expanded Y-axis.
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Figure 24. MALDI mass spectrum of an HPLC fraction containing peptide-
linker-dT6 hybrid.
The matrix was a saturated solution of 2,4,6-trihydroxyacetophenone in 50 mM ammonium
citrate/50% acetonitrile.
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Table VII. Molecular weight determinations of peptide, aminolinker-
oligonucleotides, and peptide-linker-oligonucleotide hybrids by MALDI and ESI
mass spectrometry.

Molecular weight

Analyte Calculated MALDI ESI

Peptide 1240.4 1240.9 1240.4
Aminolinker-dT6 1942.2 1942.4 1942.0

Aminolinker-dT10 3159.2 3156.6 3158.0
Peptide-linker-dT6 3164.6 3164.4 3164.3

Peptide-linker-dT10 4381.6 4379.6 4382.0

ESI-MS OF HYBRIDS

Using negative and positive ion electrospray ionization we obtained mass spectra of the

species and the HPLC purified peptide-linker-oligo(dT) hybrid species. The

masses obtained for aminolinker-dT6 and aminolinker-dTi 0 given in Table VII are in excellent

agreement with the calculated molecular weight and the data obtained by MALDI MS analysis.

Subsequently, the purified peptide-linker-oligo(dT) hybrids were analyzed by
electrospray ionization MS. A negative ion ESI mass spectrum of a purified hybrid is shown in
Figure 25a. The major species in this fraction is the peptide-linker-dTi o hybrid of MW 4,382
giving rise to doubly [M 21-1]2- and triply [M 31-1}3- charged ions at m/z 2,189.7 and 1,459.8,

respectively. Sodium adducted ions, [M + nNa 2H]2- and [M + nNa 3H]3- (n=0,.., 5), are also

detected. A similar spectrum was acquired in the positive ion mode (Figure 25b). Sodium
adduction was more pronounced in the positive ion mode than in the negative ion mode,
resulting in slightly better sensitivity in the negative ion mode. A minor species at MW 4,077 (m/z
1,358.2 and m/z 2,037.6), tentatively assigned to be the [peptide-linker-dTg] species, was also
detected by MALDI MS analysis (data not shown). The aminolinker-dTg species was also
detected in the original aminolinker-dTi 0 sample by MALDI mass spectrometry.

ESI mass spectra of peptide-linker-dT6 in negative (Figure 26a) and positive (Figure 26b)

ion mode were also acquired. The doubly and triply charged ions are detected in both polarities,

with sodium adduction being more pronounced in the positive ion mode. However, the peptide-
linker-dT6 signals detected in the positive ion mode are almost three times more intense as those
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detected in the negative ion mode, indicating that the peptide influences the ionization more in
this hybrid than in the peptide-linker-dTi 0 hybrid. The relative contributions (peptide : oligo

nucleotide) to the total mass of the hybrids are approximately 40:60 for the peptide-linker-dT6 and

30:70 for the peptide-linker-dTi 0.

Injection of aliquots of the crude reaction mixture revealed a more complex spectrum that

exhibited ion signals corresponding to peptide and aminolinker-oligo(dT) (data not shown). In the

positive ion mode only peptide ions were detected. In either case, no signals that could
correspond to the hybrid were detected. This is probably due to the low amount of hybrid relative

to the initial reagents.
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Figure 25. Negative (a) and positive (b) ion electrospray ionization mass
spectra of HPLC purified peptide-linker-dTi p hybrid.
The doubly and triply charged peptide-linker-di-10 ions are detected in both cases. The detected
ion current is similar for both polarities, but sodium adduction is more pronounced in the positive
ion mode.
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The molecular weights obtained by ESI-MS of linker-oligo(dT)'s and peptide-linker-
oligo(dT) hybrids are summarized in Table VII. In all cases, the obtained masses agrees with the

calculated masses to within 0.05%. The sensitivity of ESI MS for these species is at least 8-10
times lower than the sensitivity of MALDI MS as estimated from the amounts of sample consumed

in these studies. However, the resolution obtained by ESI is better than by MALDI.

Having investigated the experimental conditions necessary for ESI MS analysis of
peptide-oligonucleotide hybrids, we tested to see if online monitoring of HPLC eluents by ESI
MS was possible. In this experiment, the UV-detector was substituted with the ESI mass

spectrometer. A total ion current (TIC) chromatogram of a negative ion LC-MS analysis of the
peptide + aminolinker-dT6 reaction mixture is shown in Figure 27. The TIC chromatogram appears

similar to the UV chromatogram (Figure 23). The main difference between the two chromatograms

is in the relative intensities of the chromatographic peaks.

In this case peptide detection by ESI MS is more efficient than UV-detection. This is due

to the low absorbance of peptides at 256 nm wavelength normally used for sensitive UV-
detection of oligonucleotides. Conversely, oligonucleotide UV-detection at 256 nm is more
sensitive than ESI MS detection of these species, especially as the length of oligonucleotide

increases. Using both detection methods allows both sensitivity and specificity (identification) to

be obtained.

Interestingly, the intensities of the amino-linker-dT6 signal and the peptide-linker-dT6

hybrid signal are similar in the TIC chromatogram, while the former is 20 fold more intense in the

UV chromatogram. Assuming that the UV response is quantitative this indicates that the
ionization efficiency (and thereby the sensitivity of the mass spectrometer) of the hybrid is higher

than for pure oligonucleotides. This feature is probably facilitated by the conjugated peptide.
However, this effect is not observed for the peptide-dTi 0 hybrid, indicating that this effect is

dependent on the relative contributions of peptide and oligonucleotide to the total mass of the
hybrid.

The mass spectrum of the compound eluting at 26 minutes is shown in Figure 28. The

mass (3,165.0) calculated from the doubly and triply charged ions corresponds to the expected

molecular weight of the peptide-linker-dT6 hybrid (Table VII). A signal from a triply charged ion of

the non-covalent dimer appears at m/z 2,108.7. A minor contaminant of unknown origin produced

a signal at m/z 1,106.6. The spectra obtained from the other eluting compounds were similar in

quality.
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Figure 27. LC-MS chromatogram of a reaction mixture containing peptide and
aminolinker-dT6.
The elution profile looks similar to the UV-trace (Figure 28), but the relative response of each
species is different.

Figure 28. Extracted spectrum of peptide-linker-dT6 peak from LC-MS
analysis.
The negative ion spectrum identifies this species to be peptide-linker-dT6.
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The LC-MS chromatogram of the reaction mixture containing peptide-linker-dTi 0 hybrid

did not produce satisfactory ion signals under the conditions that was used for the peptide-linker-

dT6 hybrid. Attempts to improve the sensitivity for this species by optimizing the electrospray

conditions were not succesful. Apparently, the length of the oligonucleotide influences the

ionization efficiency in microbore HPLC-MS analysis. This sensitivity problem in LC-MS analysis

of longer oligonucleotides has also been observed for pure dT20.

TANDEM MASS SPECTROMETRY OF PEPTIDE-LINKER-dT6 HYBRID

Having a well characterized peptide-oligonucleotide hybrid we wanted to investigate the

behaviour of this species in tandem mass spectrometry experiments. As mentioned above, the

peptide itself was found to fragment easily under MS/MS conditions. The aminolinker-dT6

oligonucleotide was analyzed by positive and negative ion MS/MS using the doubly charged
parent ion. The resulting negative ion spectrum is shown in Figure 29. The spectrum is
dominated by the parent ion (m/z 969.5) and mononucleotide ions [TMP-H20-H]- and [TMP-H]- at

m/z 303.2 and m/z 321.2, respectively. Signals from P03" (m/z 79), thymine ion [T]- (m/z 125),

[TMP T H20]- (m/z 177.1) and [TMP - 1]- (m/z 195.1) are also present. A weak series of peaks

corresponding to [dTn]" and [dTn - H2O]- (n = 2,.., 5) are also detected.

Both positive and negative ion tandem mass spectra of the peptide-linker-dT6 hybrid

were acquired. The positive ion tandem mass spectrum of the doubly charged peptide-linker-dT6

hybrid (m/z 1,583) is more complex (Figure 30) than the tandem mass spectrum of the
aminolinker-oligonucleotide.

The spectrum shares some features with the tandem mass spectrum of aminolinker-dT6

which aids the interpretation. Many peaks are 304 mass units apart which corresponds to one unit

of the mononucleotide dT. This allows us to sequence the oligonucleotide that has been
adducted to the peptide. An example is the [dTn H2O + H]+ nucleotide ion series at m/z 305.2,

608.8, and 912.5 (n = 1, 2, 3), which could correspond to fragmentation from the 3' end of the
oligonucleotide. The [dTn + H]-1- ion series takes over for n = 3, 4, 5, 6 at m/z 930.5, 1,234.7,

1,538.3, and 1842.0. The ions corresponding to peptide-linker-5'-oligo(dT) fragments can also

be found. A [(peptide-linker-dTn) + Hr ion series (n = 1, 2, 3) appear at m/z 1,625.4, 1,930.1, and

2,234.2. The loss of thymine base is evident from the ion series [(peptide -linker-dTn) T +H]-4-, (n

= 1, 2, 3) at m/z 1,499.8, 1,804.0, and 2,108.2. Loss of both the base and water is demonstrated

by the ion series [(peptide linker -dTn) T H2O + Hp- (n = 1, 2, 3) at m/z 1,481.8, 1,787.0, and

2,091.0.
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The negative ion tandem mass spectrum of the doubly charged parent ion (m/z 1,581)

exhibited many of the species that were detected in the positive ion spectrum (data not shown).
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Mass spectrometric analysis of purified peptide x dT20
complexes derived from Ung x dT20

An immediate application of the above investigations were to analyze by mass
spectrometry a mixture of peptide x dT20 hybrids that were isolated by anion-exchange

chromatography after tryptic digestion of UV-crosslinked Uracil-DNA glycosylase x dT20 (3).

