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In proteomic studies, separate experimental protocols have been necessary

to identify proteins, determine their function, and predict their three-dimensional

structure. In this study, a function-based separation of proteins was conceived to

fractionate proteins prior to enzymatic digestion. In the initial demonstration of

this technique, a DNA substrate was used to separate the DNA-binding proteins

from the rest of the proteins in a lysate in order to identify protein function and to

simplify the complex mixture of proteins. A total of 232 putative DNA-binding

proteins and over 540 proteins in all were identified from E. coli. Hypothetical or

unknown proteins were found, some of which bind to DNA. As a part of this

demonstration, changes in protein expression caused by different environmental

conditions (aerobic and anaerobic atmospheres) were observed. In a second

demonstration, aimed at determining the three-dimensional structure of the DNA-
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binding proteins, binding sites were blocked with oligonucleotides, and the

modified proteins were purified, enzymatically digested, and subjected to tandem

mass spectrometry. The amino acids in the DNA-binding domains of three

proteins were determined.

In a final application of function-based separation, DNA-binding proteins

were digested with trypsin and the resulting peptides were separated using HPLC

and subsequently analyzed using MALDI TOF/TOF and ESI Q-TOF instruments

to study the complementary nature of the two ionization techniques, taking into

account the differences between the mass analyzers. Based on the analysis of a

large data set containing hundreds of peptides and thousands of individual amino

acids, some of the currently held notions regarding the ionization processes were

confirmed. ESI tends to favor the analysis of hydrophobic amino acids and

peptides while MALDI is disposed toward mainly basic and aromatic species.

These tendencies in ionization account in large part for the complementary nature

of the peptides and proteins identified by the ESI and MALDI instruments and

make it necessary to employ both types of instruments to gain the most

information out of a given sample in a proteomics study.
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PROTEOMIC APPROACH TO THE ANALYSIS OF DNA-BINDING
PROTEINS USING MASS SPECTROMETRY

1. INTRODUCTION

1.1.Proteomics

Coined after genomics, proteomics is the study of the proteome, the protein

complement to the genome [1]. The recent sequencing of genomes, development

of mass spectrometers capable of ionizing large biomolecules, and creation of

browser-based bioinformatics tools have led to the current popularity of proteomic

studies [2]. The first proteomic studies that involved mass spectrometers used gel

electrophoresis to isolate proteins, but these studies were often time-consuming

and led to the identification of only the most abundant proteins [3]. The

advancement and application of mass spectrometers capable of tandem mass

spectrometry (MS/MS) on biopolymers allowed for a new type of experiment,

shotgun or mining proteomics [4]. In this type of analysis, MS/MS is performed

on as many peptides as possible in a digested mixture of proteins and the spectra

are then matched to proteins in a database. This approach has led to the

identification of 1,910 proteins from the bacterium Deinococcus radiodurans [5]

and over 1,500 proteins from yeast [4]. Besides mining experiments, proteomic

studies are also used to compare proteins expressed under different conditions or
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disease states, determine interactions between proteins, and characterize any

posttranslational modifications present in a proteome [6].

The tools that are necessary for a mass spectrometric-based proteomic study

include a database containing the proteins or genes from the organism to be

studied, a technique to separate proteins or peptides, a mass spectrometer capable

of ionizing proteins and peptides, and data analysis sofiware to match the mass

spectral data to the proteins in the database. If a database is not available for the

organism being studied, de novo sequencing or searching based on homology to

other organisms' proteins can be used to identify proteins. In order to quantify

proteins observed with mass spectrometry, several different methods using

isotopic labeling have been developed [7,8]. The most popular of these methods is

the isotope-coded affinity tag (ICAT) approach, which involves labeling cysteines

of proteins expressed under different conditions with heavy or light isotopes. The

protein mixtures are combined and enzymatically digested; the resulting peptides

are separated by high performance liquid chromatography (HPLC) and analyzed

by MS/MS. The areas under the chromatographic peaks are used to determine the

expression levels [7].

Proteomic studies have unique difficulties that are not present in the

sequencing of a static genome. One of the main challenges is the temporal nature

of the proteome, which reflects changes due to environmental conditions, presence

of drugs, or simply over time. A tadpole shares the same genome as a mature frog,

but their proteome is obviously different. The tendency of proteins to have splice



3

variants and posttranslational modifications also makes their analysis more

challenging. All of these possibilities must be taken into account in a proteomic

study. At present, mass spectrometry appears to be the only tool capable of

handling all of these challenges.

1.2. Biological Mass Spectrometry

The 2002 Nobel prize in chemistry emphasized the profound effect the

development of ionization techniques that make it possible to analyze large

biomolecules by mass spectrometry has made on the study of proteins. The two

ionization techniques used for proteins and peptides are electrospray ionization

(ESI) [9] and matrix-assisted laser desorption ionization (MALDI) [101. Since it

ionizes analytes out of solution, ESI has been coupled with LC separations,

oftentimes to analyze complex mixtures of peptides or proteins. As shown in

Figure 1.1, a high voltage (1-5 kV) applied to a needle (usually coupled to a

chromatographic column) results in a fine mist of charged analytes - the

electro spray process. These droplets desolvate and undergo Coulomb explosions

repeatedly until the charged analytes enter the mass spectrometer. Analytes can be

multiply charged by ESI depending on their molecular weight, typically with one

positive charge per 1,000 Da observed [11].



High Voltage

Power Supply

Figure 1.1. Electrospray Ionization. The end of the needle is usually held at
positive potential with respect to the entrance to the mass spectrometer.

Unlike ESI, which analyzes molecules directly out of the liquid phase,

MALDI involves mixing analytes in solution with matrix molecules and then

depositing this mixture on a surface to produce a dry, crystalline mixture. The

matrix molecules readily absorb ultraviolet light. When the crystal is exposed to

pulses of photons (shots) from a UV laser, the matrix molecules become excited

and assist in the transfer of the analyte molecules into the gas phase. An

illustration of this process can be seen in Figure 1.2. MALDI usually produces

ions that are singly charged, making the resulting spectra easy to interpret.

Mass Analyzer

t
Laser *.

':

ó:

Figure 1.2. MALDI Ionization. The laser is used to ablate matrix and analyte
molecules from the solid phase into the gas phase.
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Until a short while ago, MALDI had been used almost exclusively for the

direct analysis of mixtures of compounds, such as the peptide mixture resulting

from the digest of a single protein. This has been so because the coupling of

MALDI to liquid-phase separations has lagged behind that of ESI. Recently,

commercial LC-MALDI devices have been developed that allow for the coupling

of HPLC to MALDI instruments, although in an off-line maimer [12]. Figure 1.3

shows the design of the MALDIprep sample collection module from Waters

(Milford, MA). In the operation of this instrument, the eluate from an HPLC

column is mixed with a matrix solution appropriate for the MALDI analysis. This

mixture is then introduced into a capillary heated to 45-65°C, which, along with

heated nitrogen gas, desolvates the analyte and matrix molecules as they are

sprayed onto a MALDI sample plate. This instrument, and those like it, has made

it possible to easily separate peptides prior to MALDI mass spectral analysis.

Matrix

HPLC Column I

Heated Capillary

Nitrogen Sheath Gas..,[ Heated Block
Preheater ( I

Deposited Spot

Moving LC-MALDI
Target

Figure 1.3. Design of the LC-MALDIprep device.



1.3. Photochemical Crosslinking

The photoreactivity of nucleic acids and their crosslinking to proteins were

first shown in the 1960's [13], with the thymidine base subsequently being proven

as the most photoreactive [14]. The photocrosslinking of proteins to DNA was

first combined with mass spectrometry in 1994 in a study that determined the

DNA-binding site of uracil DNA glycosylase (Ung) [151 prior to the publication of

the crystal structure of Ung interacting with DNA. This study and those that

followed it [16,17], all employed oligonucleotides made entirely of thymidine

bases (dT2o and dT3o) in order to maximize the photoreactivity without perturbing

the natural interactions between proteins and DNA. Unfortunately, the yield of

crosslinking proteins to an oligonucleotide is less than 10%. Other studies using

photochemical crosslinking and mass spectrometry have used photoreactive

substrates, such as iodouracil [18], to increase the yield of crosslinked products,

but it is not proven that these substrates mimic the natural systems accurately.

1.4. Tools for Data Analysis

The sequencing of genomes has led to a large number of DNA and protein

databases that are publicly available. Peptide mass fingerprinting [19], where
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peptide masses are generated from the mass spectral analysis of tryptic digestions

of individual proteins, was the first application to use automated software to search

the protein databases using masses of peptides. One such software, MOWSE

(MOlecular Weight SEarch) computed the mass values directly from the databases

taking the peptide sizes into account to match the experimental spectrum to the

masses of a theoretical digest of a protein in the database [20]. Peptide mass

fingerprinting is not useful for analyzing a mixture of digested proteins, although it

is useful for determining the identity of proteins separated by gel electrophoresis.

Once mass spectrometers that could perform tandem mass spectrometry

(MS/MS) became available for proteomics, new automated software was needed to

search these spectra. One of the first commercially available software programs

for MS/MS searching was Sequest [21]. This program uses an algorithm that

creates a list of candidate peptides that have the same mass as the observed mass

on which MS/MS was carried out. The program then calculates the masses of the

fragment ions expected for each of the candidate peptides and compares the

fragments matched to find the best match. Sequest quickly became the standard

searching software tool for proteomic studies; unfortunately, it has a tendency to

yield many false positive results. Other programs have been created to sort

Sequest results so that there is less dependence on an analyst taking time to

determine if a given result is correct [22,23]. Sequest is rather inflexible in terms

of the ions it searches for (it caimot search for internal fragments, for example) and

the number of modifications that can be present in one search. Unfortunately, this



software is not frequently updated, making it difficult to use with the newest

instruments and applications.

Mascot is the other popular automated software tool that can be used to search

MS/MS data [24]. It is based on the MOWSE algorithm, which uses probabilistic

scoring to determine the significance of matches. The MS/MS fragment ions,

which are selected by the user based on which instrument was used to collect the

data, are used as a qualifier to the peptide mass value to determine the probability

of a match being significant. Mascot is extremely flexible in terms of the number

of modifications and choice of fragmentation patterns, and it is updated twice per

year to ensure that it is capable of searching data from the latest mass

spectrometers. There are auxiliary programs available for Mascot, such as the

Mascot Daemon that automates searches and the Mascot Parser, which helps to

sort the results. Unfortunately, both Mascot and Sequest try to match peptides to

one protein even in mixtures that contain thousands of proteins. It would be

preferable for the programs to simply list the best peptide match for each

individual spectrum and then group any peptides from the same protein together.

In the current programs, peptides matched with low scores to a certain protein will

be considered significant, even if the individual peptides match well to other

proteins. The results from both Sequest and Mascot must be visually inspected

and manually sorted to ensure that there are minimal false positives.

Other MS/MS searching software programs have become available recently.

ProbiD [25], Sonar [26], and Salsa [27] are all examples of recent additions for the



analysis of MS/MS data. Salsa is especially useful for searching for unknown

modifications to a known peptide or protein. This program uses a unique

algorithm that searches for the difference between the ions that a known peptide

would create, rather than searching for absolute mass values. Unfortunately, this

software is currently only available for data acquired on instruments from

ThermoFinnegan (San Jose, CA).

