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Abstract 

The work presented in this thesis focuses on the study and development of h W 1  

methods for the analysis of biopolymers as well as some indusuial polymers. 

A n o n i n ~ s i v e  method based on laser confocal rnicroscopic imaging technology to 

examine MALDI sarnples prepared by various protocols is reported. The correlation 

between MALDI ion signal variations and analyte distribution observed in the confocal 

rnicroscopic images is descnbed. The uniformiv of analyte distribution in matrk crystals 

is revealed to be the key to achieving reproducible L W D I  ion signals. From this study. an 

effective two-layer sample preparation method is developed. The characteristics and 

advantages of the two-layer method are discussed and demonstrated in a number of 

applications. 

A methodology used in searching for unique biomarkers for bacterial discrimination 

is established based on off-line MALDI analysis combined with HPLC separation. 

followed by peptide mapping using protein database searches. Over three hundred 

components from a solvent suspension of E. coli are detected, and three proteins are 

identified by MALDI anaiysis of the proteolytic digests of several collected fractions. 

A snidy of MALDI anaiysis of DNA up to 60-mer is described. The effects of 

sample preparation, type of matrix, base components of DNA and methods of sample 

purification on detection sensitivity, resolution and mass accuracy are discussed. 

The impact of different solvents on mass discrimination of biopolymers and 

indusmal polymers is investigated. It is shown that proper use of a solvent or solvent 

mixture can irnprove sensitivity. detectability, and mass spectral reproducibiiity for both 

biopolymers and industrial polymers. 

A rnethod of MALDI analysis for rnonosulfated oligosacchandes is also developed. 

Coumarin 120 is found to be an effective matrix for the detection of monosulfated 



disaccharides, and a mixhire of coumarin 120 and 6-aza-2-thiothyrnine works well for 

monosuifated trisacchaxides and tevasaccharides including those containing N-acetyl- 

neuraminic acid- 
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Chapter 1 

Introduction: Matrix-Assisted Laser Desorption Ionization 

Time-of-Flight Mass Spectrometry of Eiopolymers 

Mauix-assisted laser desorption ionization (MALDI) is a soft ionization technique 

capable of producing rnainly intact moiecular ions of thermally labile or non-volatiie 

compounds with masses up to 1,500,000 Da. Discovered in 1985~ and independently 

demonstrated its high-mass capability in 1988 by  anak ka' using an inorganic matrix and 

Hillenkamp and Karas3 using an organic matrix, the MALDI technique has revolutionized 

the field of mass spectrometry for large biomolecules. The rapidiy prowing number of 

publications in this field can be taken as proof of the great practical importance of this 

technique. Due to the higher sensitivity provided by Hillenkarnp and Karas's method. the 

use of organic matrix has k e n  the method of choice so fx.  

MALDI has high mass capability and pulsed nature and therefore is usually coupled 

with a time-of-flight (TOE) mass anaiyzer. Such an ion analyzer can transmit ions with an 

unlirnited mass range. In addition, TOF anaiyzers can be pulsed synchronously with the 

puised production of ions by a laser, thereby optimizing sensitivity which is currently in the 

attomole to femtomole range. TOF instruments are mgged and simple to operate, and can 

be built at iow cost. In the past ten years, MALDI has provided rnuch of the impetus to 

develop TOF mass spectrometee.' The mass accuracy of MALDI-TOF instruments is 

generally 0.01-0.1% and can be as high as a few parts-per-million (ppm) in some high-end 

instruments and resolution of a few thousand to 20,000 (FWHM) is generaiiy obtained 

with current TOF instruments. 

This chapter focuses on the discussion of the fundamentals of TOF analyzers and 



the MALDI technique. The scope of applications of MALDI-TOF for biopolymer analysis 

is outlined. The experimental senip used in this thesis work is briefly descnbed. Details of 

experirnentai procedures unique to each topic are discussed in the appropriate chapten. 

1.1 TOF Mass Analyzer 

In a TOF analyzer, ions of different m a s  to charge (mlz) ratios are separated based 

on their difference in velocities, and the rnass-to-charge ratios of the ions are determined by 

measuring their tlight tirne. Figure 1.1 shows a diagram of a simplified TOF rnass 

spectrometer. Briefly, the TOF mass analyzer consists of a short source-extraction region. 

a drift region (Le., the tlight tube), and a detector. Ions are fonned in a source region in 

the presence of an elecaical field that accelerates the ions into a field-free drift region (D). 

Ideaüy, all ions enter the drift region with the same kinetic energy, given as 

Where z is the number of charges on the ion, e is the unit electronic charge, E is the electric 

field strength, s is the position of the ion formed in the source (see Figure 1.1)- m is the 

mass of the ion, and v is the ion's fuial velocity. The fmal velocity cm be simply 

expressed as the length of the field free drift region, D, divided by the tirne, t. to traverse 

this region, by assurning that the source region is short with respect to the drift region and 

that the time an ion spent in the source is negligible. Therefore. ion fight t h e  is 



which depends upon the square root of an ion's mass. If the accelerating voltage (V=Es) 

and drift length are known, Equation 2 can be used to determine the mas-to-charge ratio 

( 4 2 )  directly. However, in practice, values for D and V are not known accurately enough 

to permit the utilization of Equation 2, thereiore an empirical rnass calibration equation. 

expressed as 

is used to convert flight times into corresponding d z  values. where a and b represent 

values particuiar to the design and operation of the insrniment and are deterniined from the 

flight times of two ions of known d z .  

Figure 1.1 A diagram of time-of-fiight mass spectrometer. 



Mass resolution, defmed as &Am, is a measure of mass spectrometer's capability 

to produce separate signals from ions of sirnilar mas.  For the TOFMS, mass resolution is 

also defmed as 

where At is commonly measured as the full width at half maximum (FWHM) of a peak. 

The-of-flight mass spectrometers have traditionally been regarded as 10 w-resolution 

instruments. The principal sources of poor resolution are the temporal distribution of ion 

formation, the spatial distribution of ion formation, the ions' initial kinetic energy 

distribution, or a combination of these contributions. 

Temporal distribution results in ions which enter the flight mbe at a different time. 

but maintain a constant tune difference as they approach the detector. Since mass 

resolution is given by t/2At, a simple rnanner to improve resolution is to extend the flight 

tirne. This can be accomplished by reducing the accelerating voltage or increasing flight 

tube length. In MALDI, samples are desorbed from a probe surface by pulsed lasers. The 

pulse width of lasers is most often Iess than 3 ns, therefore, temporal distribution of the 

MALDI ion formations is very minor. 