Representative fractions, as judged from an autoradiogram after tricine-gel electrophoresis, were

desalted and subjected to mass spectrometric analysis. Due to limited amounts of sample and the

size of the oligonucleotide dT20, MALDI MS was used to characterize these hybrids. Several

matrix/solvent combinations were surveyed to optimize the signal from peptide x dT20 hybrids

(Table VIII). Matrices that have been reported to work well for oligonucleotides, especially
oligo(dT)'s, produced the best signals. This is to be expected since the oligonucleotide dT20

contributes 70-90% of the mass of these hybrids.

MALDI MS analysis of UV-irradiated dT20 did not detect any photoinduced damage that

resulted in molecular weight change or fragmentation. MALDI mass analyses of tryptic peptide x
dT20 complexes were performed using a variety of matrices. The best results were obtained

using sample preparation conditions that tend to favor MALDI analysis of dT20, that is, by using

either ferulic acid (Dr. Klaus Schneider, Rockefeller University, personal communication) or 2,4,6-

trihydroxyacetophenone (100) as matrix and diammonium-hydrogen citrate and acetonitrile as

solvent.

A positive ion MALDI mass spectrum of a mixture of peptide x dT20 hybrids is shown in

Figure 31. Quantitation by radioactivity, using [32P]- labeled dT20, indicate that approximately 5

pmoles of sample about one fifth of the total amount of sample available was used to obtain
the spectrum. The spectrum exhibits signals from dT20 at nz/z 6,025 and some peptide x dT20

hybrids at higher molecular weight. Although the quality (resolution and intensity) of the spectra

obtained from these UV-crosslinked samples is not as good as that achieved for the purified

synthetic hybrids, shown above, the molecular weight information obtained this way is very useful

(Table IX). The reduced quality might be due to the longer oligonucleotide and to the presence of

multiple components in the sample. Purification of a peptide x dT20 hybrid by RP-HPLC followed

by MALDI MS analysis did indeed provide a spectrum that was superior in quality to those
obtained by direct analysis of peptide x dT20 mixtures (Figure 32). However, sample loss on the

HPLC column was substantial so we were not able to use this approach for all peptide x dT20
hybrids isolated from Ung x dT2o.
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Negative ion MALDI mass spectrometry was not found to improve the sensitivity or the

quality of the spectra produced by our MALDI instrument (data not shown).

By subtracting the mass of dT20 (MW 6,025) from the experimentally obtained masses of

the crosslinked peptide x dT20 hybrids, the molecular weight of the conjugated peptide can be

calculated. Because the sequence of E. coil Ung is known, we are able to predict the sequences

and masses of peptide fragments that will result upon proteolytic cleavage of Ung with trypsin. By

matching the predicted peptide masses with the experimentally obtained masses of conjugated
peptides, the latter can be identified. A list of the molecular weights of peptide x dT20

complexes identified this way are presented in Table IX.

An example of this is the hybrid detected at m/z 7,193 ± 3. Subtracting the mass of dT20

(6,025 Da) results in a peptide MW of 1,168 ± 3. Matching this number to the list of masses

calculated for Ung tryptic peptides identifies the conjugated peptide as T18 (Calc. MW 1,169).

Other hybrids were assigned to consists of dT20 crosslinked to T6, T18/19 and T19

(Table IX). Automated Edman sequencing of the hybrid mixtures (performed by Bennett and

Mosbaugh) was used to confirm these assignments. Sequencing identified the tryptic peptides

T1, T6, T18, and T19 as being present in the samples (3). Combining the results obtained by

MALDI mass spectrometry and Edman sequencing we assigned the peptides T6, T18, T18/19,

and T19 as being conjugated to the oligonucleotide.
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Table VIII. Survey of matrices for MALDI analysis of anion-exchange purified,
desalted peptide x dT20 complexes.
The sample used in this survey contained a mixture of 2-3 different peptide x dT20 complexes
and also contained some non-crosslinked dT20. 0.5 ALL sample (estimated concentration 5-10
AIM) + 0.7 1.11_ matrix was mixed on the mass spectrometric probe. The sample was allowed to
crystallize by spontaneous evaporation of the solvent. The quality of positive ion mass spectra of
peptide x dT20 hybrids produced by each matrix is indicated with (not good) , + (weak), ++ (fair),
+++ (good).

Matrix

2,4,6-trihydroxy-acetophenone

Ferulic acid

Caffeic acid

3-hydroxypicolinic acid

2-amino-5-nitropyridine

Solvent Quality

50 mM citrate, 50% acetonitrile + ++

0.1% TFA, 50% acetonitrile

50% acetonitrile (aq)

50 mM citrate, 50% acetonitrile ++

50 mM citrate, 50% acetonitrile

50 mM citrate, 50% acetonitrile

50 mM citrate, 50% acetonitrile

50% acetonitrile (aq)

Sinapinic acid 50 mM citrate, 50% acetonitrile

50% acetonitrile (aq)
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Figure 31. MALDI mass spectrum of a Nensorb desalted fraction
corresponding to the major peak eluting off the anion-exchange column.
The matrix used in this experiment was (a) 2,4,6-trihydroxy-acetophenone and (b) caffeic acid.
Both matrices were dissolved in 50 mM diammonium hydrogen citrate and 50% acetonitrile.
Signals corresponding to dT20 (m/z 6,025) and several peptide x dT20 complexes (m/z 7,170-
8,000) are observed.
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3000 m/z 8000

Figure 32. MALDI mass spectrum of an HPLC purified hybrid.
Ion signals corresponding to dT20 (m/z 6,025.0) and to [T18] x dT20 (m/z 7180.7) are observed.
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Table IX. Molecular weight determinations of Ung x dT20 hybrids by MALDI
mass spectrometry and correlation to Ung tryptic peptides.
Refer to Figure 19 for alignment to the Ung amino acid sequence.

Ung peptide
Calculated

mass

Experimental Calculated

[Peptide x dT20] [Peptide x dT20] -
[dT20]

T6 2,419 8,448 ± 3 2,424 ± 3
T18 1,169 7,193 ± 3 1,168 ± 3

T18/19 3,376 9,417 ± 21 3,391 ± 21
T19 2,223a 8,145 ± 8 2,121 ± 8

dT20 6,024 6,026 ± 8 2 ± 8

a) S- alkylated Cys. Non- alkylated Cys results in MW 2,165. Implies that Cys is involved in forming

crosslink.
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Peptide mapping of Rho and Rho x 4sUDP

Peptide mapping by MALDI was used to optimize conditions for proteolytic digestion and

to verify the sequence of Rho. Microbore and capillary HPLC-ESI MS peptide mapping was

employed in order to identify the crosslinked peptide x 4sUDP complexes by changes in elution

times and/or molecular weight.

Several proteases and cyanogen bromide (CNBr) were employed to fragment Rho. In this

section we present the results obtained by endoprotease Lys-C digestion of Rho. Digestion by

trypsin, endoprotease Asp-N, and CNBr produced similar results, but with less coverage of the

Rho sequence. These results can be found in Appendix A.

MALDI MS PEPTIDE MAPPING OF RHO

The Rho samples were incubated with endoprotease Lys-C for 18-22 hours. Aliquots

were removed and analyzed by MALDI mass spectrometry. A MALDI peptide map of Lys-C

digested UV-irradiated Rho is shown in Figure 33. The spectrum is rather complex due to the

presence of at least 30 peptides. There are no signals that could correspond to intact Rho or

large fragments of Rho, indicating that enzymatic digestion went to completion. A signal detected

at approximately m/z 14,400 is a contaminant found in all Rho samples.

Based on our knowledge of the Rho amino acid sequence it is possible to predict the

sequences and molecular weights of all the peptide fragments that will arise after Lys-C digestion

(cleavage C-terminal to Lys residues). The predicted masses can then be compared to the
experimental masses, or vice versa, to tentatively assign a peptide fragment to an ion signal. By

this approach each ion signal was assigned to correspond to a Lys-C peptide as indicated in

Figure 33. The background signals due to the enzyme are indicated with a B. The data obtained

by going through this process, listed in Table X, maps 75% of the Rho amino acid sequence.

By comparing MALDI peptide maps from all the Rho samples and controls one should be

able to detect major differences in peptide masses that could be caused by irradiation, incubation

with 4sUDP, or both. All the Rho containing samples produced very similar MALDI peptide maps.

There were no obvious differences between the Rho + UV (Figure 33), Rho + 4sUDP (Figure 34)

and the Rho + 4sUDP + UV (Figure 35) samples. The latter sample contained signals, indicated

with an asterisk (*) that can be assigned to oxidized peptides L27 (MW 1,971 + 16) and L2 or L18

(MW 2,686.4 + 16 or MW 2,685.5 + 16, respectively) and also a peptide at m/z 4,751.1 that could



94

originate from the peptide L13 (MW 4,653.4), since an ion signal that could correspond to the

latter is absent. The origin of the mass difference of 98 Da between these species is unknown,
but the fact that the mass of H2PO4 is 97 could be used as a starting point to speculate on the

origin of this phenomenon, since phosphate may somehow originate from 4sUDP. These
putative oxidized peptides were also detected in a tryptic MALDI peptide map.
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Figure 33. MALDI peptide map of Lys-C digested UV-irradiated Rho.
The peaks are labeled with the Rho peptide that matches the experimental mass.

Figure 34. MALDI peptide map of Lys-C digested mixture of Rho and 4sUDP.
The spectrum is very similar to the one obtained from a Lys-C digest of UV-irradiated Rho.

Figure 35. MALDI peptide map of a Lys-C digest of a UV-irradiated mixture of
Rho and 4sUDP.
Peptide ions that could be assigned by assuming oxidation of Rho Lys-C peptides are indicated
with an asterisk (*).
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LC-MS PEPTIDE MAPPING

Separation peptides after Lys-C digestion of Rho and Rho x 4sUDP was accomplished

by microbore or capillary HPLC with 214 nm UV-detection and/or mass spectrometric detection

(LC-MS). LC-MS provide both high separation efficiency and mass specific detection of peptides.