1.5. Research Objectives

All of the proteins in a proteome cannot be identified unless more than one

dimension of separation is used prior to mass spectral analysis [4]. The first

objective of this research was to create a method capable of fractionating proteins

from a whole cell lysate and determine if this method could be used for observing

changes in protein expression induced by culturing in different environmental

conditions (Chapter 2). The second objective was to photochemically crosslink

the mixtures of DNA-binding proteins to oligonucleotide substrates to determine

the amino acids in the protein binding sites - this being a logical extension of the

circumstance that the first objective was realized with the separation of proteins

based on DNA-binding ability. The amino acids found to be crosslinked could

then be compared to any published structural data for those proteins to

demonstrate the accuracy of mass spectrometry in the investigation of protein-
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DNA interactions (Chapter 3). Finally, the third objective of this thesis was to

compare ESI and MALDI in order to determine the source of complementarity in

these two techniques, given that both HPLC ESI and HPLC MALDI are now

commercially available for proteomic studies (Chapter 4).
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2.1. Introduction

Since the completion of the human genome project, the focus of

biochemical research has shifted towards proteomics. A proteome is the protein

complement to a genome, but due to posttranslational modifications and splice

variants inherent in the expression of proteins, the "sequencing" of the human

proteome will not be as straightforward as was the genome. Proteins exhibit many

dimensions of information beyond the sequence of amino acids that make up their

primary structure, so a proteomic study often includes the identification and

quantification of all of the proteins in a cell, localization of the proteins within the

cell, and determination of any post-translational modifications present on specific

proteins [1,2]. In order to identify all of the proteins in a given cell, tissue, or

organism, more than one dimension of separation has proven to be necessary.

Two-dimensional gel electrophoresis has made it possible to visualize more than a

thousand proteins from E. coli [3], and therefore most classical proteomic studies

involve the visualization, comparison, and quantitation of protein spots on gels for

cells grown under different conditions. Unfortunately, in-gel proteolytic

digestions followed by mass spectrometry typically lead to the identification of

only 300 or so of the most-abundant proteins [4], so other techniques must be

employed in order to identify weakly-expressed proteins.

Multidimensional chromatography techniques have been used to identify

over 1,500 proteins from the digestion of yeast cell lysate [5], but the
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overwhelming complexity of whole cell lysate often limits the resolution and

subsequent identification of proteins. Given that a cell typically contains

thousands of proteins, a tryptic digest of all of the proteins in a cell might yield a

million or more peptides with a wide range of concentrations; it would be

extremely difficult to separate the peptides in such a mixture even with

multidimensional chromatography. Separation of proteins prior to enzymatic or

chemical digestion has been suggested and recently demonstrated as an effective

means for reducing sample complexity. Anion exchange chromatography, for

example, has been used to prefractionate proteins from E. coli and, when coupled

with reversed-phase separation of proteins followed by enzymatic digestion, has

led to the identification of 310 of its proteins using MALDI-MS [6]. Ion exchange

chromatography, however, does not yield any information about the functions of

the proteins identified.

The separation of proteins prior to digestion based on the protein function

or activity has also been performed. Reagents that selectively bind to the active

sites of tyrosine phosphatases [7], serine hydrolases [8] and cysteine proteases [9]

have been used to separate proteins based on their activity. A protein's ability to

bind to heparin was demonstrated as a means to prefractionate proteins in another

investigation [10]. One company, Serenex, is using the separation of proteins by

function with proprietary media in order to fractionate the human proteome and to

assist with the high-throughput screening of chemical libraries against protein

targets. Due to the proprietary nature of the Serenex ligands, it is not known to the
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present authors if there are any specific to DNA-binding proteins [11]. Protein

chips have been used in studies of DNA-binding proteins, but typically the chips

used in these studies involve very specific sequences of DNA [12,131. The

premise behind the present study is that a separation of proteins based on their

ability to bind to any sequence on a large DNA substrate might provide a useful

prefractionation of proteins.

In this report, we describe the use of single-stranded calf thymus DNA

(50 kb) as a large generic substrate for separating all of the DNA-binding proteins

from the rest of the proteins in E. colt. We demonstrate that the proteins that bind

to the DNA, as well as those that do not, can be digested using trypsin and then

analyzed with LC-MS/MS. We evaluate the predicted expression values for the

proteins found in the whole cell lysate versus those found using prefractionation.

We compare the DNA-binding proteins expressed in E. coli grown under aerobic

and anaerobic conditions. Finally, we relate our results with those obtained using

multidimensional chromatography.

2.2. Experimental Section

2.2.1. Materials

Acetic acid (AA), trifluoroacetic acid (TFA), bromophenol blue, copper

(II) chloride, ethylenediaminetetraacetic acid (EDTA), iodoacetamide, sodium



chloride, single-stranded calf thymus DNA cellulose, lysozyme, yeast extract,

glycerol, urea, Tris-HC1, and Trizma (Tris-base) were purchased from Sigma

Chemical Co. (St Louis, MO). Acrylamide (>99% pure), ammonium persulfate,

2-mercaptoethanol, bis N,N' - methylenebis acrylamide, and N,N,N'N'

tetramethylethylenediamine (TEMED) were from Bio-Rad (Hercules, CA).

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HC1) was purchased from

Pierce Biotechnology (Rockford, IL). Ammonium sulfate, glycine, and sodium

dodecyl sulfate (SDS) were from Life Technologies Inc. (Grand Island, NY).

Sequencing-grade trypsin was purchased from Promega (Madison, WI). HPLC

grade acetonitrile was supplied by Fisher Scientific (Pittsburgh, PA). Water was

generated with a Milli-Q Ultrapure water purification system, and Ultrafree-0.5

centrifugal filter devices (NMWL 5,000) were purchased from Millipore Corp.

(Bedford, MA). The TriChromRanger protein molecular weight marker mixture

was a gift from Fisher Scientific (Hampton, NH).

2.2.2. Growth and Lysis of E. coli

Strain BL2I (E. coli B F dcm ompT hsdS(r8 m8)gal) from Stratagene (La

Jolla, CA) was grown in LB media (1% bactone, 0.5% yeast extract, and

1% NaCl) at 37°C. E. coli was grown under aerobic and anaerobic conditions.

The anaerobic environment was an atmosphere of 90% nitrogen, 5% hydrogen,

and 5% carbon dioxide contained in a BactronlAnaerobic Environmental Chamber

(Sheldon Manufacturing, Cornelius, OR). Cells were frozen in liquid nitrogen,
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resuspended in a buffer comprising 100 mM Tris (pH 7) and 1 mM EDTA, lysed

ultrasonically after the addition of lysozyme, and centrifuged to remove insoluble

material. Lysates were stored at -20°C until further use.

2.2.3. Separation of DNA-binding Proteins

Cell lysate (0.5 mL) was mixed with about 0.25 mL of single-stranded

DNA cellulose at room temperature for 10 minutes. The mixture was centrifuged

and the liquid was pipefted off in order to collect those proteins that did not bind to

the DNA. The cellulose was then rinsed with 0.5 mL of DAB buffer (20 mM Tris

pH 7.4 with 1 mM EDTA) to ensure that nonbinding proteins were not still

associated with the DNA cellulose. The proteins that bound to the DNA were

eluted off with increasing concentrations of sodium chloride (0.05 M, 0.2 M,

0.4 M, 0.6 M, 1.0 M, and 3.0 M). Each elution step consisted of mixing the

cellulose with 0.5 mL of the salt solution, decanting, collecting the solution,

repeating the first three steps two more times, and pooling the extracts. Each of

the six fractions was concentrated and desalted using Ultrafree-O.5 centrifugal

filter devices with a molecular weight cut-off of 5,000 Da. The desalting step

(facilitated by adding 0.5 mL of fresh DAB buffer to the filter) was repeated three

times to ensure that the sodium chloride was removed from each of the samples

prior to tryptic digestion.



2.2.4. Slab Gel Electrophoresis

Small scale denaturing polyacrylamide gel electrophoresis was conducted

using the Mini-Protean III mini-gel system (Bio-Rad) with 1 mm built-in spacers.

Stacking gels (2 cm) comprised 3% acrylamide, 0.1% N,N-methylenebis

acrylamide, 125 mM Tris-HCI (pH 6.8), and 0.1% SDS. Resolving gels were

made with acrylamide in 0.4% N,I'F-methylenebis acrylamide, 375 mM Tris-HCI

(pH 8.8), 0.1% SDS. Samples were mixed with 5x cracking buffer (0.125 M

Tris-HC1 (pH 6.8), 360 mM 2-mercaptoethanol, 25% (w/v) glycerol, 2.5% SDS,

and 0.1% bromophenol blue), heated at 100°C for 15 mm, and loaded onto the gel.

Electrophoresis was conducted with 25 mM Tris-base, 200 mM glycine, and

0.1% SDS as the running buffer, at 200 V and room temperature until the tracking

dye had migrated 0.5 cm from the bottom of the gel. Gels were then stained with

250 mM copper chloride for 10 mm, rinsed with water, and scanned for recording

purposes.

2.2.5. Digestion of the Soluble Fraction

Two different types of tryptic digestions were performed. Non-denatured

proteins, in 10 1iL fractions, were digested directly with the addition of 1.5 j.tL

trypsin followed by an overnight incubation at 37°C. Fractions were also

denatured in 8 M urea, reduced with 10 mM TCEP, and alkylated with 30 mM

iodoacetamide prior to the addition of trypsin (1.5:10, vlv). All digests were

stored at -20°C until a few minutes before their injection onto the LC.
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2.2.6. Chromatography and Mass Spectrometry

Chromatography was performed on a 0.17 mm column packed with Jupiter

C18 stationary phase (Phenomenex, Torrance, CA). Solvent A for liquid

chromatography comprised 0.05% TFA and 0.1% acetic acid in 95:5

water:acetonitrile; solvent B contained the same acid modifiers in 5:95

water:acetonitrile. A linear gradient was performed from 10 to 60% B in 70 mm

followed by a steeper gradient up to 95% B over 20 mm, for a total of 90 minutes

of running time. Longer (180 mm) and shorter (40 mm) chromatography runs

were used occasionally when it was known that the sample had many or few

components, respectively. Specifically, the tryptic digest of the entire lysate and

of the non-DNA-binding portion of the lysate each required 180 mm of

chromatographic separation due to the complexity of these samples. By contrast,

the relatively few components contained in the fraction eluted off the DNA

cellulose with 3.0 M NaC1 required only 40 mm of chromatographic separation.

Mass spectra were obtained on a Finnegan LCQ ion trap mass spectrometer

(ThermoFinnegan, San Jose, CA). Following a method similar to Wolters et al.

[5], the LCQ was set using the Instrument Method file to acquire a full MS scan

between m/z 500 and 1,500 and then to perform three consecutive MS/MS scans

between m/z 200 and 2,000 of the three most intense ions recorded in the MS scan.