Spatial distribution refers to ions of the same mass that have the same initial kinetic 

energy but are formed at different locations dong the direction of the electric field. In 

MALDI, the roughness of the sarnple surface and the fact that the tirne between desorption 

and ionization is not uniform lead to the situation that the area of ion formation is not of 

zero thickness in the direction of acceleration but has a Finite width which in a typical 

MALDI experiment can be determined to expand over several tens of micrometers. Thus, 



experimental conditions such as the method of sample preparationSJ and the actual 

desorption conditions including laser intensity, pulse duration and the angle of the laser 

beam on the sample also have an influence on the spatial distribution of the ion formation 

area.9.'0 In the electric acceleration field of a TOF mass spectrometer, this distribution of 

staaing points directiy nansfom into a distribution of kinetic energies in the field free drift 

region and fmally results in a distribution of flight-times at the detector. 

Initial kinetic energy distribution arises fiom the ions' initial velocity distribution. 

In MALDI. ions are formed with a broad initial kinetic energy distribution" and initiai 

velocity''" is mass-independent Furthemore, ions may be formed with their initial 

velocity directed toward or away from the source exit. These ions will be accelerated to the 

same fmal kinetic energy but reach the detector at different times, with a difference called 

the tum-around tirne. 

These three sources of flight-time broadening are superimposed in a MALDI 

expairnent and their effects add to the total temporal width of the ion signals obsenied at 

the detector of the TOF mass spectrometer. It shouid be noted that the initial kinetic energy 

distribution is the major factor limiting resolution in MALDI-TOFMS. The effects of initial 

kinetic energy spread are in general reduced by high accelerating voltages. On the other 

hand; space focusing is achieved by using relatively low extraction voltages. Therefore, it 

is difficult to achieve space and energy focusing sirnultaneously. 

Histoncaily, the fmt significant improvement in TOF mass resolution was achieved 

b y a method known as rime-lag focusing (TLF) introduced by Wiley and McLaren." They 

used a two-stage extraction source to push the space-focus plane to the entrance of the 

detector by selection of the proper ratio of the electric field strength in the second region 

(E2) to the electric field strength in the fmt region (E,) (see Figure 1.2). Here, the term 

"space-focus plane" refers to the location where initial spatial distribution is zero. Energy 



focusing was accomplished by vvying the extraction pulse voltage or the deiay between the 

ùme of ion formation and ion extraction. Figure 1.2 shows a diagam explaining the 

p ~ c i p l e  of tirne-lag focusing. 

Repeller Extractor Detector 

1 
Drift region (D) 

Figure 1.2 Diagrarn e x p 1 a . g  the principle of Ume-lag focusing. 

In TLF, an DC voltage is equdy applied to the repeiler plate and extractor plate 

wMe the ions are king formed. This enables the ions to drift within a field-kee source 

region. After a short time delay, a pulsed potentiai is applied to the repeller. Here, the time 

delay refers to the time between the end of the ionization period and the ion extraction 

event. Application of the appropriate pulse voltage provides the energy correction 

necessary to sirnultaneously detect ali ions of the sarne masslcharge regardless of their 



initial energy. The process of energy compensation c m  be explained by refemng to Figure 

1.2. For example, the first and the third ions (the order of the ions is counted from top to 

bottom) are formed in the sarne location but have different initial kine tic energies . The first 

ion with higher initial energy from the desorption and ionization process drifts toward the 

extraction grid faster than the third one. Thus. it receives less kinetic energy from the 

extraction field when such a field is applied to the region between the repeller and extractor. 

and both ions amive as the detector at the sarne time. The necessity for correcting the turn- 

around problern cm be appreciated by comparing the fint and fourth ions, which have the 

same initial kinetic energy but have initiai velocities in opposite directions. Because the 

fourth ion drifts toward the back of the source pnor to application of the pulse voltage, it 

receives considerably greater kinetic energy from the extraction field, and also catches up at 

the detector. 

ho the r  successful solution to the problem of low resolution TOF was the 

invention of the rej le~tron.~"~~ The reflectron. located at the end of the flight tube. consists 

of a series of rings ancilor grids with voltages that increase up to a value slightly greater 

than the voltage at the ion source. The ions penetrate the reflectron until they reach the zero 

energy, tuni around, and are reaccelerated back through the reflectron, exiting with 

energies identical to their incorning energy but with velocities in the opposite direction. 

Ions with higher energies will penetrate the reflectron more deeply, will spend more tirne 

tunllng around, and WU catch up with less energetic ions (of the sarne mass to charge ratio) 

at the time they reach the detector. Therefore, resolution is improved. 

Several other te~hni~uesl ' - '~  were also developed to correct the flipht-time 

distribution, but no single method was able to compensate for all peak broadening sources. 

Recently, TLF or the combination of TLF and reflecw~n has shown its use to improve the 

resolution ~ i ~ c a n t l y  in MALDI-TOFMS.'~~ Mass resolutions as high as 6000 and 



15,000 were reported for line* and reflected3 geometry instruments. 

6.2 MALDI 

1.2.1 Principle and Mechanisms 

The basic rational to employ matrices for laser desorption ionization was the 

intention to transfom non-absorbant samples into absorbant samples. In MALDI. a 

specific matrix material" is used: the procedure involves directing a short-duration (< 3 ns ) 

pulse of laser lighr ont0 a speciall.~' prepared sarnple in the vacuum of a mass 

s p e ~ t r o m e t e r . ~ ~ ~  The sample is typically prepared by mixing, in solution, a small quantity 

of the analyte of interest with a large rnolar excess of a "maaic" compound, applying a 

small volume of the resulting solution on the sample probe of a mass spectrometer. 

followed by drying to give a microcrystalline solid layer. Under appropriate conditions. 

the analyte of interest is incorporated in the matrix ~ r ~ s t a l s . " - ~ ~  On irradiation with laser 

light having a wavelength that is strongly absorbed by the matrix molecules, the rnatrk as 

well as the incorporated analyte molecules undergoes a phase transition from the solid to 

the gas, and a fraction of these molecules is ionized. Figure 1.3 shows a schematic of the 

MALDI desorptiodionization process. 

Figure 1.3 Schematic of the MALDI desorp tionlionization process 



The MALDI technique has been well established in a practical aspect. However. 

the underlying mechanism of the desorption ionkation process is s t i l l  not fully understood. 

A nurnber of models3@" have k e n  proposed. Either a thermal or an electronic process was 

invoked to explain the nature of the laser-induced process leading to rkc: phase transition 

from the solid to the gas, and the observations that the embedded analyte desorbs as intact 

molecules, w hereas the matrix may undergo extensive fragmentation. The t herrnai. 

sublimation desorption rnodel was found to correlate very wsll with the observed trends of 

the signal intensity as a function of laser 8 ~ence.~'") However, this model has limitations 

to explain some of the experimental phenornena. For example, if the process took place in 

complete thermal equilïbrium, total fragmentation wouid be expected. Ln this regard. non- 

equilibrium effects have to be taken into account. 