The LC-MS peptide map of UV-irradiated Rho is shown in Figure 36. The TIC chromatogram

demonstrates the separation efficiency of a custom-packed 320 gm x 110 mm reverse phase

column, although in this case the column was slightly overloaded. Molecular weight information

could be extracted from the data and was used to tentatively assign peptides to the HPLC peaks.

An example of this is shown in Figure 37. This spectrum was acquired during scan 467-

470 of the LC-MS run shown in figure 36. The molecular weight of the peptide, 2,728.0, matches

the mass of Rho Lys-C peptide number 14 (MW 2,728.4) (Table X).

Almost all expected Rho Lys-C peptides above MW 400 were detected by this method,

ensuring that almost the whole Rho sequence is covered by this peptide map (Table X and Figure

41). The masses obtained were in agreement with the calculated masses indicating that the Rho

amino acid sequence is correct.

The Cys-containing peptide L13 was detected as the disulphide linked dimer at MW

9,307. This dimer was also detected in the MALDI MS peptide map. The LC-MS Lys-C peptide

maps covers most of the Rho sequence (385 of 419 amino acids; 92%) as illustrated in Figure 41.

LC-MS chromatograms of Lys-C digested Rho (not shown), Lys-C digested UV-irradiated

Rho (Figure 36), and Lys-C digested Rho + 4sUDP (Figure 38) were very similar, if not identical.

However, the LC-MS chromatogram of Lys-C digested, UV-irradiated Rho + 4sUDP revealed

several new peaks, as characterized by their elution time and molecular weight (Figure 39). An

example of this is given in the extracted mass spectrum of a MW 2702 peptide that was not
detected in the other samples (Figure 40). The molecular weights of several "new" peptides are
given in Table Xl.

None of the new peptides have a molecular weight that could correspond to peptide x
4sUDP adduct, assuming a zero-lenght photochemical bond and stability of the adduct.
However, the molecular weights obtained for these peaks indicate that they might have arisen

from oxidation of Rho Lys-C peptide fragments as mentioned previously. Again the peptides L27

and L2 or L18 were the best candidates for a molecular weight match assuming that one oxygen

was added to the peptide (oxidation, adds 16 Da to peptide mass). The new peptide with a mass

of 4,750 previously observed in the MALDI peptide map of the same sample was also detected by
LC-MS.
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Microbore HPLC peptide mapping of the above samples with both online UV and MS

detection produced UV chromatograms that were consistent with the LC-MS chromatograms,

indicating that the mass spectrometer did not fail to detect any eluting peptide.
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Figure 36. LC-MS TIC chromatogram (peptide map) of UV-irradiated and Lys-C
digested Rho.
The peaks are labeled with the corresponding Rho peptide as identified by mass determination.

Figure 37. Mass spectrum extracted from the LC-MS TIC chromatogram.
The spectrum is dominated by the doubly (m/z 1364.8) and triply (m/z 910.5) charged ions
corresponding to the peptide L14 (MW 2728.4). Average of scan 467-470.

Figure 38. LC-MS peptide map of a Lys-C digest of a mixture of Rho and
4sUDP.
The TIC chromatogram appears very imilar to the one obtained by Lys-C digests of Rho and UV-
irradiated Rho.

Figure 39. LC-MS peptide map of a Lys-C digest of UV-irradiated mixture of
Rho and 4sUDP.
Some new peaks, as characterized by their altered elution time and molecular weight are indicated
with asterisks.

Figure 40. Extracted mass spectrum of a new peptide from the LC-MS peptide
map.
The molecular weight of this peptide is 2,702.2. It can be assigned to be an oxidized form of
either L2 or L18.
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Table X. Molecular weight data obtained by mass spectrometric peptide
mapping of a Lys-C digest of Rho by MALDI and HPLC-ESI MS.

Num. Position Ca lc. (MH+) MALDI (MH+) ESI (MH+)
1 1 - 7 848.46 848.5

2 8 31 2686.40 2684.6 2686.5

3 32 - 40 1060.64 1060.4 1061.1

4 41 - 44 483.27

5 45 100 6052.00 6052.0 6053.6

6 101 - 105 610.40

7 106 - 115 1225.66 1225.00 1225.7

8 116 - 123 964.47 964.5

8,9 116 130 1773.89 1774.5

9 124 - 130 828.43 828.5

10 131-155 2854.51 2854.3 2854.9

11 156-181 2713.58 2712.0 2714.0

12 182 - 184 275.17

13 185 - 224 4653.39 4655.10

9307.7a 9307.8a

14 225 249 2728.36 2724.10 2729.1

15 250 251 218.15

16 252 257 781.47

17 258 258 147.11

18 259 - 283 2685.53 2684.9 ? 2685.2

19 284 298 1547.87 1547.1 1548.4

20 299 326 2894.54 2893.1 2894.8

21 327 336 1302.59 1303.0 1302.7

21,22 327 - 348 2626.26 2626.3

22 337 348 1342.69 1343.5 1342.7

23 349 352 460.28

24 353 367 1779.96 1778.8 1780.0

25 368 379 1460.75 1460.8

26 380 385 846.50 n.d.

27 386 402 1971.01 1970.1 1971.5

28 403 - 407 563.32

29 408 - 417 1277.52 1277.7

30 418 419 262.15
a) Disulphide bridged dimer



MNLTELKNTP VSELITLGEN MGLENLARMR KQDIIFAILK 40
Ll (848.5) L2 (2686.4) L3 (1060.6)

QHAKSGEDEF GDGVLEILQD GFGFLRSADS SYLAGPDDIY 80
L4 L5 (6052.0)

VSPSQIRRFN LRTGDTISGK IRPPKEGERY FALLK VNEVN 120
L6 L7 (1225.7) L8 (964.6)

FDKPENARNK ILFENLTPLH ANSRLRMERG NGSTKDLTAR 160
L9 (828.4) L10 (2854.5)

VLDLASPIGR GQRGLIVAPP KAGKTMLLQN IAQSIAYNHP 200
L11 (2713.6) L12

DCVLMVLLED ERPEEVTEMQ RLVKGEVVAS TFDEPASRHV 240
L13 (4653.4) L14 (2728.4)

QVAEMVIEKA KRLVEHKKDV IILLDSITRL ARAYNTVVPA 280
L15 L16 L17 L18 (2685.5)

SGICVLTGGVD ANALHRPKRF FGAARNVEEG GSLTIIATAL 320
L19 (1547.9) L20 (2894.5)

IDTGSKMDEV IYEEFKGTGN MELHLSRKIA EKRVFPAIDY 360
L21 (1302.6) L22 (1342.7) L23 L24 (1780.0)

NRSGTRKEEL LTTQEELQKM WILRKIIHPM GEIDAMEFLI 400
L25 (1460.8) L26 L27 (1971.0)

NICLAMTKTND DFFEMMKRS 419
L28 L29 (1277.5) L30

Figure 41. Mapping of Lys-C
on LC-MS and MALDI MS data.
Cleavage points are indicated with v.
Peptides detected by LC-MS peptide
parentheses.
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peptides to the Rho amino acid sequence based

Rho Lys-C peptides are numbered from the N-terminus.
mapping are in boldface with their molecular weight in
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Table XI. Molecular weights of new Rho Lys-C peptides present in the UV-
irradiated Rho + 4sUDP sample.

Observed new Nearest

molecular weight peptide
Rho Mass

match
Comment

1986.3 L27 1971.0 (386-402) Oxidation

2702.2 L2 or 2685.4 (8-31) or Oxidation

L18 2684.5 (259-283) Oxidation

4750.3 L13 4653.4 (185-224) 97 Da mass difference
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TANDEM MASS SPECTROMETRY OF 4SUDP

We have used ESI tandem MS to investigate the mass spectrometric behaviour of 4sUDP

(MW 420). Negative ion mass spectra were collected after collision induced dissociation of the

[4sUDP H]- ion at m/z 419. The daughter spectrum shown in Figure 42 exhibits signals
corresponding to [P03]- (m/z 79), [H2PO4]- (m/z 96.7), [4sU]- (m/z 126.7), and [HP206]- (m/z

158.9). The complementary ions [4sUDP - P03 - FI]- (m/z 338), [4sUDP HPO4 H]- (m/z 320.6),

and [4sUDP 4sU - H]- (m/z 291) are also observed. Several signals arising from loss of water are

detected at m/z 400.6, 320.6, 272.7, and 193.1.

The most facile fragmentation pathways for 4sUDP are therefore loss of water, loss of

base, and loss of one or two phosphate groups.

The specific loss of phosphates from 4sUDP can be used to selectively detect peptide x

4sUDP complexes in mixtures. This is accomplished by using either a "parent-of-m/z 79"

scanning mode of tandem MS, or by using collisional excitation in the source region by ramping

the orifice potential while scanning the low mass region (116). In the "parent-of" scan mode, MS 1

is scanning the mass range of interest, while MS2 is scanning at the same rate but offset by a m/z

corresponding to the fragmentation product of interest, for example, m/z 79 for P03-. In the

collisional excitation approach the orifice potential is synchronized with the MS1 m/z scan by

computer control. When MS 1 is scanning the low mass range (m/z 60-100), the orifice potential is

set to a value that induces fragmentation of all ions, in turn producing P03- ions if a phosphate

containing analyte is present. When MS1 is scanning the rest of the mass range (m/z 100-2000),

the orifice potential is set to normal allowing intact analyte ions to be detected. Note that this

experiment can be done on a single-quadropole instrument.

The latter experiment was attempted by LC-MS analysis of peptide mixtures derived from

Rho x 4sUDP. However, our current instrumental setup is not optimal for this type of experiment:

The manufacturers limit for the orifice potential is -250 V, whereas -350 V has been reported to

produce best results (116). This might explain why the experiments failed. Alternately, the

expected peptide x 4sUDP adducts were not present as anticipated. Regardless, this approach

should, implemented properly, be extremely useful for identifying peptide x nucleic acid adducts

in peptide mixtures.