Dynamic exclusion was used to repeat the MS/MS ofany peptide three times over

0.5 mm and then exclude that peptide for the next 10 mm.
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2.2.7. Data Analysis

SEQUEST (ThermoFinnegan) and Mascot (Matrix Science, London, UK)

were used for protein identification. For both programs, only the E. coil database

was searched in order to limit the data analysis time. Although trypsin was used

for digestion, no enzyme was selected for database searching because the authors

have frequently observed non-tryptic and partially-tryptic peptides in tryptic

digests. The SEQUEST algorithm was used to analyze tandem mass spectra as

previously described [14] with extremely conservative criteria invoked to interpret

the SEQUEST results [5]. Specifically, all results had to have a ? Cn of 0.1 or

greater to be considered. For a singly charged peptide, the cross-correlation score

(Xcorr) had to be at least 1.9, and the peptide had to be tryptic. Doubly-charged

tiyptic peptides had to have an Xcorr greater than 2.2, and doubly charged

nontryptic peptides had to have an Xcorr greater than 3.0. Triply charged tryptic

or partially tryptic peptides had to have an Xcorr of 3.75 or greater. Mascot [1511

was used to verify the protein identifications found using SEQUEST and also to

search for any posttranslational modifications. In order for a Mascot result to be

accepted, the individual ion scores had to indicate that the spectrum obtained

experimentally was identical to that of the theoretical peptide matched to that

spectrum. Generally, peptides with individual ion scores below 30 were not

considered to be well matched from a Mascot search and were disregarded.
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2.3. Results and Discussion

The purpose of this study was not to identify proteins that bind to specific

sequences of DNA, but instead to use the DNA-binding properties of proteins to

reduce the complexity of a mixture of proteins prior to proteolytic digestion in

order to identify as many proteins as possible while gaining some insight into the

function of a subset of the proteins. A scheme illustrating this function-based

approach to identifying DNA-binding proteins in a proteome can be seen in Figure

2.1. Single-stranded DNA was chosen as the substrate since many DNA-binding

proteins bind to both double- and single-stranded DNA. Also, double stranded

DNA substrates anneal best in the presence of salts, which might affect the binding

of some proteins. Certain proteins identified as DNA-binding in this study may

have bound to our substrate due to an ion-exchange process (with the sugar-

phosphate backbone of the DNA acting as a cation exchange material), but if this

enables the fractionation of proteins, then it is beneficial to protein identification.

Separation of proteins with a strong cation exchange material might prove to be a

useful control experiment in the future and may aid in determining a protein's true

DNA-binding character.
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Figure 2.1. Scheme for the identification of DNA-binding proteins in a proteome.

Due to high variations in results obtained from the authors' previous

experience with LC-MS/MS of tryptic digests, in-solution digestions were

performed in two different ways in order to increase the number of proteins

identified from E. coli. The first method consisted of mixing non-denatured

fractions with trypsin and incubating at 37°C overnight. Even without

denaturation, reduction, and alkylation, many excellent tandem mass spectra were

obtained. The vast majority of peptides identified from the non-denaturing

digestions did not contain cysteines. This fact is most likely due to the presence of

nonreduced disulfide bonds in the tryptic peptide mixture. However, since the

goal of this study was to simply identify proteins, not necessarily to obtain 100%

coverage, this worked as an advantage in further reducing the complexity of the
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peptide mixture prior to liquid chromatography. Since crosslinked peptides have

significantly more mass than non-crosslinked peptides and, therefore, typically

elute later in a chromatographic run, competition for ionization between cysteine-

containing peptides and the rest of the peptides is decreased by the non-denaturing

procedure. Just as the ICAT method only looks at cysteine-containing peptides

[16], the digestion protocol used in this study yields predominantly non-cysteine-

containing peptides.

The second digestion method comprised denaturation in urea, reduction

with TCEP, and alkylation with iodoacetamide. Similar but not identical results

were obtained for this more complicated and time-consuming technique.

Cysteine-containing peptides were identified from the LC-MS/MS runs of the

peptide mixtures obtained using these digestion conditions with most of the

cysteines being alkylated. One disadvantage to this technique is that one must

search for modified and unmodified cysteines in the data analysis when using

either Mascot or SEQUEST; therefore, the searching inevitably takes longer due to

the cysteine alkylation. Also, it has recently been reported that overalkylation can

be a major problem in this procedure, especially when the original protein

concentration is not specifically known [17], which is the case for mixtures of

proteins. Overalkylation leads to additional sample complexity, complicates data

analysis, and lowers confidence in protein identifications.

After the separation of the DNA-binding proteins from the rest of the

lysate, a one-dimensional SDS-PAGE minigel was run to obtain a rough estimate
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In order to determine whether the added function-based prefractionation

step enabled identification of a greater number of proteins than obtained from the

digest of the whole lysate, the numbers of proteins found in one set of experiments

were compared. Digestion of the whole lysate followed by liquid chromatography

and tandem mass spectrometry yielded 105 protein identifications. Digestions of

the flow-through and DNA-binding fractions led to the identification of

200 proteins. It is important to look at the proteins found in the non-binding

portion of the lysate since it is less complex than the whole lysate by virtue of

most if not all of the DNA-binding proteins having been removed. The ribosomal

proteins make up about 21% of the protein mass for E. coli [18], so if they are

eliminated from a protein mixture by binding to DNA cellulose, it is easier to

identify other proteins in the cell. Most of the ribosomal proteins (53 out of 56)

were identified in this study, and the majority of them were observed in the DNA-

binding fractions. A total of 541 proteins were identified from all of the analyses

of the E. coli lysates, with 232 of those proteins binding to the DNA cellulose.

An alternative measure of the value of using a function-based separation in

a proteomic study is to look at the predicted expression values of the different

proteins observed. A separation should increase sensitivity enough to enable

identification of proteins that are expressed at low levels, given that the majority of

proteins are not highly expressed [5]. A listing of the expression values of some of

the proteins observed in this study can be found in Table 2.1. The expression

values listed are for predicted highly expressed (PHX) genes, which are calculated

-



by comparing codon usage frequencies between a gene of interest and genes that

are known to be highly expressed. A protein with a PHX value of 1 or greater is

predicted to be highly expressed. Digestion of the whole lysate leads primarily to

the identification of proteins with PHX values greater than 1. By contrast,

prefractionation based on DNA-binding ability leads to the identification of

proteins with lower expression values, such as uracil DNA glycosylase, with a

PHX value of 0.47 [19,20]. Of the proteins found from in-solution digestion of the

whole cell lysate, 55% had PHX values greater than 1. Only 30% of the proteins

found in the DNA-binding portion of the lysate had PHX values greater than 1,

while 52% of those found in the flow-through had PHX values greater than 1.

Proteins PHX Value Lysate
DNAK Protein 2.58 * *

30S Ribosomal Protein S2 2.37 *

30S Ribosomal Protein S3 2.14 *

30S Ribosomal Protein SI 2.12 * *

Trigger Factor (TF) 2.05 * *

50S Ribosomal Protein L3 1.90 *

50S Ribosomal Protein L9 1.88 * *

Heat Shock Protein HTPG 1.85 *

50S Ribosomal Protein LII 1.82 * *

50S Ribosomal Protein L5 1.81 *

50S Ribosomal Protein L21 1.71 *

50S Ribosomal Protein L24 1.69 *

505 Ribosomal Protein L6 1.63 * *

50S Ribosomal Protein L19 1.59 *

30S Ribosomal Protein S6 1 .52
* *

Single-Strand Binding Protein (SSB) 1.48 *

SOS Ribosomal Protein 57 1.45 * *

50S Ribosomal Protein L16 1.41 *

30S Ribosomal ProteinS5 1.40 * *

DNA Protection During Starvation Protein 1.13 *

Exodeoxyribonuclease iii 0.64 *

Liracil DNA Glycosylase (UDG) 0.47 *

Table 2.1. Predicted expression values for some of the proteins found from E.

coli. An asterisk indicates identification of a protein.
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E. coli was grown under aerobic and anaerobic conditions in order to

determine if any changes in protein expression or in protein function could be

observed using the DNA-binding property as the basis for a prefractionation step.

The first study of the effect of anaerbiosis on E. coli was performed in 1983 when

18 proteins were found to be overexpressed during anaerobic growth, as

determined by audioradio graphic measurements of two-dimensional SD S-PAGE

[21,22]. The two one-dimensional SDS-PAGE minigels seen in Figure 2.3 show

the DNA-binding proteins found in aerobically and anaerobically grown E. coli.

Changes in protein concentration can be observed just by looking at the gels. Gel

bands could have been extracted, digested, and analyzed by LC-MS/MS, but due

to the poor yield of peptides and labor-intensiveness of in-gel digestions,

in-solution digestions were employed. The fractions containing DNA-binding

proteins, as well as the lysate and non-binding fractions, were digested with

trypsin, and the resulting peptides were separated using 90 mm LC runs with

MS/MS. This procedure yielded the identification of 127 putative DNA-binding

proteins in the aerobically and anaerobically grown B. coli.
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expression level measured by counting the peptides identified from a given protein

correspond to previous studies, pyruvate formate lyase (PFL) was examined as a

model. This protein has been shown to be over-expressed 8-fold when E. coli is

grown under anaerobic conditions [21]. In the present study, 16 peptides from

PFL were found in the anaerobic lysate, whereas only 4 (one quarter fewer)

peptides were found in the aerobic lysate. Thus, the number of peptides in this

particular instance does indeed provide an estimation of expression that

approximates the level to within an order of magnitude.

Intriguingly, 50 of the proteins that bound to the DNA-cellulose were

heretofore unknown or hypothetical proteins based on genomic sequence. Some

of the hypothetical proteins found to be DNA-binding are listed in Table 2.2. One

hypothetical protein, a 14.9 kDa protein from the M1NC-SHEA intergenic region,

was found to bind strongly to the DNA cellulose when expressed under both

aerobic and anaerobic conditions. This protein's function may not be affected by

the environmental conditions under which the cells are grown. Another

hypothetical protein, a 36.1 kDa protein from the LPP-AROD intergenic region,

was found to bind strongly to the DNA cellulose only when expressed in aerobic

cells. Obviously, the function of this protein changes when it is grown under

different conditions. The functions of these hypothetical proteins are not yet

known, but these results are interesting from the perspective that the expression of

proteins that were unknown to date except by their genomic sequence has now

been observed in conjunction with a DNA-binding function.
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Hypothetical/Unknown Peptides in Aerobically Peptides in Anaerobically
DNA-Binding Proteins Grown E. co/i Grown E. co/i

Unknown Protein 2D000LSD 2
From 2D-PAGE Precursor
Hypothetical 36.1 kDa Protein in 10
LPP-AROD Intergenic Region
Hypothetical 29.6 kDa Protein in 3
THRC-TALB Intergenic Region
Hypothetical 14.9 kDa Protein in 8 3
M1NC-SHEA Intergenic Region
Hypothetical 13.7 kDa Protein in 2
MTLR-LCTP Intergenic Region
Hypothetical 13.6 kDa Protein in 2
ACRD-DAPE Intergenic Region

Table 2.2. Hypothetical proteins found in DNA-binding fractions from E. coil

grown under aerobic and anaerobic conditions.