The cool plume, or hydrodynamic modelM, focuses on the actual expansion into the 

gas phase. In this model, laser energy deposited into the solid ma& leads to heating and 

phase transition. The generated plume, in tum, undergoes gas dynamic expansion and 

exhibits cooling. The entrained analyte molecules are therefore stabilized in the expansion. 

Experimentaily, quick decay of plume temperature was observed with increasing distance 

from the surface. This mode1 rationalizes the absence of thermal degradation process. irt 

addition, it is aiso consistent with the obsenration that the velocity of analyte rnolecules was 

mass-independent in the jet expansion model." Unfominately, abundant maaix fra,ments 

can be observed in a UV MALDI mass spectrum, which the simple heating of the matrix 

lanice by the laser pulse does not explain. This observation points to the importance of 

exploring the possible energy-transfer pathway in the system." 

In U V  experiments, primary energy deposition leads to electronic excitation of the 

rnatrix molecules. Part of the deposited energy is reernitted through f luores~ence .~~ 

Another portion is channeled via fast intemal conversion andor intersystem crossing 



processes and leads to vibrationaily highly excited states. Some matrix molecules wiU 

decompose fiom these vibrational states; others will transfer their energy to the lattice. 

Thus the lattice is heated and the phase transition temperature can be reached. At this stage 

the question arises as to wbg  prevents energy transfer to the analyte molecules. The 

homogeneous bonIeneck mode13' suggests that there is an obstacle in the energy transfer 

toward the embedded analyte molecules, such that there is very Little vibrational excitation 

of the analyte molecules. This socalied energy transfer bottleneck is caused by frequency 

mismatch between lattice vibrations in the solid and intramolecular vibrations in the analyte 

rn01ecules.~~.~~ 

The mechanism for ionization in MALDI: has remained more unsettled. Thermal ion 

formation is not likely because the required temperature will certainiy desuoy the larger 

molecules. Photo-processes are very inefficient for IR radiation but are wonhy of some 

interest in W experiments. It is still a subject of debate whether ions exist as a pre-formed 

species in the solid state and then simply are iiberated upon laser irradiation. or whether 

ions may be formed by ion-molecule reactions initiated by the laser shot. or whether they 

may onginate from a combination of both processes. Most studies so far  have focused on 

post-desorption reactions and the experimental data have substantiated the essential role of 

the rnatrix in analyte i o n i ~ a t i o n . ~ ~ ~  Only a few experimental studies directly supported the 

presence of pre-formed ions."." hspecting MALDI rnass spectra, it is clear that the most 

favored channel of molecular ion fornation is protonation and cationization. For the W- 

MALDI expriment, several rn~dels'~" predict that electronically excited ma& molecules 

and photo-ionized ma& ions are the key species to the initiation of gas phase protonation 

and cationization of analyte molecules. However, electronic excitation does not play a role 

in the case of IR-MALDI. Chait et al." proposed that 

consequence of the soiid-to-gas phase transition induced 

ionization occurs as a naturd 

by the IR irradiation and that 



ionization takes place through proton exchange reactions in the intermediate phase between 

solid and gas phase. They also suggested that the protons derive from dissociation of the 

acidic matrix in this intermediate phase, and that the driving force for ionization is the 

relatively high proton affïnity of the analyte molecules. Based on the proposed ionization 

processes, the only aspect which seems to be fairly clear by now is that most mechanisms 

leading to ion formation in MALDI occur in the gas phase, with only minor contributions 

from the pre-formed ions in the condensed phase. 

1.2.2 Matrix and Sample Preparation 

The matrix is the key component in MALDI and the most decisive factor for 

successfhl analysis. A candidate rnatrix material should have the properties of high molar 

extinction coefficient at the wavelength used, miscibility with the analyte in the solid phase, 

good vacuum stability, proper chernical composition to promote analyte ionization, and 

some physical propenies such as lattice structure and heat of sublimation to hduce efficient 

desorp tien? Fulfillment of some criteria c m  be assessed readily because phy sicoc hemicai 

data on organic solids are available. However, it is dificult to predict whether a given 

ma& candidate will efficiently desorb and ionize analyte molecules since none of many 

theones proposed c m  fuliy describe the chah of events. Therefore. searching for new and 

useful matrices is stiU a matter of trial-and-error experimentation. In general, the main 

critenon in evaluating a rnaaix (except for pst-source decay) is the ability of the matrix to 

provide maximum ion intensity and signai reproducibility while minimizing fragmentation. 

So far, seveml hundreds of candidate matrix rnaterial~~'-*-~~ have k e n  screened, chosen 

mainly according to the above basic properties. Some of hem were found to work, but 

only a limiteci number of matrices become really useful in practice. Table 1.1 lists some of 

the matrices commonly used in the analysis of peptides and proteins, oligosaccharides, and 

nucleic acids. 



Due to the limited nurnber of rna+&ces available for use in MALDI, a development 

of comatrices and multicomponents has emerged as a new active area. Cornatrices can be 

isorners of the principal matrix, or a sarne series of matrix. or organic compounds which 

are completely unrelated to the principal matrix in their propertïes. The a û u n t  of 

comatrices added is relatively low with respect to the principal matrix, usually in the range 

of molar ratio from 1:10 to 1:2. The major functions of comatrices were found to enhance 

the signai intensity, reproducibility, and resolution based on a number of comatrices i.60-66 

tested. In some cases, it also increases the tolerance against buffer and sdts. These 

irnprovemenü are probably due to the changes of crystallization or varying of the crysral 

forms of a matrix, embedding analyte molecules more homogeneously. Other reasons may 

be related to cooling function of sorne comatrices or their ability to suppress the cationized 

ion signal. Table 1.2 is a summary of some useful cornatrices and their principal matrices. 

Sample preparation is another important step in MALDI and plays a critical role in 

achieving optimal performance. To date, a variety of MALDI sample preparation methods 

have k e n  reported. The earliest sample preparation method utiked the dried-droplet 

methodS3 This method consists of selecting a solvent system in which both matrix and 

analyte are soluble, mixing analyte with a large molar excess of rnatrix. applying 

maWanalyte &tue solution ont0 the sarnple probe, and evaporating solvent under 

ambient conditions allowing the CO-crystailization of matrix and analyte. The advantage of 

this preparation is its simplicity. However, this method usually creates heterogeneous 

mahix crystais and poor analyte distribution throughout the solid, crystallized sample.' 

which. in MALDI analysis, leads to large signal variations over the surface of the target. 

and tedious searching for a "sweet spot" is often necessary. The efforts devoted to 

overcorne this problem are mostly directed toward the preparation of more homogenous 

samples via the formation of rnicrocrystals. Weinberger et al. have tried drying the mixture 