100

75

50

25

0

79.0

[P03]
[HP206]'

158.9

[4sU]-
126.7

7.70
cv

96.7

50 100 150

176.7
193.1j 210.9

200
ink

II :I77-

159

0

HN

0

II

OH: OH79

97

272.7

250

N
OH OH

A 127

B 293

[4sUDP - H]-
291.0 338.4

320.6 406.6 419.2

300 350 400

Figure 42. Negative ion tandem mass spectrum of 4sUDP.The fragments ions are indicated.



1 1 2

Chapter 7: Discussion

We have presented a novel strategy for the identification of nucleic acid binding domains

in proteins. The method employes mass spectrometric techniques for the analysis of
photochemically crosslinked protein-nucleic acid complexes. The experimental data described in

the previous chapter documents our efforts to establish and implement the analytical protocol.

Using several different protein-nucleic acid systems and different crosslinking techniques, we

have demonstrated the feasibility of a mass spectrometric based approach to investigate the

character of UV-crosslinked protein-nucleic acid complexes. Matrix-assisted laser
desorption/ionization mass spectrometry was used for detection and molecular weight
determination of intact, UV-crosslinked protein-nucleic acid complexes, for peptide mapping, and

for molecular weight determination of synthetic and UV-crosslinked peptide-nucleic acid hybrids.

Electrospray ionization mass spectrometry and tandem mass spectrometry was used for analysis

of synthetic peptide-nucleic acid hybrids and, in conjunction with HPLC, for peptide mapping of a

protein.

MOLECULAR WEIGHT DETERMINATION OF INTACT UV-CROSSLINKED
PROTEIN-NUCLEIC ACID COMPLEXES BY MALDI MASS SPECTROMETRY

At the onset of this study, it was not known how effective the analysis of crude, UV-

irradiated protein samples by MALDI mass spectrometry would be. This was particularlyso in the

case of the pulsed laser UV-crosslinking experiment because the small quantity of crosslinked
analyte produced by a single UV laser pulse (0.01 to 3 OA) is close to MALDI mass spectrometry's

practical detection limit for pure proteins. It is now clear that MALDI mass spectra of a
nucleoprotein complex can be produced directly from the crosslinking reaction mixture without

any cleanup even when the radiation is in the form of a single laser pulse of a few nanoseconds

duration. To the best of our knowledge, these spectra, of which those shown in the Results

section are representative, provide the first direct, mass spectrometric confirmation of the
formation of UV-induced, covalent protein-DNA and protein-RNA complexes.

Our experiments with gp32 and dT20 clearly indicate that the success of MALDI mass

analysis with covalent protein-nucleic acid complexes is highly dependent on the combination of

matrix material and solvent system employed. Indeed, it was found that different matrices are
necessary to produce good spectra of pure gp32, dT20 , and gp32 x dT20 (Table IV). Selection
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of matrix compound is of primary importance in producing MALDI mass spectra; however, it is

evident from our experiments that choice of solvent is also of considerable consequence. The

correct solvent is not only necessary for maintaining the analyte in solution but it is apparently
essential for getting the analyte of interest incorporated into the matrix crystals. This matrix-

solvent dependency could conceivably be advantageous in discriminating against all the
components in a complex sample except the analyte of interest. Our present sample preparation
procedure for gp32 x dT20 fails to produce a spectrum about 25% of the time. Perhaps the

matrix/solvent combination is not optimum, or maybe there is variability in the components of the

reaction mixture.

An interesting observation is that the presence of 1% (v/v) glycerol in the sinapinic
acid/formic acid/acetonitrile matrix solution seems to be important for proper incorporation of gp32

x dT20 into the matrix crystals and, thus, for obtaining spectra of the gp32 x dT20 complex. The

glycerol must, however, be removed prior to MALDI mass analysis by washing the sample/matrix

deposit in cold water. We became aware of glycerol's role in the preparation of these samples

when we attempted to improve the quality of our spectra by analyzing glycerol-free instead of
glycerol-containing gp32 x dT20 samples.

The Ung x dT20 complex was analyzed under conditions similar to those used for mass

determination of the gp32 x dT20 complex, indicating that the use of protein solubilizing agents

(formic acid) is important for succesful analysis of UV-crosslinked protein-oligonucleotide

complexes. This was also reflected in the analysis of Rho x 4sUDP where either 1,1,1,3,3,3-

hexafluoroisopropanol or formic acid had to be employed during sample preparation in order to

obtain MALDI mass spectra of this species.

In all cases, i.e. gp32 x dT20 , Ung x dT20 , and Rho x 4sUDP, the molecular weight

determinations by MALDI MS indicate that crosslinked complexes are present. However, there is

a small discrepancy between the experimentally determined average molecular weight and the
calculated molecular weight of the complex (Table V). In the case of gp32 x dT20 and Rho x

4sUDP, the experimental value is larger than would be expected from attaching the nucleic acid to
the protein with a zero-length covalent bond. For gp32 x dT20 , the discrepancy could be due to

adduction of alkali metal ions to the oligonucleotide. In the case of Rho x 4sUDP, the difference

between the experimental and theoretical values for the added 4sUDP moiety is about 1 part in 5

(20%, 420 vs. 560 Da). This relatively large discrepancy could be due to the presence of an

appreciable, but unresolved matrix adduct, or it could be due in large part to the fact that the

experimental value was obtained by subtracting two, large, nearly identical, independently
determined numbers one of which has an appreciable uncertainty associated with it. If the latter

possibility is the case, a MALDI mass analysis of a mixture of Rho and Rho x 4sUDP should yield a

more accurate and more precise estimate of the nucleic acid moiety mass; however, we have not
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yet found a matrix/solvent combination that allows simultaneous analysis of both species. Given

the mostly unknown nature of the photochemically induced covalent bond, it is also reasonable to

think in either case that the discrepancy and the associated uncertainty might be due to the

existence of different types of photochemical crosslinks between protein and nucleic acid or, in

the worst case, non-specific labeling. As discussed below, LC-MS peptide mapping detected

several oxidized peptides in the Lys-C digest of Rho. Oxidized residues could also be part of the

mass deviation that is observed for intact Rho x 4sUDP.

The molecular weight obtained for Ung x dT20 is about 100 mass units below the

theoretical molecular weight calculated by assuming that a 'zero-length' covalent bond has been

formed. This deviation could be due to non-linear calibration brought about by using low
molecular weight calibrants (matrix and dT20 signals) in combination with the use of above-normal

laser fluence to obtain the spectrum. The high laser fluence may induce decomposition of the

complexes which could give rise to peak broadening and decreased precision.

The relevance of these minimal mass deviations of experimental versus calculated

molecular weights of the intact, crosslinked protein-nucleic acid complexes is uncertain. The

accuracy of the molecular weight determinations (0.1-0.2%) is an order of magnitude better than

what can be obtained by any other technique, and in all three cases it provides direct evidence

that UV-crosslinked protein-nucleic acid complexes have been formed.

MALDI PEPTIDE MAPPING OF PROTEIN x NUCLEIC ACID COMPLEXES

We have used peptide mapping by MALDI mass spectrometry to monitor the time-course

of proteolytic digestions of proteins and protein x nucleic acid complexes. The speed and
sensitivity of this technique allows digestion reactions to be monitored and optimized using only

small amounts of sample. The MALDI peptide maps detected 75-90% of the expected peptides

from the proteins studied and provided a quick way of confirming large parts of amino acid

sequence of the polypeptides.
MALDI peptide maps of Ung x dT20 and Rho x 4sUDP were very similar to peptide maps

obtained from Ung and Rho, respectively. A single site of crosslinking should, if the sample is

homogenous, result in the disappearance of a signal from the MALDI peptide map of the protein x

nucleic acid complex, as compared to the non-crosslinked protein peptide map. The signal that

disappeared would correspond to the crosslinked peptide. Since this is obviously not observed,

it would seem that there is no crosslinked peptide present or that there is more than one

crosslinked peptide, i.e. a given crosslinked peptide is also present in the non-crosslinked native
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form. Since the latter apparently is the case, at least for Ung, the peptide x nucleic acid species
must have been suppressed under the conditions used (see discussion below).

In the case of Ung, most of the polypeptide sequence was mapped by MALDI mass

analysis of a tryptic peptide mixture (Table VI and Figure 19). Attempts to produce signals from

peptide x dT20 hybrids, known to be present in the peptide mixture, by using a variety of

matrices, were not successful. The presence of many non-crosslinked peptides may suppress
the peptide x dT20 species. Presumably, the peptides are preferentially incorporated into the

matrix crystals, in effect excluding the crosslinked hybrids from analysis. The presence of 1 M

urea in the digest mixture could play a role, since this denaturant might interferes with
crystallization of the matrix. Further work is necessary to identify matrix/solvent combinations that

will allow selective desorption/ionization of peptide x nucleic acid complexes.

Similar observations were made for MALDI peptide mapping of Lys-C digests of Rho and

Rho x 4sUDP, respectively. We did not observe any signals that could be attributed to peptide x

4sUDP complexes. Since we have not been able to detect any crosslinked peptide-4sUDP

species by any of the mapping methods employed, we assume that the photoaffinitylabel is

unstable and has degraded, as discussed below.

SYNTHETIC PEPTIDE-LINKER-OLIGONUCLEOTIDE HYBRID

In order to investigate the applicability of MALDI and ESI mass spectrometry to the
analysis of peptide-oligonucleotide conjugates, we have produced peptide-oligodeoxythymidylic

acid hybrids by chemical synthesis and by photochemical crosslinking.

A novel synthetic approach employing PyBOP as a catalyst to form an amide bond
between a peptide and oligothymidylic acids was used. The yields of hybrids, approximately 5%

as judged from UV-absorption of oligonucleotides, was sufficient for mass spectrometric studies.

MALDI mass spectrometry was used in combination with HPLC to monitor the time course of the

reaction. Off-line analysis of HPLC fractions by MALDI MS and ESI MS identified fractions that

contained covalent hybrids.