Comparison of the DNA-binding proteins found in the aerobic and

anaerobic lysates shows a few unexpected differences. The pyruvate

dehydrogenase complex is a major component of the citric acid cycle, and a

previous investigation showed that the proteins composing this complex are not

highly expressed in anaerobically grown E. coli [24}. By contrast, the present

authors found the complex to be highiy expressed and DNA-binding in the

anaerobic samples. Examining Figure 2.4, the pyruvate dehydrogenase complex in

the anaerobic E. coil is clearly seen to be expressed in a way that causes it to bind

to the DNA cellulose (Figure 2.4: 0.05 M, 0.2 M, and 0.4 M NaCl columns; 60-

100 kDa), whereas this complex does not bind in the aerobic sample. Another

surprising result was found with alcohol dehydrogenase (ADH), which is usually

expressed under anaerobic conditions. It was not surprising to find a low level of

ADH present in anaerobically grown E. coli (Figure 2.4: 0.05 M and 0.4 M

columns; -80 kDa). It was surprising, however, to find this protein strongly bound
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In order to test the robustness of our approach, the LCQ's performance,

and the authors' skills at data analysis, samples were sent to Applied Biosystems

(Foster City, CA) for analysis. Two complex samples, containing proteins

respectively eluted off single-stranded DNA cellulose with 0.4 M NaC1 (weakly

binding) and 1.0 M NaCl (strongly binding) were digested with trypsin in the

authors' laboratory. Using a multidimensional approach, the peptides were then

applied to a strong cation exchange column, separated with eight increasing salt

concentrations, subjected to reversed-phase liquid chromatography, and analyzed

on a QSTAR quadrupole time-of-flight mass spectrometer (Data not shown). All

but three of the proteins that were identified in the authors' laboratory using one-

dimensional liquid chromatography were identified at Applied Biosystems. Over

430 proteins were identified using the multidimensional chromatographic

approach; this result is comparable to the authors' results in which eight fractions

off the DNA cellulose were analyzed.

2.4. Conclusions

This study demonstrates an effective use of a function-based separation.

Many more proteins were identified when proteins were prefractionated based on

DNA-binding ability prior to digestion (200 proteins) than when the whole cell

lysate was digested and analyzed (105 proteins). Over 540 proteins from E. co/i
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were observed in all; 232 of those bound to DNA cellulose. Changes in binding

affinities of proteins were also observed between cells grown in aerobic and

anaerobic environments. These results were achieved without benefit of two-

dimensional chromatography by using the DNA-binding property of the proteins

to separate them from the rest of the lysate and thereby reduce the complexity of

the digestion mixture prior to mass analysis. A comparison of the results obtained

in this study with those obtained by scientists in another laboratory who used

multidimensional chromatography shows that function-based separation yields

comparable numbers of accurately identified proteins.

Function-based separation should be applicable well beyond the particular

DNA-binding system that was used in this study to demonstrate its principles.

Within the scope of DNA-binding, protein expression could be studied in the

presence of other environmental stressors, such as agents that lead to oxidative

stress or exposure to radiation. More generally, the ligand used to determine

protein function could be varied to fractionate proteins based on their ability to

bind other molecules, such as RNA, glucose, or specific pharmaceuticals. Finally,

it should be possible to incorporate isotopic labeling into a function-based

separation for quantitative purposes and into multidimensional chromatography

experiments for increased resolution.
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3.1. Introduction

The central goals in proteomic studies include the identification of all of

the proteins in a proteome, the characterization of the function of the proteins, and

the determination of their three-dimensional structure. In order to identify all of

the proteins in a proteome, more than one dimension of separation has proven to

be necessary. The first multi-dimensional separations of proteins involved gel

electrophoresis, whereby proteins are initially separated on the basis of isoelectric

point (p1) and then by molecular weight [1]. Recently, separation of proteins [2]

or peptides [3] based on p1 followed by separation based on hydrophobicity has led

to the identification of greater numbers of proteins than can be identified through

the earlier gel techniques. These protocols do not provide any clues to protein

function, however. Affinity chromatography can be used to separate proteins to

produce less complex samples while yielding information about the function of the

proteins [4]. Separation of proteins based on function has been used to identify

senile hydrolases [5], recognize DNA-binding proteins that bind to specific

sequences [6], isolate cysteine proteases [7], and fractionate proteins based on their

affinity to heparin [8].

The most con-rn-ion techniques used to determine protein structure are NMR

[9] and x-ray crystallography [10,11]. Both of these methods require large

quantities of purified protein. The progress of x-ray crystallographic studies is

currently limited by the rate at which proteins can be crystallized [11], a step that
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can be particularly difficult when the protein under investigation is interacting with

a substrate. Hydrogenldeuterium exchange has been recently used with mass

spectrometry (MS) to determine the structure of proteins [12], but this technique is

limited mainly to purified proteins. Photochemical crosslinking is another

technique that has been combined with mass spectrometry to predict the three-

dimensional structure of proteins [13]. This technique has been used to determine

the DNA-binding sites of many proteins, including uracil DNA glycosylase

[14,151, replication protein A [16], and single-stranded binding protein [17];

however, all of these studies have involved proteins in purified form. In this study,

the authors demonstrate how a protocol they recently introduced for separating

proteins based on their ability to bind DNA [18] can be exploited in combination

with photochemical crosslinking to both isolate DNA-binding proteins and

determine the contact points between some of them and DNA.

3.2. Experimental Section

3.2.1. Materials

Trifluoroacetic acid (TFA), formic acid (FA), acetic acid (AA), a-cyano-4-

hydroxycinnamic acid (HCCA), ethylenediaminetetraacetic acid (EDTA), sodium

chloride (NaCl), ammonium phosphate, ammonium acetate, single-stranded calf

thymus DNA cellulose, lysozyme, yeast extract, tryptone, and Trizma (Tris-base)
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were purchased from Sigma Chemical Co. (St Louis, MO). Lyophilized

sequencing-grade trypsin was purchased from Promega (Madison, WI). HPLC

grade acetonitrile (ACN) was supplied by Fisher Scientific (Pittsburgh, PA).

Nuclease P1 was purchased from Amersham Biosciences (Piscataway, NJ). For

general use, water was generated with a Milli-Q Ultrapure water purification

system (Millipore Corp. Bedford, MA); for HPLC, Burdick and Jackson water was

purchased from Honeywell International, Inc. (Muskegon, MI). Ultrafree-0.5

centrifugal filter devices (molecular weight cut-off 5,000 and 30,000) were

purchased from Millipore Corp. Applied Biosystems supplied the 4700

Proteomics Analyzer Calibration Mixture (Framingham, MA).

3.2.2. Growth and Lysis of E. coil

Escherichia coil Strain BL2 1 (E. coil B F dcm ompT hsdS(r8 m8)gal from

Stratagene (La Jolla, CA) was grown in LB media (1% tryptone, 0.5% yeast

extract, and 1% NaCl) at 37°C under aerobic conditions. Cells were frozen in

liquid nitrogen, resuspended in a buffer comprising 100 mM Tris (pH 7) and 1 niM

EDTA, lysed ultrasonically after the addition of 0.2 mg/mL lysozyme, and

centrifuged to remove insoluble material. Lysates were stored at -20°C until

further use.

3.2.3. Separation of DNA-Binding Proteins



Cell lysate (20 mL) was mixed at room temperature with 5 g of single-

stranded DNA cellulose and allowed to equilibrate for 15 mm. Centrifugation was

used to separate the cellulose particles from the rest of the lysate, which contained

non-binding proteins. The non-binding proteins were rinsed off the cellulose

particles with the addition of 20 mL of DAB buffer (20 mM Tris pH 7.4 with

1 mM EDTA). This step was repeated three times, the non-binding proteins being

decanted off and collected after each rinse. The proteins that bound to the DNA

were released in fractions with increasing concentrations of sodium chloride

(0.05 M, 0.2 M, 0.4 M, 0.6 M, 1.0 M). Each DNA-binding fraction was obtained

by mixing the cellulose with 25 mL of the salt solution, decanting, collecting the

solution, repeating the first three steps, and then pooling the two extracts. Each

fraction was concentrated and desalted using an Ultrafree-0.5 centrifugal filter

device with a molecular weight cut-off of 5,000 Da. Total protein concentration in

each fraction after this point was estimated to be 0.2 pmol/tL based on the

intensity of stained protein bands in a polyacrylamide gel (data not shown). The

desalting step (facilitated by adding 0.5 mL of fresh 20 mM Tris pH 7.4 to the

filter) was repeated three times to ensure that the sodium chloride and EDTA was

removed from each of the samples.

3.2.4. Photochemical Crosslinking

Oligonucleotide dT20 was synthesized and purified by the Biopolymer Core

Facility at the University of Maryland at Baltimore as previously described
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[14,16]. The lyophilized dT20 was dissolved in DAB buffer to a concentration of

242 pmol/pL. In order to concentrate the oligonucleotide solutions to

500 pmol!.iL and to eliminate the EDTA prior to crosslinking, the solution was

desalted and concentrated using Ultrafree-0.5 centrifugal filter devices with a

molecular weight cut-off of 5,000 Da. To initiate the crosslinking, 100 j.tL of

DNA-binding protein solution (0.4 M or 0.6 M NaCl eluted) was mixed with

50 .tL of the dT20 solution and allowed to equilibrate on ice for 10 mm. Of this

protein/oligonucleotide mixture, 20 jtL was saved on ice in the dark as a control,

and 130 pL was irradiated with UV light (?max = 254 nm) for 30 mm in a

Stratalinker 1800 crosslinker (Stratagene, La Jolla, CA).

3.2.5. Purification of Crosslinked Proteins

To remove most of the uncrosslinked protein, the UV irradiated protein

mixture was mixed with 150 jtL of DNA cellulose and allowed to equilibrate at

room temperature for 10 mm. The crosslinked proteins were rinsed off the DNA

cellulose with 300 tL of 20 mM Tris buffer (pH 7.4) four times. The crosslinked

proteins were concentrated and washed with fresh Tris buffer using Ultrafree-0.5

centrifugal filter devices with a molecular weight cut-off of 30,000 Da. The final

volume of each sample containing crosslinked proteins was 30 tL.
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3.2.6. Enzymatic Digestions

All samples were digested in-solution with the addition of 2 tL of

0.5 .tg/jtL trypsin (in 0.1 M AA) to each sample. The solutions were vortexed,

centrifuged, and placed on a 37°C water bath overnight to allow complete

digestion to occur. Nuclease P1 was diluted with 50 mM ammonium acetate

(pH 6.5) to yield 0.04 activity units per tL. The oligonucleotide tags were then

digested with the addition of 10 L of diluted nuclease P1 solution to each of the

crosslinked samples, which were 32 .tL in volume. These solutions were

vortexed, centrifuged, and placed on a 37°C water bath for 4 hours.

3.2.7. Isolation of Crosslinked Peptides

An immobilized metal affinity chromatography (IMAC) kit from Pierce

(Rockford, IL) was used on some of the crosslinked samples in order to isolate

crosslinked peptides from the rest of the peptides in the digestion mixture. The kit

contains a resin with chelated gallium (III) ions, which specifically bind to

phosphopeptides [19] and to peptides crosslinked to DNA [17]. To adjust the pH

of the peptide mixtures, 5% AA was added until the sample pH was approximately

2. The sample was then mixed with the resin for 10 minutes at room temperature.

After washing non-specifically bound peptides off from the resin with 0.1 M AA,

50:50 ACN:0.1 M AA, and water, crosslinked peptides were eluted with 40 tL of

50 mM ammonium phosphate.
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3.2.8. MALDI Mass Spectrometry

Samples for matrix assisted laser desorption ionization (MALDI) MS were

mixed 1:3 (v/v) with a-cyano-4-hydroxycinnamic acid in 50% ACN and

0.1% TFA. MALDI-MS was performed on an Applied Biosystems 4700

Proteomics Analyzer with time-of-flight/time-of-flight (TOF/TOF) ion optics

(Applied Biosystems, Inc., Framingham, MA). Data were acquired in the MALDI

reflector mode using internal calibration standards in the AB14700 CalMix

supplied by Applied Biosystems. Data in the MS/MS mode were calibrated using

fragment ions from Glu-fibrinopeptide B. Tandem mass spectra were acquired by

accelerating the precursor ions to 8 keV, selecting them with a timed gate, and

performing collision-induced dissociation (CID) at 1 keV. The timed gate was set

to select precursors in a 3 Da-window; when two precursors were within 3 Da, the

gate's window was reduced to 1 Da. Gas pressure (air) in the CID cell was set at

0.2 tTorr. Fragment ions were accelerated to 14 keV prior to entering the

reflector.