Table 1.1 List of some good matrices and their applications 

Main Applications Matrix 
-- 

Proteins 
Oligosacc harides 

Wavelength 

Proteins 

HCCA Peptides and Proteins 

Oligonucleic Acids 

Nucleic Acids 

Oligonucleic Acids 
Acidic Oligosacc harides 

Oligonucleic Acids 
Acidic Oligosacc harides 

Proteins 
Carbohydrates HABA 

OligonucIeic Acids 

Proteins 
Sulfated Oiigosacc harides 

Oligosaccharides 

Oligonucleic Acids Succinic Acid 

Urea Oligonucleic Acids 

2.94 pm 

2.94 prn 



Table 1.2 List of comatrices 

Comatrices 

5-rnethox y salic y lic acid 

a-L Fucose 

2-3-DHB 

3-amino-2,5,6-trifluorobenzoic acid 

diammonium hydrogen citrate 

diammonium hydrogen citrate 



of analyte and matrix in vacuum to achieve smaller and more hornogeneous ~rystals.~' This 

method has apparently led to improved results in some cases, but it was not generally 

useful in practice. The same investigatoe have also experïmented with a two-step 

crystallization procedure in which they first produce a layer of analyte and m a r k  co- 

crystallized on the target. wipe it off, and subsequently grow a second layer of 

analytehatrix material on top of it, thus using the remains of the fmt  layer as a seed for the 

growth of the second layer." An improvement in resolution and quantitation was noted for 

this procedure. Xiang and Beavis published a similar sample preparation r n e t h ~ d ~ ~  called 

"crushedsrystal" and noted that it allows the use of much more contaminated sarnples. 

The authors prepare a seed layer by depositing a sahuated maaix solution and smashing the 

matrix crystals with a g l a s  slide. Subsequently, they use the dried-droplet method to 

apply matrix/anaiyte mixture solution on the top of the seed layer. The crystals formed by 

this fashion are densely packed on each other which makes extensive washing of sample 

surface possible. This, in tum, increases the tolerance against contaminanis. Analysis of 

myoglobin in the presence of 20% glycerol and auother sample containing 6 M urea was 

facilitated by this method, where no observable signai was obtained using the dried-droplet 

method. In practice, however, this method is somewhat inconvenient and time-consuming 

due to the manual grinding of the first-layer crystals. 

Vorm et aLSJO reported a "fast evaporation" sample preparation method. This 

rnethod involves preparation of a very thin rnatrix layer sirnply by fast spreading and 

evaporation of the matrix in a highly volatile solvent (e.g., acetone), then deposition of a 

small volume of an aqueous solution of the analyte on top of the matrix layer to form a very 

homogeneous sample. Because of the limited solubility of the rnatrk in water, the analyte 

, as salts and 

ioss of the 

will stay codiied to the oumiost layer of the matrix. Sarnple impurîties such 

buffers wiü not be incorporated and can be washed off without noticeable 



analyte. The result of this preparation is an increased sensitivity and m a s  resolution. 

Additiondy. this method cornpletely decouples the ma& and analyte preparation. 

Therefore. the requirement of common solvent for both analyte and ma& in previous 

methods is not necessary to be obeyed. Unfortunately, the advantage of high sensitivity of 

this method is only limited to the applications of peptides and srnall proteins: for larger 

proteins or for complex protein mixture analysis, a ~ i ~ c a n t  decrease of signal intensity 

or even complete suppression of protein signals7' was observed. Another Limitation is that 

this method can not easily be adapted for water soluble matrices such as 2.5-DHB or 3- 

HPA. 

Based on the crushed-crystai method and fast evaporation method, we developed an 

effective two-layer methocl.* Details of this method are described in Chapter 2 and Chapter 

3. This sample preparation uses fast solvent evaporation to form the first layer of small 

crystals (as in the f ~ s t  step of the fast evaporation method), then places a mixture of ma& 

and analyte solution on top of this crystal layer (as in the analyte/matrk deposition step of 

the crushed-crystal method). By varying the concentration of the Fust-layer matrix and the 

ratio of highly voiatile organic solvenü such as methanol and acetone, the thickness of the 

Fust layer and the size of the crystals can be weil cootrolled. The key difference of this 

method from crushed-crystd rnethod is that the fmt layer of seeds c m  be more 

reproducibly prepared. Consequently, the reproducibility between sample to sample is 

improved, which leads to better extemal calibration m a s  accuracy. Compared with fast 

evaporation, mo-layer method provides much higher detection sensitivity for proteins in 

either simple or complex mixture andysis. The enhancement is Likely due to the 

improvement of isolation between analyte molecules as a result of depositing a solution 

containing both analyte and matrix on top of the microcrystals, instead of using only the 

analyte solution in the fast evaporation method. 



Several other methods have also been proposed to increase the reproducibility of 
- 7 

sample preparation. These include slow ma& crystal growing," electrospray.'' spin- 

~oating,~'  and surface enhanced neat desorption (SEND)." Although most of the attention 

conceming sample preparation is focused on new sample/matrix preparation techniques. the 

substrate upon which the sarnple/maaix solution is deposited has also been investigated. 

Membrane supports include nitrocellulose,7678 p~lyethylene,'~ ~afion,"." poly-( vinylidine 

d i f l u ~ r i d e ) , ~ ~ ~ ~  and other synthetic rnatenals." The major advantages of using membrane 

substrates are that they appear to increase the reproducibility of ion yield as well as dlow 

for effective elimination of the intedering effects of salts, buffers. and other contarninants 

present in the sample. 

The choice of solvents in sarnple preparation is equally important, particularly when 

analyzing complex sarnples containing large and varied mixture of compounds. Several 

'9.85.86 s tudies- have found that mass discrimination effects in the MALDI-MS are greatly 

influenced by the compositions of sample/matrix solvent and pH. The dependence of mass 

spectral patterns on the solvent conditions as illustrated in Chapters 3 and Chapter 8 of this 

thesis further supports this notion. Since the impact of solvents on mass discrimination is 

in part related to the analyte s ~ l u b i l i t y , ~ ~  there are no universal soivents yielding good 

results for a broad variety of analytes. Optimization of solvent conditions is still sample 

dependent. although some general guidelines of soivent selection for peptides and proteins 

have been suggested." Nevertheless, to achieve the highest detection sensitivity and 

optimal quality of specûurn, great care must be taken in fine tuning the solvent conditions 

tailored to a specific application. 

1.3 Scope of Applications for Biopolymers 

MALDI-MS has becorne an important method for investigation of biopolymers. 

such as peptides, proteins, carbohydrates and DNA oligomers. It has also k e n  applied to 



a large variety of dmgs, metabolites, and other low-molecular weight compounds. 

Although the pnmary application of the method has been the determination of rnolecular 

weight, the direct mass spectrometric structure analysis of biopolymers with MALDI-MS. 

either by post-source decay ( P S D ) . ~ ~  MS/MS, or by combination with enzymatic/chemicai 

digestion, is also possible. 