Molecular weight information on purified peptide-linker-oligonucleotide hybrids can be

easily obtained by either MALDI mass spectrometry or by ESI mass spectrometry. MALDI MS is

the most sensitive of the two ionization techniques used in this work and could detect covalent

hybrids directly in the reaction mixture. Low (5-10) picomole amounts of hybrids could be
analyzed by MALDI, whereas ESI required larger amounts (> 50 pmoles/4) for flow injection

analysis. LC-MS analysis was only possible when the oligonucleotide was similar in size to the

peptide. The resolution of ESI MS is superior to what can be obtained by MALDI MS. For both
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MALDI and ESI MS, the accuracy of molecular weight determinations where within 0.05% of the

calculated masses for peptide, aminolinker-oligo(dT)'s, and peptide-linker-oligo(dT) hybrids.

MALDI analysis of hybrids in the positive ion mode was superior to analysis in the negative

ion mode on our instrument in that better resolution and more intense signals were observed.

However, our instrument is not optimized for negative ion analysis.

ESI analysis of hybrids in the negative ion mode produced less sodium adducted ions
than the positive ion mode causing negative ion analysis of the peptide - linker -dT10 hybrid to be

slightly more sensititve than positive ion analysis. However, the hybrid with the shorter
oligonucleotide (peptide-linker-dT6) produced the most intense signals in the positive ion mode.

This suggests that short oligonucleotides are preferable in order to increase sensitivity of ESI MS

analysis, including LC-MS peptide mapping. However, in order to get biologically meaningful

results by our protocol, the length of the oligonucleotide used in an experiment should be
dictated by the DNA binding protein of interest. For example, the shortest oligo(dT) molecule that

binds to gp32 is d-18. However, the length of the oligonucleotide can be trimmed after UV-

crosslinking has taken place which should allow both maximum sensitivity and meaningful results

to be obtained.

The experimental conditions used for MALDI analysis and ESI analysis of peptide-nucleic

acid hybrids are similar to those found to be applicable to oligonucleotide analysis by MALDI (100)

and ESI (172). This was anticipated because the oligonucleotide makes up a majority (70-90%) of

the mass of the hybrids studied here. More systematical studies are needed to learn more about

the relative contributions of peptide and oligonucleotide to ionization of covalent hybrids. ESI MS

and LC-MS are useful methods for studying peptide-oligonucleotide hybrids in cases where the

oligonucleotide chain is relatively short (<10 residues) or where the contribution of peptide and

oligonucleotide to the total mass is close to unity. It is possible that hybrids containing longer

oligonucleotides can be analyzed by ESI MS by further optimization of the conditions in the ESI

ion source or by increasing the amount of sample introduced into the mass spectrometer.

The use of positive ion ESI MS/MS for analysis of the peptide-linker-dT6 hybrid revealed

that the oligonucleotide part of the molecule fragments more easily than the peptide-part, allowing

sequencing of the nucleotide portion of the hybrid. This fact, if true in general, should be
advantageous for the analysis of UV-crosslinked peptide-oligonucleotide complexes in that it is

possible to obtain sequence information on the target-DNA sequence of a DNA binding protein.

Covalent peptide-oligonucleotide hybrids have recently been synthesized and used in

antisense research, under the assumption that the peptide portion of the hybrid might help

stabilize, transport, or target antisense oligonucleotides (177, 178, 179, 180, 181). Mass

spectrometric analysis of antisense peptides (182) and antisense oligonucleotides (183, 184)

have previously been demonstrated. Our results for the peptide-linker-oligonucleotide hybrids
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illustrates additional uses of mass spectrometry as a tool in antisense research, namely as a means

to monitor the synthesis of peptide-oligonucleotide hybrids, to confirm molecular weights of the

hybrids, and to some structural information.

MASS SPECTROMETRIC ANALYSIS OF PURIFIED UNG PEPTIDE x NUCLEIC
ACID COMPLEXES

Cross linking of Ung to dT20 was accomplished by using continous UV irradiation and

crosslinked peptide x dT20 were purified after tryptic digestion of the Ung x dT20 complex. The

pools of crosslinked peptide-dT20 hybrids were then identified by using MALDI mass

spectrometry and Edman degradation. Using positive ion MALDI mass spectrometry, we obtained

molecular weight information for 5 peptide x dT20 complexes. By subtracting the mass of the

oligonucleotide dT20 from these experimentally obtained masses we calculated the molecular

weights of the tryptic peptide part of the complexes. Correlation of the mass of a tryptic fragment

to a stretch of the Ung amino acid sequence served to map the DNA binding region of the
enzyme.

The molecular weights determined by MALDI mass spectrometry are consistent with the

idea that the tryptic peptides [T18], [T19], [T18/19] and [T6] are covalently attached to the
oligonucleotide. The [T18] x dT20 complex consistently showed up in all the chromatographic

fractions analyzed. Edman degradation identified all these peptides and additionally the peptide

Ti. The T18 peptide was the most abundant as judged from the automated sequencer data.

The stretches of amino acids in the protein that are covered by the conjugated peptides

must define part of the DNA binding site of the protein because UV-crosslinking takes place only

between nucleic acids and amino acid residues that are in close contact (48). We therefore

conclude that the DNA binding domain of Ung is defined by amino acids 58-80 (T6) and 185-213

(T18 and T19) (3) (Figure 43). These results demonstrate that photochemical crosslinking in

combination with proteolytic digestion and mass spectrometric analysis can be used to map

nucleic acid binding sites in proteins.
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SOME GENERAL COMMENTS ON MASS SPECTROMETRIC ANALYSIS OF
COVALENT PEPTIDE- AND PROTEIN- OLIGO(dT) HYBRIDS

In this study we have used MALDI and ESI mass spectrometry to analyze peptide-linker-

dT6, peptide-linker-dTi 0,and peptide x dT20 hybrids (the latter only by MALDI MS), and we have

used MALDI MS to analyze intact protein x dT20 complexes. Some overall principles have

emerged that I will discuss in the following.

In MALDI MS of covalent peptide-oligo(dT) hybrids, the quality of the spectra seems to

degrade as the size of the oligonucleotide portion of the complex increases, that is, the resolution
and the mass accuracy decreases. This is especially evident for the Ung peptide x dT20

complexes. However, in the latter case the complexes were always present in mixtures containing

at least 3 components. The spectra obtained from purified peptide-linker-dT6 and -dTi 0, and also

for the HPLC purified Ung [T18] x dT20 complex indicates that sample purity is a major factor in the

attainable spectrum quality. This is a well known fact for peptide and protein analysis, but it seem

to be even more important for the analysis of covalent peptide-nucleic acid complexes by MALDI.

Discovery of other matrix/solvent combinations might help improve the sensitivity and thereby

spectrum quality.

The dependency of sensitivity on the relative contribution of the oligonucleotide to the

total mass of peptide-linker-oligo(dT) hybrids was also evident in ESI MS. The sensitivity of ESI
analysis of the peptide-linker-dT6 hybrid in the positive ion mode was better than in the negative

ion mode, whereas the response from the peptide-linker-dTi 0 hybrid was similar in positive vs.

negative mode, probably due to increased length of the nucleotide and to increased alkali ion
adduction.

The relative contribution of polypeptide and oligonucleotide to the total mass of the
complex can be used as a guideline as to which matrix should be used for MALDI analysis. In the

case of protein x dT20 complexes the protein is the major component of the molecule and

therefore a "protein-matrix", such as sinapinic acid, should be used in combination with a good
solubilizing agent, such as formic acid. In the case of peptide x dT20, the oligonucleotide is the

major component of the molecule and a "oligonucleotide-matrix", such as THAP, should be
employed.

Our results also suggest that ESI MS can be used most efficiently in cases where the

peptide and oligonucleotide parts of a hybrid are similar in size or where the latter is smaller than

the former. For both MALDI and ESI one should try to use as short an oligonucleotide as the

protein-nucleic acid complex under study allows, in order to obtain the best mass spectrometric

data, as judged by resolution, accuracy, and sensitivity.
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PEPTIDE MAPPING OF TRANSCRIPTION ERMINATION FACTOR RH 0

Transcription termination factor Rho was digested with a variety of proteases (Lys-C,

trypsin, Asp-N) and with a chemical reagent (CNBr). MALDI MS peptide mapping and microbore or

capillary HPLC-ESI MS peptide mapping were used to monitor the time course of the digestions.

The discussion here is restricted to the data obtained from Lys-C digestions of Rho. However, it

also applies in general to the other peptide maps, presented in Appendix A. The Lys-C digest of

Rho produced the best and most complete peptide maps of Rho since the detected peptide

fragments covered the largest proportion of the Rho polypeptide sequence.

MALDI mass analysis of the peptide mixture after Lys-C digestion of Rho indicated that

the cleavage had gone to completion since no high molecular weight (> MW 10,000) species

were detected under the conditions used. Assigning the experimentally obtained nz/z values to

Lys-C peptides was straightforward (Table X) and shows that the MALDI peptide map covers

approximately 75% of the Rho sequence; only low molecular weight species and a few higher MW

peptides are missing. MALDI MS is very useful because it can provide a peptide map from a digest

mixture in a matter of minutes using only very little sample (5-10 pmoles in 0.5 ?IL solution).

Capillary LC-ESI MS could detect more Rho Lys-C peptides than MALDI MS due to the

separation achieved by HPLC prior to MS analysis. The LC-MS peptide map covered over 90% of

the Rho sequence, making it the method of choice for detailed investigations of modified
proteins. In our current setup, LC-MS is more time and sample consuming than MALDI MS due to

the one hour acetonitrile gradient used for peptide elution. However, the use of smaller diameter

columns should improve sensitivity, and the use of perfusion particles as packing material should

allow steeper gradients to be used for peptide elution without degrading the separation
efficiency, and, thus, should decrease the time needed to run an LC-MS analysis.