3.2.9. Chromatography and Electrospray Mass Spectrometry

For LC-MS/MS experiments, each sample was mixed 1:1 (v/v) with

solvent A (0.1% FA, 0.005% TFA, and 3% ACN in H20), and 6 jiL of this

solution was injected on colunm. Solvent B contained 0.1% FA and 0.005% TFA

in 80% ACN. To desalt and concentrate each sample, a 5 mm by 0.32 mm C18

trap from LC Packing was used. A 15 cm long, 75 jLm inner diameter PicoFrit



column from New Objective (Woburn, MA) packed in-house with Jupiter C18

from Phenomenex, Inc. (Torrance, CA) was used. The LC conditions started with

3% B for 5 mm to wash the sample, followed by a gradient up to 40% B over

40 mm, to 70% B at 50 mm, to 90% B at 52 mm, and held at 90% B until 60 mm.

A Waters CapLC system was used with a flow rate estimated to be 300 nL/min.

The mass spectrometer used for ESI-MS/MS was a Quadrupole Time-of-Flight

(Q-TOF) Global Ultima system from Micromass (Micromass, Ltd., Manchester,

UK), operated with a spray voltage of 3.5 kV. Data-dependent MS/MS was used

with a 0.5 sec survey scan and 2.5 sec MS/MS scans on the three most abundant

peaks in the MS survey scan. In the neutral loss scanning mode [20], the collision

energy was varied from 7 eV to 30 eV to look specifically for a loss of dT2

(626.1 Da), and then MS/MS was performed (45 eV) on the precursors that yielded

that loss.

3.2.10. Data Analysis

Mascot from Matrix Science Ltd. (London, UK) was used to search all of

the tandem mass spectra. For the data obtained on the Q-TOF, files appropriate

for Mascot (pkl files) were created using the Masslynx software from Waters, with

a function that smoothes, calculates centroids, and assesses the quality of data. For

data obtained with the MALDI TOF/TOF, spectra were converted into peak lists

which were then searched using Mascot. The variable modifications searched for

included oxidation of methionine, pyro-glu of N-terminal glutamic acid and



glutamine, and deamidation of asparagine and glutamine. Mascot was used to

search for crosslinked oligonucleotide tags, dT2 (626.1 Da) and dT3 (930.1 Da)

attached to any amino acid. Spectra were also searched manually looking for the

product ion dT at m/z 305.06 or looking for a loss of dT2 (M-626.1).

3.3. Results

3.3.1. Experimental Strategy

The authors have recently described a protocol for prefractionating the

members of a proteome based on protein function and demonstrated its application

to DNA-binding proteins [18]. A scheme illustrating how this protocol can be

extended to both identify protein function and characterize protein binding sites in

a proteome can be seen in Figure 3.1. In the present study, DNA-binding proteins

were first isolated from the rest of the proteins in an E. co/i lysate based on their

affinity for calf thymus DNA attached to cellulose particles. Single-stranded calf

thymus DNA was chosen as a large, (50 kb) generic substrate so that as many

DNA-binding proteins would be attracted as possible. The proteins captured by

the calf thymus DNA compose a functional subset of the E. coli proteome. In this

study, digesting these proteins with trypsin and performing tandem mass

spectrometry (MS/MS) on the peptides led to the identification of 232 putative

DNA-binding proteins from E. co/i.

-
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Figure 3.1. Scheme for the determination of the function and structure of proteins
contained in a proteome. The chemical modification of the binding sites of
proteins is denoted by an asterisk (*)

In order to covalently modify the DNA-binding sites in the proteins, the

protein fractions were mixed with oligonucleotides and exposed to UV light. Only

proteins from the 0.4 M and 0.6 M NaC1-eluted fractions were chosen for this part

of the study because they are known to contain the majority of the DNA-binding

proteins [18]. After irradiation, the samples contained a mixture of

oligonucleotides, proteins, and proteins crosslinked to oligonucleotides. Based on

previous studies [14], the yield of proteins crosslinked to the oligonucleotide dT20

is less than 5%. To enrich the amount of crosslinked protein relative to free

protein, the solution was then mixed with DNA cellulose. In this instance, the

noncrosslinked proteins bound to the DNA cellulose, while the crosslinked

proteins rinsed off because their DNA-binding sites were already occupied by

oligonucleotides. Proteins that originally bound to the DNA cellulose

nonspecifically, due to ionic or other interactions, would again bind by the same

interactions. In addition, DNA-binding proteins with more than one DNA-binding

site could also bind to the DNA cellulose if only one of their binding sites was
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occupied by a crosslinked oligonucleotide. Due to these possibilities, the second

DNA cellulose binding step was omitted from some of the crosslinking

experiments.

The samples containing crosslinked proteins were digested with trypsin to

yield peptides, some of which were tagged with an oligonucleotide. This mixture

was analyzed by MALDI-MS; however, no crosslinked peptides could be

definitively identified from this analysis because true peptide-oligonucleotide

crosslinks are difficult to distinguish from noncovalent adducts that form in a

mixture containing free peptides and oligonucleotides [16]. Nuclease P1 was used

to reduce the oligonucleotide tags to dimers or trimers so that the crosslinked

peptides would have an appropriate size for MS/MS. Both LC-MS/MS and

MALDI-MS/MS were used to analyze the crosslinked peptides at this stage.

3.3.2. Purification of Peptides Crosslinked to Oligonucleotides

Since noncrosslinked peptides were present in the solutions after digestion,

IMAC, as described by Steen and Jensen [17] was used to enrich some of the

samples in crosslinked peptides. The IMAC eluate was analyzed by both MALDI-

MS/MS and ESI-MS/MS. This enrichment simplified the peptide mixture so that

it contained only crosslinked and acidic peptides. This procedure proved to be

especially useful in those cases where tryptic digestions were carried out on an

entire crosslinked mixture that had not been subjected to a second function-based

separation to bind the uncrosslinked proteins. In those cases where IMAC was

used, no crosslinked peptides were found beyond those discovered when the entire
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strategy shown in Figure 3.1 was employed. However, the IMAC purifications did

yield the same crosslinked peptides as found from the analyses performed as

diagramed in Figure 3.1. Higher confidence comes from these redundant results.

3.3.3. Tandem Mass Spectrometry of Peptides Crosslinked to Oligonucleotides

During MS/MS of a crosslinked peptide with either high- or low-energy

collision induced dissociation, the peptide backbone fragments predominantly into

y and b ions that are useful for identifying the peptide. Unfortunately, the

nucleotide tag also fragments to create ions that complicate the spectrum. The

fragmentation of the nucleotide tag dT2 is illustrated in Figure 3.2. While these

fragments are not useful for identification of the peptide, they are characteristic of

a crosslinked species, and subsequent tandem mass spectra can be searched for this

pattern. At this time, no automated searching algorithms are commercially

available to search MS/MS data for both peptide and nucleotide fragments

simultaneously.

PEPTDE

0

H0-

0

Figure 3.2. Fragmentation of the nucleotide tag dT2 observed during MS/MS of
crosslinked peptides. The fragmentation observed corresponds to well established
pathways for nucleotides (a, c, and w ions) [21]. The numbering system shown in
the diagram is used to clarify the nucleotide-peptide crosslink spectra presented in
this paper.
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Two representative high energy MS/MS mass spectra of crosslinked

peptides can be seen in Figure 3.3. To the best of the present authors' knowledge,

these spectra are the first examples of high energy MS/MS of peptides crosslinked

to oligonucleotides ever reported. At 1 keV, the main fragment observed

corresponds to cleavage of the entire dT2 tag from the peptide. Three other

nucleotide fragments can also be seen in both of the spectra. These fragments aid

in identifying these spectra as those of crosslinked peptides, but they do not help to

identify the peptide or protein from which they originate. The y ions seen in both

of the spectra were used to identify the respective peptides; however, since there

are so few peptide fragments, the Mascot ion scores were of low confidence. Also

contributing to the low scores are the nucleotide fragments 2, 3, and 4, which

Mascot attempts to fit as peptide fragments.
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Figure 3.3. High energy MALDI tandem mass spectra corresponding to
crosslinked peptides from CspC: (A) precursor with m/z 1,822.7; (B) precursor
with m/z 2,292.8.
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The low energy (40 eV) MS/MS spectra of the same crosslinked peptides,

whose high energy spectra are shown in Figure 3.3, can be seen in Figure 3.4. The

nucleotide fragments 1-5 are all present in the spectrum shown in Figure 3.4A, but

they are not the largest peaks in this spectrum. The strong y-series (y3 to yo),

along with some b ions (b2 to b4), enabled Mascot to assign this spectrum to a

crosslinked peptide from CSP-C with an ion score of 27. As was so with the

MALDI MS/MS spectrum (Figure 3 .3A), this score is not high due to the presence

of nucleotide fragments and ions with thymine attached. It can be readily inferred

from the b- and y-ions that the dT2 tag was attached to this peptide in the FGF

region. It is not possible to narrow the assignment to one amino acid because

isomers exist for each of the positions where the tag might be attached to the

peptide. Specifically, the presence of y9 and yio ions in the spectrum with and

without the thymine attached point to the existence of isomers that were

unresolved by the HPLC separation. The dT2 tag is probably attached to one or

the other of the phenylalanine residues since aromatic amino acids tend to be in

close proximity with nucleobases in base-stacking interactions in DNA-binding

proteins [21]. The uncrosslinked version of this peptide was also observed in the

chromatogram; it eluted 4 minutes after the crosslinked peptide and was identified

with a Mascot ion score of 82.
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Figure 3.4. Low energy ESI tandem mass spectra corresponding to doubly-
charged crosslinked peptides from CspC: (A) precursor with m/z 911.87; (B)

precursor with m/z 1,146.94. Fragments marked with a tilda () in these spectra
correspond to those with a thymine attached. Fragments marked with an asterisk
(*) are those that have the dT2 tag attached.
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The low energy MS/MS spectrum shown in Figure 3.4B corresponds to the

high energy spectrum seen in Figure 3.3B. The presence of the extensive y-series

in the low energy case, along with a short b-series (b2 to b5), led to the

identification of this crosslinked peptide with a Mascot ion score of 34. Since this

is a larger peptide than the one in Figure 3.4A, doubly charged fragments were

observed, making the spectrum a bit more visually complex. Evidence for both

peptide and nucleotide fragmentation are observed in this spectrum the same as

they were in the previous spectra; however, the 2-5 fragments are mainly doubly

charged in this case. As in the preceding example, this spectrum exhibits ion

signals corresponding to isomers that prevent determining the position of the

crosslink. The dT2 tag's attachment can be localized to the FVHF region; in this

case, the thymine is most likely crosslinked to either the phenylalanine or the

histidine residues [21]. This peptide, in its uncrosslinked form, appeared in the

same chromatogram 6 minutes after the crosslinked species, and it was identified

with a Mascot ion score of 84.