Analysis of peptides and proteins is the most estabiished field of appiication so far. 

Routinely proteins of masses up to ca. 300,000 Da c m  be analyzed. spectra with ions up to 

a mass of 500,000 Da have been r e p ~ r t e d . ~ ~  No Limitation to the MALDI analysis of 

proteins due to primary, secondary, or tertiary structure has yet been discovered. Proteins 

with different solution phase properties, including proteins that are insoluble in ordinary 

aqueous solutions and glycoproteins that contain large proportions of carbohydrates. can be 

anaiyzed. In addition, MALDI mass analysis of peptide mixtures produced by enzymatic 

or chernical digestion of proteins cm aiso be carried out for elucidation of protein 

structures. Using different matrices or matrix mixtures, al1 peptides in a mixture should be 

detectable. The high sensitivity, and the tolerance against impurities and contarninants. 

make the technique very weil-suited for the fast analysis of peptide mixtures and therefore 

protein identification. 

MALDI can also be used to analyze derivatized and underivatized carbohydrates. 

Underivatized neutrd oligosaccharides up to about 15,000 Da c m  be analyzed with about 

the same ease and sensitivity as peptides or proteins of similar ~ ize . '~  For small molecules, 

denvatization such as permethylation usuaüy increases the sensitivity for detection by one 

or two orders of magnitude. In contrast to peptide and protein spectra that contain 

protonated molecular ions, the MALDI-MS spectra of neutral ~Ligosaccharides show 

mainly sodium or potassium attached rnolecular ions. Sensitivity for sidylated 

oligosaccharides is low with positive molecular ions but sufficiently good in the negative 



ion mode. Oiigosaccharide molecular ions produced by MALDI undergo abundant PSD 

fragmentations. Within the pattern of fra3ment ion spectra, most of the prominent mass 

signals are sequence specific and incrernental masses of individual monosaccharide 

residues can be identified more easiiy than with peptides. Nevertheless, this approach for 

smctural identity is recommended only for confiat ion cases in not too large linear 

structures (3-5 residues). 

The application of MALDI to DNA analysis is not as easy as it is to proteins. DNA 

polymen of up to 622 bases have k e n  detected by MALDI-TOFMS:'~ however. the 

resolution is considerably lower than for proteins of comparable size due to extensive ion 

fragmentation and adduct formation. Typically, a mass resolution of only 70-60 (FWHM) 

is obtained for DNA oligomers > 80-mer. For DNA c 60-mer, high resoiution and 

accurate mass measurement can be achieved with time-lag focushg or delayed extraction 

TOF-MS. An important application using MALDI is typified by the detection of the mutant 

f o m  of the cystic fibrosis gene." For the study of noncovalent complexes. iMALDI has 

been demonstrated for the detection of intact double-stranded DNA.~'  Direct m a s  

spectrometric structure analysis of oligonucleotides with MALDI-TOFMS, by PSD- 

analysis. fast fragmentation, or prompt fragmentation is possible, but these methods are 

still not advanced enough to ensure a satisQing sequence coverage. Sar1ger9s DNA 

sequencing method foilowed by detection with MALDI-TOFMS is currently an active 

research area. MALDI analysis of the Sanger sequencing products of DNA 45-mer with 

12-mer primer, starting with picomole quantities of the primer and template, has k e n  

dem~nstrated.~~ Due to decreasing detection efficiency with increasing mass of DNA. at 

this moment, MALDI-MS is still of Limited use for large-scale oligonucleotide sequencing. 

Further improvement in sensitivity, resolution and mass range is essential for MALDI to be 

a legitimate candidate for replacement of gels in the Sanger sequencing protocol. 



Finally, the recent progress of combining MALDI with separation techniques such 

as HPLC. gel electrophoresis or CE has made the technique become a powerful malytical 

tool especially in the area of proteorne r e ~ e a r c h . ~ ~  

1.4 Instrumentation 

The tirne-lag focusing time-of-flight mass spectrometer setup used in the work of 

this thesis is shown in Figure 1.4." The ion source consists of four plates: a repeller plate. 

two extraction plates and a ground plate. The sample probe sits in the repeller plate such 

that the sample surface is flush with the inside plate surface (normal to the ion opticd axis). 

A pair of deflection plates is placed 6 cm beyond the ion source to fdter out the low-mass 

ions. The flight tube is made from l0-cm-diameter stainiess steel tubing with a total flight 

path of 1 m. The vacuum pressure of the instrument in the flight tube is 3-7 uPa 

maintained by a 6-inch diffusion pump (Varian) and a Cinch diffusion pump (Edwards). 

A dual microchanne1 plate detector operated with the front plate set to -2 kV is used for ion 

detection. A nitrogen laser (Laser Science, Inc.. Newton, MA, USA: mode1 VSL 337ND) 

with 3 ns pulse width is used for desorption. The delay time and the amplinide of the pulse 

voltage applied to the repeller are individudy adjusted according to the mass of the analyte 

interested. 

The ion signal is arnplified with a 500 MKz (3 dB), 20 dB amplifier (CLC 100. 

Comlinear Corp.; Fort Collins, CO). A mass spectmm is recorded using a LeCroy 9350M 

digital oscilloscope in conjunction with Hewlett-Packard MALDI software. The spectrum 

is then transferred to a Power Macintosh 7200/120 and processed further using Igor Pro 

3.0 (WaveMetrics, Inc.; Lake Oswego, OR.). 
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Chapter 2 

Confocal Fluorescence ~Microscopic Imaging for Investigating 

the Analyte Distribution in MALDI Matricesa 

2.1 Introduction 

In matrix-assisted laser desorption ionization (MALDI). sample and matrix 

preparation play a central role in achieving optimal performance. Detection sensitivity. 

selectivity, mass resolution and other performance indicators are strongly dependent on the 

sarnple and rnaaix preparation. Understanding the chernical and p hysical p henomena 

underlying the sample preparation process is very important. A major objective of sample 

preparation studies is to i d e n w  sample properties, such as crystal size and shape. analyte 

distribution. matrix to analyte ratio, etc., that are relevant to the success and optimization of 

MALDI. It is hoped that these studies would ultimately lead to a rational design of 

improved sample preparation methods by controlling those sample properties in a wide 

range of applications. However, because of the involvement of macromolecules and the 

cornplexity of the crystal formation process under normal MALDI conditions, very few 

physical measurement techniques can be employed to study sarnple preparation. 