Alkylation of the single Cys residue in Rho by iodoacetic acid or iodoacetamide improved

the recovery of the Cys-containing peptide but did not affect the overall cleavage efficiency of

Rho by Lys-C protease as compared to the non-alkylated sample. In order to avoid artifacts

introduced by the alkylation agent on the putative peptide x 4sUDP complex we omitted the

alkylation step.

Although microbore HPLC-UV, MALDI MS, and capillary LC-ESI MS all provided excellent

Lys-C peptide maps of Rho, UV-irradiated Rho, Rho + 4sUDP, and UV-irradiated Rho + 4sUDP

samples, we were not able to detect any peptide x 4sUDP complexes. In those cases where a

change in elution time and a change in mass of a peptide was evident in the UV-irradiated Rho +

4sUDP sample, we could assign the new mass to an oxidized form of a Lys-C peptide. Oxidized

peptides were not detected to any significant extent in the control samples. We are not certain

about the origin of this oxidation phenomenon. It seems to be present only in the Rho sample
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that contains 4sUDP and that has been UV-irradiated. Another new peptide with a mass of 4,750

was also present in the UV-irradiated Rho + 4sUDP sample. The nearest match to this peptide is

the Cys containing peptide L13 (MW 4,653). A mass increase of 97 can maybe explained by a
phosphate (H2PO4), although this remains very speculative.

In the hope that peptide x 4sUDP complexes, if present, would form negative ions, we

attempted to use negative ion MALDI MS and LC-MS peptide mapping without any success. We

observed many of the peptide ions that were detected in the positive ion mode, but with a

substantial reduction overall in sensitivity.

The absence of an ion-signal in MALDI that can be attributted to a peptide x 4sUDP

complex could be due to several factors: First, the complexity of the peptide mixture may cause

the signal from peptide x 4sUDP to be hidden under another peptide ion signal or in the low mass

background. Second, the peptide x 4sUDP signal may be weak or absent due to the changed

ionization properties of the adducted peptide or due to factors related to sample preparation for

MALDI. Third, the peptide x 4sUDP adduct might not have been formed. Fourth, the peptide x

4sUDP photoproduct might be unstable under the analysis conditions used and would be
present, therefore, in a rearranged, fragmented, or degraded form.

The molecular weight obtained for intact Rho x 4sUDP is slightly above the expected

mass, which might lend support to the hypothesis that non-specific labeling or oxidation of Rho in

the presence of 4sUDP is substantial. However, care must be taken in interpreting this set of data

because the mass deviation could arise from matrix adduction or alkali metal adduction as

discussed above.

Although we have attempted in a variety of ways to detect adducted peptides, no obvious

identification of Rho peptide-nucleic acid hybrids have been attained. We speculate that the

intact Rho x 4sUDP covalent complex is stable due to protection of the bound photoaffinity-label

by the polypeptide backbone. Proteolytic degradation of Rho removes the protective
environment of the photolabel and causes it to degrade. The difficulties that we have
encountered in our attempts to analyze Rho x 4sUDP can therefore seem most attributable to the

unknown nature and stability of the photochemical adduct. We therefore need to study simpler

model systems in order to learn more about the photochemical reactivity of 4sU towards proteins

and peptides.

In order to learn more about the behaviour of 4sUDP under mass spectrometric analysis,

we employed ESI tandem mass spectrometry to study the fragmentation pattern of this molecule.

Mass spectrometry of 4sUDP in the negative ion mode was straightforward. Tandem mass

spectrometry of 4sUDP revealed that loss of phosphate and base are the most facile
fragmentation pathways. This feature should be explored for specific and sensitive LC-MS

detection of peptide nuciceic acid complexes using collisional excitation in the electrospray
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source/inlet region of the mass spectrometer and monitoring of masses of phosphate and
nucleobase ions as discussed previously.
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Chapter 8: Conclusion

We have explored a novel approach based on photochemical crosslinking and mass

spectrometric mapping techniques for identifying amino acid-base contacts in protein-nucleic acid

complexes. The results presented in this thesis, the first ever of this sort to ever be obtained, are

encouraging because they establish the feasibility of the proposed protocol and provide a good

foundation for future studies. Using three different protein-nucleic acid complexes and synthetic

peptide-oligonucleotide hybrids, we have demonstrated that intact nucleoprotein and
nucleopeptide complexes are amendable to mass spectrometric analysis in the form of matrix-

assisted laser desorption/ionization and electrospray ionization.

We have not applied the strategy exhaustively to any one model system although the

Rho protein was anticipated to be a good candidate. However, taken as a whole, the combination

of the results we have obtained, indicate that all steps of the proposed protocol are feasible,

although we have not yet demonstrated the use of tandem mass spectrometry to localize the

crosslinked amino acid residue in a peptide.

The application techniques to studies of intact UV-
crosslinked nucleoprotein complexes is feasible over a broad range of conditions. Molecular

weight information could be obtained using only low picomole amounts of protein x nucleic acid
complexes. In the case of the gp32 x dT20 complex the photocrosslinked species was detected

by direct MALDI MS analysis of the irradiated solution. This was also the case for the Rho x
4sUDP complex. Purified Ung x dT20 complex was analyzed by MALDI and the molecular weight

information used to ascertain the purity and identity of the complex and stoichiometry of the
constituents.

The accuracies of molecular weight determination of protein x nucleic acid complexes

were in the range of 0.1-0.2%, which is only slightly worse than the accuracy that can be obtained

in analyses of pure proteins but is still an order of magnitude better than what can be obtained by

any other currently practiced method. The reduced accuracy may be attributable to the added

complexity of the analyte, to adduction of alkali ions or matrix molecules to the crosslinked

complexes, or to nonlinear mass calibration due to the relatively high laser fluences used to

produce protein x nucleic acid ions. The mass spectra obtained from samples containing protein

x nucleic acid complexes can be used to establish the presence, purity, and stoichiometry of

these species.
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Successful MALDI mass spectrometry of UV-crosslinked protein-nucleic acid complexes

is as critically dependent on the choice of solvents and additives as it is on the primary matrix

compound; this observation may have general import for MALDI mass analysis of biomolecules.

The use of good protein solubilizing agents, such as formic acid, was found to be necessary in

order to obtain MALDI mass spectra of protein x nucleic acid complexes. Not surprisingly, the

adduction of a nucleic acid to a protein changes the solubility profile of the latter, which to some

extent might reflect the conformational changes brought about by binding of nucleic acid to
protein.

MALDI mass spectrometry is a good tool for monitoring proteolytic digestions of proteins.

It provides a mass specific peptide map that reflects the degree of protein digestion at given time

points. However, peptide x nucleic acid complexes were not detected by direct peptide mixture

analysis by MALDI MS after proteolytic digestion of protein x nucleic acid complexes; this was
illustrated by the tryptic digest of Ung x dT20 and the endoproteinase Lys-C digest of Rho x

4sUDP. Sample preparation is probably the critical step. Finding matrix/solvent combinations that

allow peptide x nucleic acid hybrids to co-crystallize with the matrix while excluding non-liganded

peptides might circumvent this problem and allow MALDI MS to be used for rapid identification of

crosslinked peptide-nucleic acid species.

The use of mass spectrometry for the characterization of purified peptide-nucleic acid

complexes has been demonstrated for the first time. This was illustrated by MALDI and ESI mass

spectrometric analysis of synthetic, covalent peptide-linker-oligodeoxythymidylic acid hybrids.

The mass spectra provided molecular weight information that confirmed the structure of the

covalent peptide-nucleic acid hybrids. Tandem mass spectrometry was used to obtain more

detailed molecular weight and structural information, mainly on the nucleic acid portion of the
molecule.

The application of our strategy to a biological system was demonstrated by identifying the

DNA binding domains of E. coli uracil-DNA glycosylase. By using a combination of MALDI mass

spectrometric analysis and Edman degradation, we have provided direct evidence that the Ung

tryptic peptides T6 and T18/19 form part of the nucleic acid binding domain of Ung. The results

presented here demonstrate for the first time that low picomole amounts of UV-crosslinked

hybrids derived from a protein can be analyzed by MALDI mass spectrometry and that the
information obtained this way can be used to identify nucleic acid binding domains in proteins.

The MALDI data was obtained using approximately 100 fold less sample than was consumed by a

parallel Edman sequencing experiment. That these regions encompasses some of the most
conserved residues in Ung species from different sources adds the weight of biological relevance

to our findings. It has recently been demonstrated that Ung inhibitor protein (Ugi) does not bind
to a UV-crosslinked Ung x dT20 complex and that the presence of Ugi prevents UV-crosslinking
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of Ung to dT20 (3). This indicates that the DNA binding site of Ung is overlaps the Ugi binding

site.

We have illustrated the use of LC-ESI-MS for peptide mapping of Rho after digestion with

Lys-C protease. The sensitivity and accuracy of this method for peptide detection and
identification should prove it a valuable tool for future studies of protein x nucleic acid complexes.

We detected almost all of the expected Rho peptide fragments, i.e., covering 92% of the Rho

sequence. Unfortunately, no species were detected that could be assigned to peptide x 4sUDP

hybrids. This might be due to one of several reasons: The peptide adduct is not amendable to

analysis under the conditions used; the photolabel is unstable under the conditions used; or the

crosslinked species was not formed in the first place. Interestingly, in the Rho + 4sUDP + UV

sample many ion signals were detected that could be tentatively assigned to Rho Lys-C peptides

assuming that oxidation of Met residues that would lead to a mass increase of 16 Da per Met

residue had taken place. These signals were not detected in Rho + UV or Rho + 4sUDP control

samples. At present the reason for this apparent oxidation is unknown, although it seems to be

dependent on UV-irradiation of Rho in the presence of 4sUDP. In any case, the observation of

the latter phenomenon illustrates the usefulness of mass spectrometric detection of HPLC
effluents.