Since the loss of dT2 from both of these crosslinked peptides was observed

with low energy MS/MS, it was decided that neutral loss scanning could be used

to find more crosslinked peptides. Usually performed on phosphorylated peptides,

this method uses an increase in collision energy to induce the neutral loss of a

modification, and then MS/MS is performed only on those species displaying that

signature loss [20]. Setting the neutral loss to 626.1 Da, the mass of the dT2 tag,

led to the identification of some of the same crosslinked peptides as were found



without scanning for the neutral loss, plus one additional crosslinked species. This

is the first successful use of neutral loss scanning for the analysis of peptides

crosslinked to oligonucleotides.

A summary of all the crosslinked peptides found using all of the methods

employed in this study can be seen in Table 3.1. All of the crosslinks observed

had a dT2 tag attached, except for one peptide that carried a dT3 tag. Larger tags

were observed if nuclease P1 was not given enough time to completely digest the

oligonucleotides (data not shown). Both tryptic (DVFVHFSAIQGNGFK) and

partially tryptic (DVFVHFSAIQGN) versions of the same peptide from CspC

were seen crosslinked to dT2. Partially tryptic crosslinked peptides have been

observed in previous studies that involved photochemical crosslinking and mass

spectrometry [14,161.

Protein Observed Crosslinked Peptides Observed

Cold Shock Protein C

GFGFITPADGSK x dT2

GFGFITPADGSK x dT3

DVFVHFSAIQGNGFK x dT2

DVFVHFSAIQGN x dT2

Cold Shock Protein A GFGFITPDDGSK x dT2

50S Ribosomal Protein L24 VGFRFEDGK x dT2

Table 3.1. Summary of crosslinked peptides observed from E. coli DNA-binding
proteins. All of these crosslinked peptides were observed with both the ESI
Q-TOF and MALDI TOF/TOF instruments.

-
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3.4. Discussion

3.4.1. Cold Shock Proteins

Most of the crosslinked peptides observed in this study were from proteins

in the cold shock protein (Csp) family. CspA, the major cold shock protein from

E. coli, is induced by a decrease in temperature [23], but can be expressed at 37°C

under exponential growth conditions [24]. The proteins in the Csp family, which

share the nucleic acid binding sequence motifs RNP 1 and RNP2 with the Y-box

proteins, are known to bind single-stranded (ss) RNA and DNA with micromolar

affinity [25]. CspA has been shown to bind polypyrimidine ssDNA with

especially high affinity [26], so the observation of this protein interacting with

dT20 is not surprising. Based on experiments with a polythymidine template,

CspA has been shown to require 6-7 bases per molecule of protein for binding

[25]; therefore, dT20 is definitely large enough to serve as a substrate for this

protein.

There is a great deal of homology between CspA and CspC, which is

expressed at 37°C and is not induced by a decrease in temperature [27]. As

illustrated in Figure 3.5, the two proteins are 68% homologous, with the two

crosslinked peptides from CspC being 85% homologous to the corresponding

peptides from CspA. All of the amino acids that were found to be crosslinked in

CspC are conserved in CspA. There are currently no published structures

available for CspC, and there are no published structures for either protein
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3.4.2. 50S Ribosomal Protein L24

One peptide from 50S ribosomal protein L24 was found to be crosslinked

in this study (Table 3.11). The crosslinked peptide (VGFRFEDGK) contains basic

and aromatic amino acids, so it is logical for this peptide to be involved in binding

to nucleotides. Unfortunately, no high resolution structures of this protein from E.

coli are available to compare with the crosslinked peptide data produced in this

study. A low resolution electron microscopy experiment, however, shows that the

FRF region of the crosslinked peptide from this protein is in close proximity to the

ssRNA in the E. coli ribosome [30], but the low resolution of the microscopy

prevented the positions of the amino acid side chains from being determined.

Previous studies have shown that L24 binds to ssRNA [31], so it is possible that

this protein was interacting with the ssDNA in the crosslinking experiment. The

results from the present study may be used to predict the amino acids that are in

contact with ssDNA in the binding site of this protein.



63

3.5. Conclusions

Both high and low energy CID were performed on crosslinked peptides in

this study. For peptides attached to oligonucleotide tags, it appears that the high

energy CID results mainly in the fragmentation of the oligonucleotide tag, which is

useful for identifying the oligonucleotide but not for identifying the peptide. To

sequence the peptides that are crosslinked to oligonucleotides, it appears that low-

energy CID is most effective. Other studies comparing low and high energy CID

on a glutathione-modified peptide found that the high energy CID in the TOF/TOF

was most effective at breaking apart the peptide backbone, while low energy CID

primarily yielded a loss of glutamate from the modification [33]. It appears that

both types of CID are necessary to obtain as much information as possible from

modified peptides in proteomic studies.

The results of this study demonstrate that photochemical crosslinking and

mass spectrometry can be used to predict the three-dimensional structures of

proteins with known structures (CspA) and somewhat unknown structures (CspC

and L24) without isolation of the individual proteins. With the mass spectrometric

tools available today, modified and unmodified peptides from mixtures of proteins

can be easily identified. Adding covalent modifications to proteins to predict their

structure does not severely complicate the analysis of mass spectral data, given

that the mass of the modification is known. The procedure used in this study

allows for the analysis of more than one protein at a time in order to determine the



function and structure of proteins in a proteome. This capability is necessary if all

of the proteins in a proteome are to be eventually studied.

Separation of proteins based on function and covalent modification of

binding sites could be used to determine the function and structure of many

different classes of proteins other than DNA-binding proteins. For example, a

recent study involved the reaction of recombinantly expressed and purified rat

protein disulfide isomerase (PDI) with a chemically reactive version of glutathione

to determine which cysteine in the active site was modified by a toxic

environmental contaminant [33}. The same results could be obtained using a

protocol like that used in this study. Glutathione-binding proteins, like POT, could

be separated from the rest of the rat proteome using an affinity colunm with

glutathione attached. The glutathione-binding proteins could be eluted and then

modified with the reactive moiety to block the active sites on the proteins. The

affinity column could then be used to separate the unreacted proteins from the

modified proteins, which would then be ready for proteolytic digestion and tandem

mass spectrometry. This same protocol could be used for identifying and

determining the structures of drug targets, AMP-binding proteins, or heme-binding

proteins, as long as an affinity column and a reactive substrate that could

covalently block the binding site were available.
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4.1. Introduction

Since the advent of mass spectrometric proteomic studies, electrospray

ionization (ESI) has mainly been used to sequence peptides separated by HPLC

[1], while matrix-assisted laser desorptionlionization (MALDI) has been used to

mass fingerprint mixtures of peptides [2,3]. This division of effort came about

because ESI can be easily coupled on-line to receive the eluate from an HPLC

column, and MALDI can readily be used to analyze mixtures of peptides without

resorting to separation. Separation of peptides prior to MALDI, however, reduces

ion suppression [4] and leads to higher signal to noise ratios and greater sensitivity

[5]. On-line coupling of MALDI to HPLC has been attempted with continuous

flow [6], aerosol [7,8], or rotating ball inlet [9] interfaces, but none of these

approaches have been widely used due to carryover effects, high sample

consumption rates, or low mass resolution [5]. HPLC separations have also been

captured onto MALDI targets for off-line analysis using various instruments that

deposit a series of spots or a continuous streak of eluate [5,10]. Off-line analysis

of an HPLC separation is advantageous since the sampling of peaks from the

eluate is not dependent upon the cycling time of the mass spectrometer. In the

present study, a robotic device (MALDIprep sample collection module) from

Waters (Milford, MA) was used to fractionate an HPLC separation into discrete

spots on a MALDI sample plate. This sample collection module uses a heated

capillary nebulizer to desolvate the colunm eluate and then spray it onto a MALDI
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plate [11,1 2]. Since the eluate is desolvated during deposition onto the plate,

column flow rates from 200 nL/min to 50 iL/min can be used with this instrument

[10].

It has been previously noted that ESI and MALDI are complementary

ionization techniques that, when used together, lead to the identification of more

peptides than can be identified by either technique alone [13-18]. A recent study

by Bodnar et al. exploited the complementary nature of LC MALDI and LC ESI to

yield improved coverage in the identification of ribosomal proteins. In that study,

51 proteins were found, with 8 proteins unique to ESI and 11 proteins unique to

MALDI [18]. Other studies have demonstrated the tendency for MALDI to ionize

basic residues preferentially [19-24] and for ESI to favor hydrophobic amino acids

[1]. Medzihradszky et al. described this complementary nature in a study that

analyzed an HPLC fraction containing peptides created from an in-gel digestion of

an SDS-PAGE gel band. In that study, nine peptides were identified with MALDI,

whereas fifteen peptides were identified with ESI. The six peptides unique to the

ESI experiment either had ended with a lysine residue or contained no basic amino

acid residues at all [16]. No large-scale proteomic study that examines the source

of the complementarity of the two ionization methods has been published to date.

In the present study, the complementary nature of ESI and MALDI is

evaluated for a large set of peptides acquired on ESI and MALDI instruments. For

both instruments, HPLC was used to separate the peptides prior to mass analysis.

The ESI system used an on-line separation, and the MALDI system was coupled to
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HPLC off-line. This work illustrates the benefit of using different ionization

techniques as well as different mass analyzers for proteomic studies.

4.2. Experimental Section

4.2.1. Materials

Trifluoroacetic acid (TFA), formic acid (FA), a-cyano-4-hydroxycinnamic

acid (HCCA), ethylenediaminetetraacetic acid (EDTA), sodium chloride (NaC1),

ammonium citrate, single-stranded calf thymus DNA cellulose, lysozyme, yeast

extract, tryptone, and Trizma (Tris-base) were purchased from Sigma Chemical

Co. (St Louis, MO). Lyophilized sequencing-grade trypsin was purchased from

Promega (Madison, WI). HPLC grade acetonitrile (ACN) was supplied by Fisher

Scientific (Pittsburgh, PA). For general use, water was generated with a Milli-Q

Ultrapure water purification system (Millipore Corp. Bedford, MA); for HPLC,

Burdick and Jackson water was purchased from Honeywell International, Inc.

(Muskegon, MI). Ultrafree-O.5 centrifugal filter devices (molecular weight cut-off

5,000) were purchased from Millipore Corp. Applied Biosystems supplied the

4700 Proteomics Analyzer Calibration Mixture (Framingham, MA).
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4.2.2. Growth and Lysis of E. coil

Escherichia coil Strain BL2 1 (E. coil B F dcm ompT hsdS(r8 m8)gal) from

Stratagene (La Jolla, CA) was grown in LB media (1% tryptone, 0.5% yeast

extract, and 1% NaC1) at 37°C under aerobic conditions. Cells were frozen in

liquid nitrogen, resuspended in a buffer comprising 100 mM Tris (pH 7) and 1 mM

EDTA, lysed ultrasonically after the addition of lysozyme, and centrifuged to

remove insoluble material. Lysates were stored at -20°C until further use.