Microscopic methods have k e n  commonly used to inspect the crystal 

morphology.'" Most of these techniques, however. do not provide information about the 

analyte distribution. The knowledge of the analyte distribution in matrices is important for 

" A form of this chapter has been published as: Y. Q. Dai. R. M. Whinai. L. Li 

"Confocai Fluorescence Microscopic Imaging for Investigating the Analyte Distribution in 

MALDI Matrices" Anal. Chem. 19 9 6, 68, 2494-2500. The MALDI mass spectra were 

collected by Dr. R. M. Whittal. 



understanding the fundamental role of matrices in the overail MALDI process. For 

analytical applications, it is expected that uniform analyte distribution is desirable in 

achieving better signal reproducibility and improving quan titatiod Thus, any techniques 

that can provide anaiyte distribution information would be highly val~able during the 

course cf developing new and improved sample and mahix preparation protocois. The 

anaiyte distribution information is also crucially needed in developing new sample 

deposition methods for handling very s m d  analyte volumes, such as celluiar fluids or very 

dilute solutions with multiple sample depositions.'> 

It was pointed out by King and Owenslo that fluorescence microscopy may 

potentiaily reveal such important information. The authors reported the use of fluorescence 

microscopy to study the distribution of fluorescently labeled proteins in MALDI rnatri~es. '~ 

However, the information gained from conventional fluorescence rnicroscopy may present 

sorne arnbiguity in mapping the true distribution of the analyte in matrix crystals. This is 

due to the presence of strong intemal reflectance and transmission of fluorescence light 

emitted from the analyte within andlor near the surface of a crystal. The fluorescence 

ernission from one region (e-g., the surface) can be readily msmitted or reflected 

throughout the entire crystal. In addition to the microscopie studies, there is a paucity of 

reports where spectroscopie techniques are used, including X-ray crystallography," 

Raman spectroscopy' and X-ray photoelectron spectro~copy,~' in an atternpt to study how 

the analyte is distributed in the MALDI crystals. 

Herein laser confocal microscopy was used to map the fluorescence-labeled analyte 

distribution in MALDI matrices. In laser confocal rnicroscopy, a laser beam is focused 

ont0 a s m d  three-dimensional volume element, termed a voxel. The voxel size is 

dependent on the excitation and detection wavelengths used as well as the optical collection 

parameters and is typicaily 200 x 200 nrn laterally and 800 nrn axially. l 3  The iilurninated 



voxel is viewed with a speciaiiy designed optical system consisting of several lenses and 

apertures such that only signais emanathg from this voxel are detected, Le.. signai from 

outside the probed voxel is not detected. This is in contrast to conventionai microscopy 

where signal from above or below the focal plane is also detected. resulting in poor 

specimen imaging." By rastenng the light k a . .  (or mechanicdly scanning the specimen 

through the confocal point), an image of the complete specimen on the laser focal plane c m  

be obtained. By adjusting the vertical position of the laser focal point, the voxel can be 

rnoved to another lateral plane, where the beam c m  again be rastered across the entire plane 

to produce an image. Thus, a three-dimensional image of the specimen c m  be readiiy 

constmcted by stacking these "planar" images. 

We demonstrate in this chapter that the three-dimensional image of the MALDI 

ma& crystal can be obtained by stacking a number of planar images produced from the 

iight refiected from the surface after laser illumination (reflection mode) or from the 

transrnitted light (transmission mode). Since the MALDI matrix crystals do not fluoresce at 

the wavelength used for excitation, the analyte image can be obtained by operating the 

instrument in fluorescence mode. In the end, the color-coded analyte image and the overall 

sarnple image can be superimposed. The aoalyte distribution on the surface and within the 

sarnple crystds can then be examined. 

2.2 Experimental 

2.2.1 MALDI Sample Preparation 

The MALDI mass spectra were obtained in a tirne-lag focusing iinear tirne-of-flight 

mass spec~ometer,'s as described in Chapter 1. The tetramethylrhodamine (Tm)-labeled 

trisaccharide aGal(l+3) [aFuc( I +2)] PGal-TMR was a gift from Dr. O. Kindsgaul; its 

preparation has been described.'"" The fluorescein isothiocyanate-labeled insulin (insulin- 

FITC) was purchased from Sigma. The purity of the samples was checked with the use of 



capillary electrophoresis equipped with a laser induced fluorescence detector. The presence 

of free dye was found to be less than 1%. Thus. the contribution of the free dye signal to 

the overall fluorescence signal observed in the microscopic imaging work is negligible for 

low concentration sarnples. 

Samples were prepared using the dried-droplet, " cms hed-crys ta1 .' and fast 

evaporationi9 methods as weii as the NO-layer method described in this work. nie 

insuiin-FITC and TMR-labeled trisaccharide were dissolved in water at the concentrations 

iïsted in the figure captions. To ppreare matrk solution for the dried-droplet method. 2.5- 

DHB was dissolved at a concentration of 20 mg rnLL in 5% acetonitriie/water (v/v). SA 

ma& solution was prepared at a concentration of 1 1 mg rnL-1 in 5 0 8  acetonirile/water 

(v/v). The analyte solution was then premixed 5050 with the matrut solution. and 1 pL of 

matrix/analyte solution was placed on a stainless steel probe tip for both MALDI and 

microscopic examination. The ma& solution for the crushed-cqstal method was prepared 

as  a sanirated solution (1 1 mg mL-1) of SA in 33% acetoniailelwater (v/v). The solution 

was mixed on a vortex mixer for approximately 1 min followed by centrifugation for 5 

min. A 1.0 + aliquot was appiied to the probe, aiiowed to dry and crushed as described.' 

AnaIyte solution was then premixed 5050 with rnatrix solution and 1.0 pL was applied on 

top of the crushed fust layer. To prepare ma& solution for the fast evaporation method. 

SA was dissolved in 99% acetone/water (v/v) at a concentration of 27 mg mL-i. A 1 .O pL 

of this solution was applied to the probe, followed by the independent delivery of 0.5 pL 

of analyte solution. To prepare ma& solution for the two-layer method, SA was 

dissolved at a concentration of 6 mg mL-L in 60% methanol, 39% acetone, 1% of a O. 1 Q 

TFAlwater solution (v/v/v). A 1 .O pL aiiquot was applied to the stainless steel probe. A 

second matrix solution was prepared as a sanirated solution of SA in 30% acetonitrile, 20% 

methanol, 50% water (v/v/v). The matrix solution was premixed 5050 with analyre 



solution, and 0.5 pL was applied on top of the fxst layer. For ail preparations. the 

stainless steel probe used was successively polished with aluminum oxide particles to a 

fmal particle size of 0.3 pm to give a polished surface with ody  rninor micrometer-sized 

scratches on the probe surface. 

To C- orow larger crystals, SA rnother Liquor was prepared at a concentration of 1 1 mg 

mL-L using 33% acetonitriie/water (vlv) with the aid of -50 'C water bath and vortex 

mixing for 5-10 min. The analyte solution was added to the matrix mother liquor and 

mixed weil to yield a f ial  concentration of 0.5 pmol PL-1 for bovine insulin-FITC. The 

mixture solution was kept with the via1 mouth half-open in the refngerator ovemight. 