MALDI MS provided good sensitivity and fairly good mass accuracy for analysis of protein

x nucleic acid complexes. The matrix solvent combination used for MALDI analysis of intact

protein x nucleic acid complexes reflected the protein-like nature of the complexes, whereas the
matrix/solvent combination used for MALDI analysis of peptide x dT20 complexes reflected the

oligonucleotide-like nature of these complexes. The quality of the MALDI spectra, as illustrated
by spectra obtained from peptide-linker-dT6, peptide-linker-dTi 0, and Ung peptide x dT20,

decreased as the length of the oligonucleotide increases. This effect was also observed in ESI

MS analysis of the synthetic peptide-oligonucleotide hybrids.

FUTURE DIRECTIONS

Overall, this study has provided very encouraging results that establish the feasibility of

the proposed protocol for characterization of protein-nucleic acid interactions. Of course, much

more work is required in order to optimize each step of the analytical strategy. The nature of this

future research is taken up briefly in this final section.

This work has of necessity focused on the analytical task, i.e. the mass spectrometric

analysis, involved in characterizing photochemically crosslinked protein x nucleic acid complexes.

However, our understanding of the photochemical crosslinking process, that is, the types of
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bonds formed, stabilities, etc., in the protein x nucleic acid complexes is sadly lacking. In order to

be able to take full advantage of photochemical crosslinking techniques, we need to know more

about the photochemistry involved. There have not yet been any comparisons made between

the photoproducts generated by continous versus pulsed UV irradiation. The gene 32 protein or

the uracil-DNA glycosylase might be good systems to study because we already have some

experience working with these DNA binding proteins.

A major improvement of the overall strategy would be brought about by increasing the

crosslinking yields. This would allow less protein and nucleic acid to be consumed in the
experiments. The combined use of photoaffinity-labeling and laser generated pulsed UV-

crosslinking has been demonstrated to provide high yields (65) and should also minimize side-

reactions.

A large fraction of the experimental effort put into this investigation has been to find the

best sample preparation conditions for MALDI mass analysis of protein x nucleic acid complexes

and peptide x nucleic acid complexes. At present, there are no guidelines as to how to
systematically design the optimal matrix/solvent combination for a given class of compound,

although solubility seems to be a major factor to consider for protein analysis. Finding a means to

predictably prepare samples for MALDI, especially for direct detection of peptide x nucleic acid

complexes by MALDI peptide mapping, should be a high priority for future research on the
protocol.

We have not yet attempted to use ESI MS for mass analysis of intact protein x nucleic acid

complexes. ESI MS provides better mass accuracy and higher resolution than MALDI, but is more

sensitive to involatile contaminants such as buffers, alkali ions, and denaturing agents which

necessitates desalting prior to MS analysis. The sensitivity of ESI MS for oligonucleotide analysis

is lower than MALDI which might be a drawback when limited sample amounts are available.

However, ESI analysis of protein x mononucleotide complexes should be possible using LC-MS

because the nucleotide will be much smaller than the protein and therefore cause very little
perturbation of the protein-like character of the complex. Methods to quantitavely remove
"excess" oligonucleotide after UV crosslinking that would facilitate improved mass spectrometric

detection of intact crosslinked complexes and also improve the chances of getting sequence

information by tandem MS after isolation of the peptide x nucleic acid complex should be
investigated.

Successful peptide mapping by LC-MS needs to be demonstrated for protein x nucleic

acid complexes. Developing nucleic acid specific detection methods, such as LC-MS with

collisional excitation and mass specific monitoring for loss of phosphate or nucleobase might be

the most straightforward and sensitive approach to identify peptide x nucleic acid hybrids in
complex mixtures.
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Despite the shortcomings of the current state-of-the-art, as discussed above, the
successful identification of the DNA-binding domain of Ung by our protocol should encourage
immediate application of the protocol to other protein-nucleic acid systems.

We believe that our first results on mass spectrometric characterization of protein-nucleic

acid interactions provide a good incentive to pursue the above issues.

Slid, men vid

Ting ta'r tid

Piet Hein

THE END
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Appendix A: Mass spectrometric peptide mapping of Rho

DIGESTION OF RHO WITH TRYPSIN

Based on Rho's amino acid sequence, cleavage at Lys and Arg residues by trypsin

should produce at least 55 peptides (Figure 44). Many of these tryptic peptides are detected by

MALDI peptide mapping (Figure 45) or by microbore LC-MS peptide mapping (Figure 46); these

results are summarized in Table XII. The MALDI mass map covers approximately 60% of the Rho

amino acid sequence. Many small peptides are not detected. The Cys containing peptide T26

produces a weak signal; however, a stronger signal from this peptide can be obtained after S-
alkylation with, for example, iodoacetamide.

Comparison of the MALDI mass maps obtained by analysis of UV-irradiated Rho and of a

UV-irradiated mixture of Rho and 4sUDP reveals a few changes in peptide mass that could

correspond to oxidative damage or alteration as discussed in the Results and Discussion
sections. The tryptic peptide T26 exhibits a mass increase of approximately 100 u. This mass

increase was not detected in a sample that was S-alkylated suggesting that the modifying reaction

involves the Cys residue in this peptide.

Microbore LC-MS analysis of Rho tryptic peptides using formic acid/acetonitrile as the

mobile phase produces very good peptide maps that indicate complete digestion (Figure 46 and

Table XII). LC-MS of tryptic peptides using ammonium acetate as the aqueous mobile phase, for

obtaining better recovery of nucleotide adducted peptides, appeared similar to those obtained

with formic acid/acetonitrile, but the chromatogram did not reveal any new information (data not
shown).

Rho has many Arg and Lys residues, and therefore, trypsin produces many small
fragments that may escape mass spectrometric detection. For this reason, Endoproteinase Lys-C

is superior to trypsin for mapping Rho, as described in the Results section.
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MNLTELKNTP VSELITLGEN MGLENLARMR KQDIIFAILK 40
T1 T2 T3 T4 T5

QHAK SGEDIF GDGVLEILQD GFGFLRSADS SYLAGPDDIY 80
T6 T7 T8

VSPSQ1RRFN LRTGDTISGK IR PPKEGERY FALLKVNEVN 120
T9 T10 111 T12 T13 T14

FDKPENARNK ILFENLTPLH ANSRLRMERG NGSTKDLTAR 160
T15 T16 117 T18 T19 T20 T21

VLDLASPIGR GQRGLIVAPP KAGKTMLLQN IAQSIAYNHP 200
T22 T23 T24 T25 T26

DCVLMVLLID ERPEEVTEMQ RLVKGEVVAS TFDEPASRHV 240
T27 T28

QVAEMVEEKA KRLVEHKKDV IILLDSITRL ARAYNTVVP 280
T29 T30 T31 T32 T33 T34 T35 T36

SGK VLTGGVD ANALHRPKRF FGAARNVEEG GSLTIIATAL 320
T37 T38 T39 T40

EDTGSKMDEV IYEEFKGTGN MELHLSRK IA EKR VFPAIDY 360
T41 T42 T43 T44 T45 T46

NRSGTRKEEL LTTQEELQKM WELRKIIRPM GEIDAMEFLI 400
T47 T48 T49 T50 T51 T52

NKLAMTKTND DFFEMMKRS 419
T53 T54 T55 T56

Figure 44. Tryptic cleavage sites in transcription termination factor Rho.
The peptides are named T1-T56, beginning at the N-terminus. Cleavage positions C-terminal to
Lys and Arg residues are indicated with a v. Arg-Pro sequences (underlined XRPX) are not
cleaved.
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Figure 45. MALDI MS peptide map of a Rho tryptic digest.
The matrix consisted of 4HCCA in 0.1% TFA and acetonitrile (2:1). Sum of 30 laser shots.
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Table XII.
ESI-MS.

145
MW determination by tryptic mapping of Rho by MALDI MS and LC-

No. Peptide
position

Fragment
MH+

MALDI
MH+

ESI
MH+

1 1 7 848.46 n.d. 849.0
2 8 - 28 2271.17 2272.2 2271.2
3 29 - 30 306.16
4 31 -31 147.11

4,5 31-40 1188.74 1189.0 1189.4
5 32 40 1060.64 n.d. 1061.1
6 41 - 44 483.27
7 45 - 66 2384.18 2386.3 2385.7
8 67 87 2241.07 2241.0 2241.2
9 88-88 175.12

9,10 88- 92 705.42 705.3 705.9
10 89-92 549.31 (550.8)bkgnd 549.8

10,11 89-100 1308.69 n.d. n.d.
11 93 100 778.39 n.d. 778.9
12 101 - 105 610.40 610.4 610.4

12,13 101-109 1081.6 1082.1 1081.1
13 106 - 109 490.23
14 110 115 754.45 n.d. 754.9
15 116 128 1531.75 1532.0 (1533.1)
16 129 - 130 261.16
17 131 144 1624.88 1625.0 (Cal) no!
18 145 - 146 288.20

18,19 145-149 704.39 (705.3) 704.9
19 147 149 435.20
20 150 - 155

21 156-160

22 161 - 170 1040.61 1042.1 1041.1
23 171 173 360.20
24 174 181 794.51 n.d. 794.9

24,25 174-184 1050.67 1050.9 1050.6
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Table XII (continued)

25

26

27

182 184

185 221
222 - 224

275.17

4313.14

359.27

4382.5 4373.1

27,28 222-238 1804.94 1804.8 n.d.
28 225 - 238 1464.70 1464.7 1465.3
29 239 - 249 1282.68 1282.8 1283.9

29,30 239-251 1481.82 n.d. 1482.3
30 250 251 218.15

31 252 252 175.12

32 253 - 257 625.37 n.d. 626.3
33 258 - 258 147.11

33,34 258-269 1385.84 1386.6 1386.3
34 259 - 269 1257.74 1258.2 1258.2
35 270 272 359.24
36 273 283 1106.58 n.d. 1106.6
37 284 298 1547.87 (1548.4) n.d.
38 299-299 175.1

38,39 299 - 305 824.45 825.2 825
39 300 - 305 668.35 n.d. 668.4
40 306 326 2089.10 n.d. 2090.1
41 327 336 1302.59 1302.2 1303.2
42 337 347 1214.60 1215.0 1215.4

42,43 337-348 1342.69 (1340.3) n.d.
43 348 348 147.11

43,44 348-352 588.37 (590.3) 587.8
44 349 - 352 460.28

44,45 349-353 616.38 (618.9) 615.8
45 353 353 175.12

45,46 353-362 1250.66 1250.3 n.d.