4.2.3. Sample Preparation

Cell lysate (20 mL) was mixed at room temperature with 5 g of single-

stranded DNA cellulose and allowed to equilibrate for 15 mi Centrifugation was

used to separate the cellulose particles from the rest of the lysate, which contained

non-binding proteins. The non-binding proteins were rinsed off the cellulose

particles with the addition of 20 mL of DAB buffer (20 mM Tris pH 7.4 with

1 mM EDTA). This step was repeated three times, the non-binding proteins being

decanted off and collected after each rinse. The proteins that bound to the DNA

were released in fractions with increasing concentrations of sodium chloride

(0.05 M, 0.2 M, 0.4 M, 0.6 M, 1.0 M). Each DNA-binding fraction was obtained

by mixing the cellulose with 25 mL of the salt solution, decanting, collecting the

solution, repeating the first three steps, and then pooling the two extracts. Each

fraction was concentrated and desalted using an Ultrafree-0.5 centrifugal filter

device with a molecular weight cut-off of 5,000 Da. Total protein concentration in
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each fraction after this point was estimated to be 0.2 pmol/j.tL based on the

intensity of stained protein bands in a polyacrylamide gel (data not shown). The

desalting step (facilitated by adding 0.5 mL of fresh DAB buffer to the filter) was

repeated three times to ensure that the sodium chloride was removed from each of

the samples prior to tryptic digestion. Each sample was digested in-solution with

the addition of 2 tL of 0.5 .tg/jiL trypsin (in 0.1 M AA) to 20 jiL of sample. The

samples were vortexed, centrifuged, and placed on a 37°C water bath overnight to

allow complete digestion to occur.

4.2.4. Chromatography and Electrospray Mass Spectrometry

For each chromatography experiment, 15 iL of sample was mixed with

15 tL of solvent A (0.1% FA, 0.005% TFA, and 3% ACN in H20), and 5 .tL of

this solution was injected. Every sample was run three times on each instrument.

Solvent B contained 0.1% FA and 0.005% TFA in 80% ACN. A 5 mm by

0.32 mm C18 trap from LC Packing (Sunnyvale, CA) and a 15 cm long, 75 .im

inner diameter PicoFrit column from New Objective (Woburn, MA) packed in-

house with Jupiter C18 from Phenomenex (Torrance, CA) were used for the ESI

experiments. The LC conditions started with 3% B for 5 mm to wash the sample,

followed by a gradient up to 30% B over 50 mm, to 50% B at 60 mm, to 70% B at

65 mm, and held at 90% B from 72 to 78 mm. A Waters CapLC system with a

flow rate estimated to be 300 nL/min was used to deliver solvent. The mass

spectrometer used for ESI-MS/MS was a quadrupole time-of-flight (Q-TOF)
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Global Ultima system from Micromass (Micromass, Ltd., Manchester, UK)

operated with a spray voltage of 3.5 kV. Data-dependent MS/MS was generate

using a 0.5 sec MS survey scan and 2.5 sec MS/MS scans on the three most

abundant peaks found in the survey scan. The CID energy was between 25 and 65

eV depending on the mass and charge state of the precursor ion. Mass spectra

were calibrated using fragment ions generated from MS/MS of Glu-fibrinopeptide

B (MW 1570.68).

4.2.5. Chromatography and MALDI Mass Spectrometry

A Symmetry300 5 tm C18 trap and a 150 mm long x 0.32 mm inner

diameter Symmetry colunm packed with 5 J.Lm C18 particles, both from Waters,

were used for the MALDI experiments. Solvent A and solvent B both contained

0.1% TFA, with A including 1% ACN and B containing 99% ACN. The gradient

used on this system was exactly the same as the one used in the ESI experiments.

A controlled flow rate of 3 tL/min was delivered by a separate Waters CapLC

system. The eluate from the column was mixed with 1 tL/min of 0.6 mglmL

HCCA and 0.08 mglmL ammonium citrate in 50:50 ACN:H20 containing

0.1% TFA. Ammonium citrate was added to the matrix solution to reduce the

intensity of matrix peaks in MALDI mass spectra. This solution flowed via a 75

jim capillary at a combined rate of 4 jiL/min into a Waters MALDIprep sprayer

installed in the authors' laboratory courtesy of the Life Sciences R & D

Laboratory, Waters Corporation. A spotting time of 0.75 mm per spot, a nitrogen
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flow rate of 7 psi, and a temperature gradient of -2°C/7 mm (65°C to 45°C over 20

to 90 mm) was used for each run. MALDI-MS and -MS/MS were performed in

an automated (batch-mode) fashion on an Applied Biosystems 4700 Proteomics

Analyzer with time-of-flight/time-of-flight (TOF/TOF) ion optics (Applied

Biosystems, Inc., Framingham, MA). Data were acquired in the MALDI reflector

mode using five spots of the internal calibration standard (AB14700 Calibration

Mixture). The plate file was updated to calibrate each run from each plate

separately. Mass spectra were obtained from each sample spot using 500 shots per

spectrum. Nine tandem mass spectra were then obtained from each spot; peaks

with a signal to noise (S/N) ratio greater than 20 were chosen by the instrument. If

more than nine peaks were found with a S/N ratio greater than 20, the instrument

performed MS/MS on the nine most intense peaks starting with the least intense of

these nine and progressing in order of increasing signal strength to the most

intense; each MS/MS comprised 1,500 shots. Tandem mass spectra were acquired

by accelerating the precursor ions to 8 keV, selecting them with the timed gate set

to a window of 3 Da, and performing collision induced dissociation (CID) at 1

keY. Gas pressure (air) in the CID cell was set at 0.2 jtTon. Fragment ions were

accelerated to 14 keV before entering the reflector.

4.2.6. Data Analysis

Mascot [25] from Matrix Science Ltd. (London, UK) was used to search all

of the tandem mass spectra. For the data obtained on the Q-TOF, files appropriate
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for Mascot (pkl files) were created using the Masslynx software from Waters with

a processing macro (JustPkl) that smoothes, centroids, and assesses the quality of

data. The MaxEnt3 function, which also converts the isotopic envelope to a singly

charged '2C-peak, was used in a few instances for comparison. GPS Explorer

software from Applied Biosystems was used to create and search files with Mascot

for the data obtained on. the TOF/TOF. Most of the Mascot search parameters

were held constant for all of the data generated in this study. These included the

variable modifications (jrotein N-acetylation, oxidation of methionine, and

pyro-glu of N-terminal glutamine and glutamic acid), cleavage by trypsin, up to

three missed cleavages, and taxonomic specification (E. coil). Some search

parameters unique to each instrument were used. In the case of the Q-TOF, the

peptide and fragment mass tolerances were set to 0.5 Da and ESI Q-TOF was

chosen as the instrument type. With the TOF/TOF data, the chosen instrument

type was MALDI TOF/TOF, the peptide mass tolerance was set to 0.5 Da, and the

fragment mass tolerance was set to 0.8 Da. In order for a Mascot result to be

accepted with either the ES! or MALDI data, the individual ion scores had to

indicate that the spectrum obtained experimentally was identical to that of the

theoretical peptide matched to that spectrum. If a Mascot ion score indicated

homology rather than identity, the spectrum was visually inspected to determine if

it was to be accepted. To calculate theoretical isoelectric point (p1), aliphatic

index, and hydrophobicity, the ProtParam tool from the Expasy molecular biology

server (http://us.expasy.org/tools/protparam.html) was used online.



4.3. Results and Discussion

In order to compare the two LC systems, chromatograms from each were

studied. Figure 4.1 shows a base peak chromatogram of one tryptic digest mixture

of one fraction of DNA-binding proteins run on the ES! Q-TOF. Peaks that

yielded quality tandem mass spectra appear in the chromatogram between 16 and

55 mm. A base peak chromatogram from the same sample analyzed on the

MALDI TOF/TOF can be seen in Figure 4.2. A time delay was used on this

system, so that the MALDIprep did not collect samples until 20 minutes into the

LC run. This was done so that sample would not be spotted onto the sample plate

until a few minutes before peptides would start eluting and, therefore, no space on

the plate would be wasted. In this particular chromatogram, peaks with high-

quality tandem mass spectra were observed between 38 and 82 minutes. Both LC

systems, therefore, eluted peptides over a span of about 40 minutes, with the

Q-TOF collecting mass spectral data in real time and the TOF/TOF collecting data

after the LC eluate was collected onto a MALDI plate. Disregarding the absolute

time scales, the visual appearance of the two chromatograms is similar.
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Figure 4.1. Base peak chromatogram of a tryptic digest of the 0.6 M NaC1
fraction of DNA-binding proteins recorded on-line with the Q-TOF.

Figure 4.2. Base peak chromatogram of a tryptic digest of the 0.6 M NaC1
fraction of DNA-binding proteins. This sample was sprayed onto a MALDI plate
with the MALDIprep device and then analyzed on the MALDI TOF/TOF. Each
data point corresponds to a separate spot on the plate.



There were a couple of additional dissimilarities between the two

chromatographic systems that require comment. The first and most obvious was

the vastly different column sizes and, therefore, flow rates used. The column used

for the Q-TOF has an inner diameter of 75 jIm, while the column used for the

TOF/TOF has an inner diameter of 320 tm. If both columns were tested on an

ESI instrument, the 75 tm column would show higher sensitivity, greater

chromato graphic resolution, and lead to more peptide identifications. However,

with the MALDIprep, the sensitivity is increased by the concentrating effect of

depositing a large volume (3 1IL) of sample onto each spot. This benefit is unique

to the MALDIprep, since other commercially available LC-MALDI instruments

do not concentrate the eluate prior to spotting [14]. In terms of chromatographic

resolution, compounds that elute within the 45-second spotting time whether they

are resolved or not will all be deposited onto the same spot. Since the MALDI

TOF/TOF can perform tandem mass spectrometry on more than 10 peptides

contained in a given spot, lack of chromatographic resolution is not a problem

unless the sample is extremely complex. The second dissimilarity was the higher

concentration of acid (0.1% TFA) used in the HPLC solvent in the MALDI

experiment than used in the ESI experiment (0.005% TFA). Since the

MALDIprep decouples the chromatography from the mass spectrometry, additives

that improve the chromatography, but are not allowed on-line because they

suppress ionization, can be used. There was also an operational difference

between the two mass spectrometric experiments that is worth comment. The Q-





spectrometry. In the ESI experiment, the Q-TOF was limited to the number of

peptides it could process via MS/MS in real time, and therefore identified fewer

proteins. The fact that the MALDI instrument enabled more peptide and protein

identifications in our experiments should not be regarded as an indication of

superiority since the ESI instrument would probably perform similarly with

variable-flow chromatography in a "peak parking" experiment {26].

In Figure 4.4, a Veim diagram showing the number of peptides observed

from each technique can be seen. For these identifications, a majority of peptides

(402 out of 667), 130 by ESI and 272 by MALDI, were only identified by one

technique or the other but not both. The peptide per protein average for the set of

253 proteins identified by both techniques is 2.64 (=667/253), higher than that of

either the ESI experiment (2.35=395/168) or the MALDI experiment

(2.49=537/216) alone. Thus, by combining the two techniques the peptide per

protein average is increased by approximately 10%. This increase, which is a

quantitative sign of the complementary nature of the two techniques, is beneficial

since it leads to higher confidence in the identification of proteins.





tolerance to 0.8 Da (the same tolerance used for the TOF/TOF peptide fragments)

for the Mascot search of the Q-TOF data did not lead to higher ion scores or to

more peptide identifications.

Ave. Peptide
Mass error

Peptide
MW

High Peptide
MW

Ave. Peptide
MW

Ave. Ion
Score

High Ion
Score

ESI Q-TOF 0.049 1036.54 3569.89 1583.99 60.05 139

MALDI TOF/TOF 0.120 900.61 3546.62 1541.52 64.77 252

Table 4.1. Comparison of peptides observed with the ESI Q-TOF and MALDI
TOF/TOF. Peptide mass error and peptide molecular weights are all given in Da.