2.2.2 Confocal Microscopy 

A Molecular Dynamics Muitiprobe 200 1 Confocal Laser Scanning Microscope was 

used for the generation of all images reported here. An argonkypton laser operating at 

488 nm was used for the excitation of insulin-mC, whereas the 568 nm Iine was used for 

the excitation of the rhodamine-labeled trisaccharide. 

To generate a sample image, the sample is deposited ont0 a stainless steel ;MAU)I 

probe. The probe is then placed in the specimen holder in the microscope. The 

fluorescence image of the analyte is f is t  constmcted from 5-30 planar images spaced about 

0.2-2 ym apart (dependent upon the crystal size) dong the axis normal to the surface of the 

probe. The reflectance image of the samfle is constructed in the same manner as in the 

fluorescence mode operation. These two three-dimensional images stored in the cornputer 

are then superimposed to produce an overd  sample and analyte image. The overail image, 

as well as individual layers of images. can be readily viewed from different directions to 

inspect the details of the analyte distribution. 

2.2.3 Application Notes 

Confocal microscopy is cunently k i n g  used primady for studying biological 



specimens, such as cells. The following points are noted from Our experience of 

examining MALDI samples by using confocal rnicroscopy. 

1). The purïty of the analyte shouid be checked to ensure that it is not contarninated with a 

si,pificant amount of free fluorescent molecules. 

2). The use of a high concentration of analyte should be avoided to reduce the possibility of 

fluorescence s ipa l  saturation- The concentration range used in typical - W I  

experiments, Le., low femtomole to low picornole per rnicroliter. is appropriate for 

confocal fluorescence measurement. 

3). If multiple images are to be superimposed (e.g., fluorescence image plus reflection 

image), these images should be recorded with sirniIar intensities. The light intensity 

c m  be adjusted by controlling the laser power, detector amplifiers. and other 

operational parame ters. 

4). Sample thickness may be detexmined by stacking images in the vertical plane or by 

vertical scatming. The determination of sample thickness is constrained by the physicai 

limitations of the confocal instrument itself. The instrument we used was limited to 

depth p r o f h g  through a 300 pm range, which is adequate for most crystals. 

2.3 Results and Discussion 

Since rnost native proteins and oligosaccharides are nonfluorescent at the 

wavelength used for excitation in confocal rnicroscopy, analyte molecules tagged with 

fluorescent labels are used in this work. hsulin-FITC exhibits a lower signal-to-noise ratio 

(the label is attached to lysine residues"), while the rhodamuie-labeled trisaccharide shows 

an enhanced signal-to-noise ratio when analyzed by MALDI, compared with their unlabeled 

counterparts. Other MALDI parameters and observations remah the sarne, such as the 

required matrix to analyte ratio and the shot-to-shot spectral reproducibility during MALDI 

analysis. For analyte molecules such as insulin-FITC, the Iabeling group mass is smdI 



compared with the mass of the intact rnolecule. However, we can not say with certain- 

that the labeiing group does not influence the observed analyre distribution. Figure 2 .  L 

shows the MALDI mass specuum of the labeled insulin. reveaiing that the major 

components of the insulin sarnple are the unlabeled insulin and insulin with one ETC 

group attached. In this chapter, ail confocal microscope images, except those noted. were 

coilected using bovine insulin-FITC as the analyte. Other labeled species give essentially 

the same results. 

As in conventional light microscopy. the confocal system can generate phase- 

contrast images for studying the morphology of the MALDI crystals. Depending upon the 

type of materials used as the sarnple substrate. either transmission or reflection mode of 

operation or both can be used. To operate the confocal systern in transmission mode. the 

MALDI sarnple can be prepared on a glass microscope slide. The reflection mode of 

operation is usehl for direct imaging of samples prepared on the MALDI probe made of 

stainless steel or other non-transparent materiais. Figures 2.2A and 2.2B show two images 

of the samples prepared using DHB and SA as manices, respectiveiy, on a g l a s  slide with 

the dried-droplet sample preparation method. The insulin-FITC analyte image is shown in 

green, and the phase-contrast image of the crystals is presented in red background. As 

noted above, the two images were recorded using similar light intensities. These colors are 

used for presentation only and do not represent the actual colors of the objects. For 

cornparison, the images of the same samples prepared on a stainless steel probe are shown 

in Figures 2 . X ,  D. 

The images in Figure 2.2A-D clearly show that the analyte is incorporated into the 

crystals. This is also c o n f i i e d  by exarnining individual sections of images that constnict 

the overall images shown in Figure 2.2A-D. in  the regions where the analyte is most 

concentrated, the image appears green in color. In the areas where there is little or no 



FlTC 

Figure 2.1 MALDI mass spectnun of 1 prnol of bovine insulin-FITC using SA as the 

maîrix. 



The Caption below refers the figure on the next page. 

Figure 2.2 Confocal rnicroscopic images (scale bars ui p) of bovine insulin-FITC in: 

(A) 2.5-DHB maaix crystds and (B) SA matrix crystals. obtained by 

superimposing the transmission phasecontrast images of crystals (in red 

background) and the analyte fluorescence images (in green), prepared on a 

g l a s  slide using the dried-droplet method. (C) 2.5-DHB matrix crystais and 

(D) SA matrix crystals, obtained by superimposing the phase-contras t 

reflectance images of crystals (in red background) and the analyte 

fluorescence images (in green), prepared on a MALDI probe using dried- 

droplet rnethod. (E) An SA matrix crystal prepared by a controlled slow- 

growth process. SA matrix crystals prepared by (F) the fast evaporation 

method, (G) the crushed-crystal rnethod, and (H) the two-layer method 

described in this work. Color-coded confocal fluorescence images of bovine 

insulin-FïïC (in green) and aGal( 1 +3) [aFuc( l+2)@Gal-TMR (in blue), 

see text for details. The sarnple is prepared by (D the dned-droplet method 

with 2,5-DHB as the matrix and (J) the fast evaporation method with SA as 

the matrix (see text for details). Note that the MALDI desorption laser beam 

spot size is typically 50- 100 ym. 





analyte. the red color of the phase-contrast image dominates. and in areas where the analyte 

is less concentrated, the green color of the analyte overlaps with the red color of the 

background, and the image appears yellow. A striking feature revealed by these images is 

that the analyte is not unifomily disuibuted among or within the matri.. crystals. For the 

samples prepared with the typical ma& to analyte ratio and concentration used in a 

MALDI experirnent (e.g., LOO h o 1  to 5 pmol for the labeled insulin), regions containine 

relatively higher concentration of analyte or andyte domains can be readiiy obsewed on 

crystals formed in the entire sample probe surface. Carefid inspection of the individual 

crystals on the sample probe surface, as shown in Figure 2.2C,D, does not indicate any 

correlation between the location of the analyte domains and the physical appearance of the 

matrix crystals. Some crystals appear to grow to full length, but only a portion of the 

crystal contains analyte. h some crystals, the analyte resides inside the crystal, but not on 

the surfaces. Other crystals may have the opposite distribution. These findings suggest 

that (a) the andyte and matrix form cocrystds and (b) the CO-crystallization process is not in 

equilibrium with the dried-droplet sample preparation method. 