46 354 - 362 1094.56 1094.8 1095.1
47 363 366 420.22

48 367 367 147.11
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Table XII (continued)

T48,49

49

50

51

367-379

368 379
380 384
385 385

1588.84

1460.75

718.41

147.11

(1586.6)

n.d.

n.d.

1589.9

n.d.

n.d.

T51,52 385-402 2099.1 2098.6 2099.1
52 386 - 402 1971.01 1971.4 1971.0
53 403 407 563.32 n.d. n.d.

54 408 - 417 1277.52 (1277.1) 1277.7
54,55 408-418 1433.62 (1429.4) n.d.

55 418 - 418 175.12

56 419 - 419 106.05

Peptides below mass 500 are indicated with a (hyphen). Peptide masses not detected

are indicated with n.d. Masses enclosed in parenthesis are uncertain or from very weak signals.
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DIGESTION OF RHO BY ENDOPROTEINASE ASP-N

Digestion of Rho by Endoproteinase Asp-N should produce 24 peptides (Figure 47).
MALDI MS peptide maps of Rho after digestion with Endoproteinase Asp-N appear very nice

(Figure 48) although digestion did not go to completion. Peptides in the putative ATP binding

region appeared in the MALDI map as the combined, partially oxidized peptide D12/13. The

presence of an Asp-Pro sequence in this region apparently interferes with the enzymatic
cleavage.

Microbore LC-MS analysis of Rho Asp-N peptides also indicates that the reaction did not

go to completion (data not shown). The ratio of enzyme to substrate (1:50) might have been too

low.

LC-MS analysis of Rho Asp-N peptides using ammonium acetate/acetonitrile as the

mobile phase did not produce good peptide maps because of the low intensity of peptide ions.

This might be due to the presence of a negatively charged, N-terminal Asp residue in each
peptide.

Endoproteinase Asp-N is a potentially good enzyme for peptide mapping of Rho, but

optimization of the reaction conditions is necessary. Some of the relatively large peptides formed

by cleavage with this enzyme are not suited for tandem MS sequencing. LC-MS analysis
employing formic acid/acetonitrile as the mobile phase should be attempted.
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MNLTELKNTP VSELITLGEN MGLENLARMR KQDIIFAILK 40
D1 D2

QHAKSGEDIF GDGVLEILQD GFGFLRSADS SYLAGPDDIY 80
D3 D4 D5 D6 D7

VSPSQIRRFN LRTGDTISGK IRPPKEGERY FALLKVNEVN 120
D8 D9

FDKPENARNK ILFENLTPLH ANSRLRMERG NGSTKDLTAR 160
D10 Dli

VLDLASPIGR GQRGLIVAPP KAGKTMLLQN IAQSIAYNHP 200
D12

DCVLMVLLID ERPEEVTEMQ RLVKGEVVAS TFDEPASRHV 240
D13 D14

QVAEMVIEKA KRLVERKKDV IILLDSITRL ARAYNTVVPA 280
D15 D16 D17

SGKVLTGGVD ANALHRPKRF FGAARNVEEG GSLTIIATAL 320
D18

IDTGSKMDEV IYEEFKGTGN MELHLSRKIA EKRVFPAIDY 360
D19 D20

NRSGTRKEEL LTTQEELQKM WILRKIIHPM GEIDAMEFLI 400
D21

NKLAMTKTND DFFEMMKRS 419
D22 D23 D24

Figure 47. Endoproteinase Asp-N cleavage sites in transcription termination
factor Rho.
Cleavage positions N-terminal to Asp residues are indicated with a v. The peptides are named
Dl-D24, beginning at the N-terminus.
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Table XIII. MALDI mass spectrometric peptide mapping of an EndoproteinaseAsp-N digest of Rho.

No. Peptide
position

Calculated
MH+

MALDI
MH+

1 1 32 3643.90 (3669.9)

2 33 47 1669.93 1670.2
3 48 51 451.22

4 52 59 886.49

5 60 68 969.48 970.1
6 69 76 809.37

7 77 77 134.05 n.d.
7,8

8

9

10

11

12

77-94

78 94
95 121

122 155

156 162

163 200

2137.1

2022.09

3120.68

3907.99

787.47

3996.20

2136.5

2023.2

3121.3

3909.2

787.8

12,13 163-209 4996.8 5024.0

5054.8a 5054.6a
13 201 209 1018.57

14 210 232 2649.32 2649.3
15 233 258 3027.65 3025.1
16 259 264 685.45

17 265 289 2545.41 2545.7
18 290 321 3408.85 3410.1
19 322 327 638.28

20 328 358 3619.89 3621.1
21 359 393 4256.23 4258.9
22 394 409 1839.94 1839.2
23 410 410 134.05 n.d.

23,24 410-419 1305.6 1306.3
24 411 419 1190.53 1191.1

a) S-alkylated (amidomethylated) Cys.
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CYANOGEN BROMIDE CLEAVAGE OF RHO

Cleavage of Rho at Met residues by CNBr should produce 17 peptides (Figure 49). Upon

cleavage, Met is converted into homoserine lactone which is slowly hydrolyzed into homoserine.

It was relatively difficult to obtain good MALDI MS peptide maps of Rho CNBr fragments,

especially from the UV-irradiated Rho sample that contained 4sUDP. The reason for this is not
known but might be related to the size and solubility of the peptides and maybe to the oxidative

damage by UV-irradiation of Rho, as discussed in a previous section. Oxidation of Met by UV-light

in the presence of 4sUDP might explain poor CNBr cleavage of UV-irradiated mixture Rho and

4sUDP relative to the non-irradiated mixture of Rho and 4sUDP. However, using MALDI we were
able to detect most of the peptides that contain a C-terminal homoserine lactone residue (Figure

50 and Table XIV).

Peptide mapping by LC-MS produced good data for Rho + 4sUDP (Figure 51) while the

Rho+4sUDP+UV sample produced fairly weak signals. In the former case almost all the
homoserine lactone peptides were detected (Table XIV).

The acidic conditions required for CNBr cleavage (70% formic acid) might not be
desireable since the photochemical bond between Rho and 4sUDP could be labile. More

research is needed to address this topic. Furthermore, many of the fragments are too large to be

sequenced by tandem MS. Under some circumstances, it might be desireable to produce a less

complex peptide mixture for locating the amino acid stretch that has been modified by the
photoaffinity-label. In such cases, CNBr cleavage is preferable, assuming that the label is stable

under the experimental conditions used for cleavage.
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MNLTELICNTP VSELITLGEN MGLENLARMR KQDIIFAILK 40
Cl C2 C3

QHAKSGEDIF GDGVLEILQD GFGFLRSADS SYLAGPDDIY 80
C4

VSPSQIRRFN LRTGDTISGK IRPPKEGERY FALLKVNEVN 120

FDKPENARNK ILFENLTPLH ANSRLRMERG NGSTKDLTAR 160

VLDLASPIGR GQRGLIVAPP ICAGKTMLLQN IAQSIAYNHP 200
C5 C6

DCVLMVLLID ERPEEVTEMQ RLVKGEVVAS TFDEPASRHV 240
C7 C8

QVAEMYVIEKA KRLVEHKKDV IILLDSITRL 280

SGKVLTGGVD ANALHRPKRF FGAARNVEEG GSLTIIATAL 320
C9

IDTGSICMDEV IYEEFKGTGN MELHLSRICIA EKRVFPAIDY 360
C10 C11

NRSGTRKEEL LTTQEELQIC.M WILRICIIIIPM GEIDAMEFLI 400
C12 C13

NKLAMTKTND DFFEMMICRS 419
C14 C15 C16 C17

Figure 49. Cyanogen bromide (CNBr) cleavage sites in transcription
termination factor Rho.
Cleavage points C-terminal to Met residues are indicated with a v. The peptides are named C1-
C17, beginning at the N-terminus. Methionine is converted to homoserine lactone or homoserine
by CNBr.
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Figure 51. LC-MS peptide map of Rho after cleavage by CNBr.
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Table XIV. Molecular weights obtained by MALDI MS and LC-MS peptide
mapping of Rho after incubation with cyanogen bromide.

Num. Peptide
position

Homoserine Lactone

Calculated
MH+

MALDI
MH+

ESI
MH+

1 1 - 1 102.06
2 2 21 2168.15 2169.2 2169.1
3 22 29 855.47 855.5
4 30 147 13353.04 (13340) 13355.7
5 148 186 3983.23 3984.1 3984.1
6 187 205 2095.06 (2092.8) ?
7 206 219 1624.84 (1624.3) 1624.6
7/8 206 245 4459.31 4460.4
8 220 245 2835.48 2835.7 2835.9
9 246 327 8731.9 8741.2 8734.7
10 328 341 1583.72 1583.3 1582.9

10/11 328 380 6192.2 (6172.1) 6192.2
1 1 342 380 4609.48 4612.0 4610
12 381 390 1258.78 1258.8 1258.4
13 391 396 587.27 (589.9) 585.3 ?
14 397 405 1030.59 1031.1

14/15 397 415 2229.11 2229.0 2229
1 5 406 415 1199.52 1199.7
1 6 416 416 102.06 n.d. n.d.
1 7 417-419

Homoserine
1 1 - 1 120.07
2 2 - 21 2186.16
3 22 29 873.48 873.5
4 30 147 13371.06 13385 ?
8 220 245 2853.49 2855.7 2853.xx

10 328 341 1601.73 1601.xx
1 1 342 380 4627.49 4628.3
3- 4 22 147 14225.52 14258 ?
4- 5 30 186 17354.22 17352.9
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of recombinant human blood-coagulation Factor VII. ONJ received a Bachelors degree in
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supervision of Research Professor Peter Roepstorff at the Department of Molecular Biology,
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