The average molecular weight of peptides observed with the Q-TOF was

slightly higher than that observed with the TOF/TOF. The mass to charge range

for peptides subjected to MS/MS analysis in the 4700 TOF/TOF was set from 900

to 4000, and peptides were identified over almost that entire range. The Q-TOF

collected tandem mass spectra for doubly and triply charged peptides between

m/z 300 and 1680. The results of the present study are in contrast with those of

two previous studies in which it was suggested that the TOF/TOF identifies higher

molecular weight peptides [14, 17].

The average Mascot ion score for peptides obtained from the TOF/TOF

data was almost 5 points higher than for that obtained from the Q-TOF data.

Looking at the highest ion score in Table 4.1 for each instrument helps explain the

difference between the results of the two techniques. In general, the TOF/TOF

yields tandem mass spectra with more complete series of product ions, especially



for precursor peptides in the higher mass range. An illustration of this can be seen

in Figure 4.5. Figure 4.5A shows the tandem mass spectrum obtained on the

TOF/TOF for a peptide (MW 2396.3) from ribosomal protein L18. The entire b

series plus most of the y series (y to Y21) was identified in this spectrum; the ion

score for this spectrum is an exceptional 252. Also present in this spectrum,

though unlabelled and partially unidentified by Mascot, were many internal

fragment ions. Smaller peptides generally yield more high energy fragments in the

TOF/TOF, which can make it possible to differentiate isobaric residues such as

leucine and isoleucine [27]. The tandem mass spectrum of the same peptide (triply

charged) obtained on the ESI Q-TOF can be seen in Figure 4.5B. A great deal of

the b-series (b2 to b15, except b9) and the y series (Yi to Y16, excluding y) can be

seen in this spectrum. The Mascot ion score of 105 for this spectrum is excellent

by most standards, but due to the lack of b16 to b22 and Y17 to y21, the score for this

spectrum is notably lower than the one obtained on the TOF/TOF. Changing the

data conversion file from JustPkl to the MaxEnt3 function for the Q-TOF data did

not yield higher Mascot scores or more peptide identifications. Excluding the

spectrum with the score of 252 from the TOF/TOF data did not change the average

score significantly due to the presence of other large peptides with remarkably

high scores.
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Figure 45. Tandem mass spectra of a peptide from 50S ribosomal protein L18.
(A) Spectrum produced from singly charged peptide by the MALDI TOF/TOF;
(B) spectrum produced from triply-charged peptide by the ESI Q-TOF.



Some other parameters used for comparing the peptides observed with ESI

and MALDI in this study are listed in Table 4.2. As in previous studies

[13,15,161, the ESI method identified more peptides that end in lysine than in

arginine; this is reflected in the relatively high KIR ratio of 1.38. The MALDI

technique identified more peptides with an arginine at the C-terminus; this is

accounted for by the relatively low KIR ratio of 0.89. When onlypeptides that are

unique to each ionization technique are considered (see Figure 4.4), the difference

in the ratios is even more striking; the ESI method yielding a KIR ratio of 1.84 and

the MALDI technique one of 0.61. This observation further emphasizes the

complementary nature of ESI and MALDI in the analysis of tryptic peptides.

Little distinction between the two ionization processes is observed in the

isoelectric point (p1) of the peptides analyzed in this study; the ESI-observed

peptides have a slightly more acidic isoelectric point. Others have noted that

MALDI tends to preferentially ionize basic peptides [19-24], and the findings in

this study strongly support this observation. Both the aliphatic index and

hydrophobicity measure indicate a tendency for the ESI experiment to identify

more hydrophobic peptides than the MALDI experiment. ESI is purported to

ionize hydrophobic peptides efficiently because both the charges and the

hydrophobic amino acids tend to occupy the outer surface of the droplets in the

electrospray process [1]. Ironically, it has also been reported that MALDI

preferentially ionizes hydrophobic amino acids due to their interaction with the

matrix molecules [4,22]. This latter observation with MALDI was, however, made





To examine the types of peptides observed with each technique a bit

further, the distribution of amino acids observed was also examined. The peptides

that were identified in this study were made up of more than 9,000 individual

amino acids. In Figure 4.6, the frequency (expressed as a percentage) with which

each amino acid appeared respectively in ESI and MALDI mass spectra is shown.

For example, less than 2% of all the amino acids observed by either ESI or

MALDI were methionine. The known preference for lysine to be observed by ESI

and for arginine to be observed by MALDI can be seen in this graph. Similar

biases in favor of one ionization mode or the other can be seen for several of the

other amino acids. The patterns among the amino acids become more apparent

when the amino acids are grouped into classes as shown in Figure 4.7. As reported

earlier, MALDI favors the ionization of basic and aromatic amino acids [19-241.

Figure 4.7. Amino acid types observed by ESI and MALDI. The amino acid type
is plotted against the absolute value of the normalized percent difference in order
to measure the preference of the ionization techniques for certain classes of amino
acids.



It has been proposed that the tendency for aromatic amino acids to preferentially

ionize via MALDI might be due to photoexcitation of those moieties during

ionization [23,24]. In our study, MALDI also tended to favor the ionization of

amide-containing and cyclic (proline) amino acids. The tendency for MALDI to

ionize these amino acid types may be due to their relatively higher gas-phase

basicities [29]. ESI led to the identification of greater numbers of peptides richer

in residues with aliphatic, acidic, and hydroxyl groups. At least one previous

report indicates the preference of ESI for hydrophobic amino acids [1], but there is

no known explanation for its bias toward amino acids containing hydroxyl or

acidic moieties. These differences in amino acid biases, which emerge from a

large dataset, again emphasize the complementary nature of ESI and MALDI in

identifying peptides.

4.4. Conclusions

Five fractions of DNA-binding proteins were digested and analyzed

in triplicate by LC-ESI Q-TOF arid LC-MALDI TOF/TOF in a study of the

complementary nature of these techniques. This is one of the first direct

comparisons of LC-MALDI and LC-ESI using the MALDIprep device. Running

one sample twice on the ESI instrument or on the MALDI instrument increases the

number of peptides identified on the average by 25%, whereas running the same
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sample once on an ESI instrument and once on a MALDI instrument increases the

number of peptides identified by 49% on the average. This study shows that the

complementary nature of ESI and MALDI is due to the biases of the two

ionization techniques for certain classes of amino acids. At present, most

researchers use ESI in large-scale proteomic studies, because of the ease with

which it couples to LC. Now that instruments are commercially available for

automated LC-MALDI, MALDI may become more popular for use in proteomics.

It is clear from this as well as other studies that using both ionization techniques

can significantly increase the number of peptides observed in a large proteomic

study; however, the present study indicates how the character of the sample can be

used as a guide for choosing between ESI and MALDI when only one technique

can be used. For example, MALDI seems to be more applicable to basic peptides

such as those found in histones or to aromatic peptides found in RNA-binding

proteins while ESI might be better employed for hydrophobic peptides like those

found in membrane proteins or acidic peptides found in neurofilaments.
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5. SUMMARY AND CONCLUSION

Mass spectrometry is quickly becoming the tool of choice in proteomic

studies. In order to study protein expression, function, and structure, new ways to

use this tool must be developed. The most innovative proteomic studies often

employ established biochemical tools and make them applicable to mass

spectrometric characterization. The following is a summary of the outcomes of the

three studies involving mass spectrometric characterization of DNA-binding

proteins presented in this thesis.

In the first study, it was found that the use of a function-based separation

enables the identification of more proteins than can be identified from the digest of

a whole cell lysate while providing insight into the biological roles of the

identified proteins. Other multidimensional separation methods, such as strong

cation exchange followed by reversed-phase chromatography of peptides, allow

for the identification of many proteins, but do not yield protein function

information. Changes in protein expression due to environmental stress can be

observed with two-dimensional gel electrophoresis, but a change in protein

function cannot be observed as easily. The separation of proteins based on DNA-

binding function led to the identification of over 500 proteins, with 232 being

classified as DNA-binding. Changes in protein function were observed when the

proteins were expressed under aerobic and anaerobic conditions. Alcohol

dehydrogenase, which should not be expressed in aerobically grown E. coli, was
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found to be strongly expressed and DNA-binding under these conditions. The

pyruvate dehydrogenase complex of proteins also exhibited unexpected behavior.

This complex, usually involved in aerobic metabolism, was expressed and DNA-

binding under anaerobic conditions. This is the first proteomic study using a

function-based separation to analyze proteins expressed under different conditions.

These findings demonstrate the usefulness of function-based separations for

proteomic studies.

In the second study, mass spectrometry was used to study DNA-protein

interactions. In all of the studies prior to the present one, recombinantly

overexpressed, purified proteins were involved. Since mixtures DNA-binding

proteins were easily isolated from E. coli and purified proteins are expensive and

not readily available, photochemical crosslinking experiments in this study were

undertaken with the mixtures of DNA-binding proteins. From these experiments,

three proteins were found crosslinked, with the majority of the crosslinked

peptides observed being from CspC. This protein was found to be abundant in

most of the DNA-binding protein fractions. As it turned out, an oligonucleotide

containing all thymidine is optimal for its binding site; however, this was not

known until after the crosslinking experiment. Another oligonucleotide with a

different DNA sequence could be used to crosslink to other proteins in the DNA-

binding protein mixture. The cross! inked amino acids match with the NMR, x-ray

crystallographic, and site-directed mutagenesis studies on cspA, which show that

the data obtained by mass spectrometry is biologically relevant. The amino acids
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from the third protein found to be crosslinked, 50S ribosomal protein L24, are

probably involved in base-stacking interactions with DNA, but there are no

published high resolution structures available for comparison.

The combination of function-based separation with covalent modification

of binding sites could be used with many other proteins and substrates to

determine protein function and structure within proteomic studies. The most

obvious use for this combination of techniques is with drug targets within the

pharmaceutical industry. An active drug could be attached to a column and all of

the proteins that interact with that compound could be isolated. This would enable

the identification of drug targets as well as proteins that cause unwanted side

effects. The active sites of the proteins could then be blocked with a reactive

version of the drug, and the modified proteins could then be isolated, digested, and

analyzed with tandem mass spectrometry. This would identify the amino acids

involved in the binding sites, which in turn, would lead to accurate three-

dimensional models of the in-solution structure. These models could then be used

to create a compound that binds more effectively into the target's binding site and

less so into the active sites of proteins responsible for side effects.

In the third study, which was conducted with a large data set of peptides

from DNA-binding proteins, it was found that MALDI and ES! prefer to ionize

different amino acids, which may account for the complementary nature of the

peptides identified with each technique. MALDI has not been used in large-scale

proteomic studies, except for peptide mass fingerprinting of proteins digested in-



gel, due to its previous difficulty in coupling with liquid-phase separations. Now

that HPLC MALDI is commercially available, large scale comparisons of ESI and

MALDI are possible. From the results of this study, it was found that to gain the

most information out of a sample in a proteomic study, both ESI and MALDI

should be used. While running a sample twice with the same ionization source

causes a 25% increase in the number of peptides observed, running the same

sample once with ESI and once with MALDI leads to a 49% increase in the

number of peptides observed. If only one ionization source is available, the

character of the protein of interest should be the guide to choosing which

ionization technique to use. ESI favors hydrophobic and acidic peptides, while

MALDI tends to ionize basic and aromatic species. It is clear from this research

that these preferences need to be taken into account before a sample is analyzed.
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