Crystailization occurs in two phases: nucleation and particle growth. Nudeation 

takes place as the maeix molecules aggregate. In addition, smaii particles already present 

in matrix solution as well as the sample substrate ( e g ,  the rough edges of the probe 

surface) can act as the nucleation and particle growth sites. The cocrystailization 

equilibnum is expected to be affected by many experirnental paranieters, including the 

properties of the sample substrate, solvent conditions, and the speed of crystal formation. 

With the use of the dried-droplet sample preparation method, the nonuniform anaiyte 

distributions in matrix crystals are observed for samples prepared on either glass or 

stainless steel substrate, as illustrated in Figure 2.2A-D. We also fmd that the variation of 

the ratio of the solvent composition does not yield crystals with more uniforrnly distributed 



anaiyte. However, the analyte is much more uniformly distributed in large crystals 

produced by a controlled slow growth process. This is shown in Fiawe 2.2E for the 

image of the bovine insulin-FITC in large crystals usinp SA as the mauix. In addition. we 

find that, unlike the dried-droplet method, ail Iarge crystals grown in this slow process 

contain the analyte. The sarne .esults are obtained when 2.5-Dm is used as the matrix. ft 

is clear that the rate of crystal growth affects the analyte incorporation. The slow growth 

process seerns to provide adequate time to establish an equilibriurn for the matrix crystals to 

more uniformly entrain the analyte. Thus, one has to be cautious in extrapo 

fmdings observed from the crystals grown by the slow crystal growth process to 

methods more commonly used for MALDI crystai formation.' 

lating the 

the rapid 

Some experimental observations are worth noting regarding the possible correlation 

between the analyte domain and the resultant MALDI anaiyte signal. In MALDI with 

sarnples prepared by the dried-droplet method, it is often necessary to search for a spot that 

gives analyte signal. Our MALDI instrument is equipped with a CCD canera to aid in the 

search for the sample spot. In many cases, when the laser beam is directed to a crystal. 

only the ma& background signal can be seen and no analyte signal is observed. We note 

that there is at least one report demonstrating the correlation between the analyte distribution 

and the MALDI analyte signais.' Our confocal ùnaging results seem to provide hrther 

evidence of this correlation. Strong and much more reproducible analyte signais can be 

obtained from the crystals containing the analyte, while the regions containing Littie or no 

anaiyte give only matrix peaks. As reported earlier, for large crystals formed by the 

controlled slow growth process, it is relatively easier to obtain analyte signal.' Moreover. 

signal variation from pulse to pulse as well as from spot to spot is small compared with that 

in dried-droplet method. This again seerns to comelate weil with the observation of a more 

uniform anaiyte distribution in the large crystals. 



WWe the use of large crystals for MALDI provides better signal reproducibility. 

this method of sample preparation is impractical for many routine analytical applications 

due to the &ne required for preparation and its inefficiency in using the analyte. The 

inefficiencv is due to the fact that a large portion of analyte would be entrained into the bullc 

of the crystal, where laser desorption is not accessible. 

In contrast to the formation of large crystals by the slow growth process, srnail 

crystals or microcrystals cm be formed by using rapid solvent evaporation. Weinberger 

and CO-worken reported a method of using vacuum to rapidly evaporate the maWsample 

solution to form srnail crystals on a MALDI probe." Better signal reproducibility was 

reported. Vorm et al. reported an alternative method of forming rn icr~cr~s ta ls . '~  [n their 

method, SA ma& solutions are prepared in acetoae. A drop of matrix solution is applied 

to the MALDI sample probe. The droplet spreads and dnes very quickly, leaving a rhin 

layer of ma& crystals. Analyte samples are then placed on top of the matrix layer and 

allowed to dry. This method provides improved performance compared with the dried- 

droplet meùiod for certain applications, such as peptide analysis. Notably, the MALDI 

analyte signal variations fiom shot-to-shot are relatively srnail. 

Fi,we 2.2F shows the analyte image of a sample prepared by using the fast solvent 

evaporation method with the use of SA as the matrùc on a stainless steel probe. The green 

color-contrast reflects the relative intensity of the analyte. The overall crystal shape is 

imaged and represented in red. The overlap of red and green in different proportions 

indicam the relative ratio between the analyte and ma& (yellow). For exmple, the 

analyte content is higher in the green region than in the yellow region. Figure 2.2F shows 

that microcrystals are formed and, within the individual microcrystal, the analyte is not 

uniformly distributed. However, across the entire sample deposition area, the analyte is 

more u n i f o d y  distributed than with the dried-droplet method. It appears that the ma& 



rnicrocrystals prepared by the acetone solvent evaporation act as the nucleation sites. The 

addition of the anaiyte in the second step of this method redissolves a small amount of 

ma& molecules in the outer layer of the crystals. The dissolved matnx molecules 

incorporate the analyte during the recrystaliization process. However, the latter is a rapid. 

nonequilibnum cocrystaüization process. This results in the nonuniform analyte 

distribution in individuai crystals. On the macroscopic scale, it is the large number of 

microcrystals that make the entire sample appear to be more uniformly distributed in 

anaiyte. 

These results suggest that denseIy packed, smaller crystals would be statisticaily in 

favour of more uniform analyte distribution across the sample area. S ince a laser beam of 

finite dimension is used to desorb the sample, a greater number of crystals wouid be 

intercepted by the laser beam from densely packed crystals. As a consequence. the 

averaged number of analyte moiecuIes desorbed wouid become more even from spot to 

spot, resulting in better spectral reproducibiiity. We reported that. by varying the solvent 

conditions in the fast solvent evaporation method, the crystai sizes c m  be readily 

controiled, making it a very versatile sarnple preparation method for different applications 

including direct analysis of serum samples." 

We attempted to prepare the matrix crystais using this method on a microscope 

siide; but no microcrystals are obtained. Instead, the sample morphology appears to be 

sirnilar to that prepared by the dried-droplet method. This resdt shows that the surface 

propem of the sample substrate must play an important role in forrning rnicrocrystals. In 

contrast to the smooth surface of the g las  siide, the "polished" stainless steel probe surface 

consists of many microstructures, from which the rnicrocrystals are grown. The crystals 

grown in this manner are less susceptible to k i n g  washed away dunng the on-probe 

sample cleanup process. 



Another very effective method in providing relatively more reproducible LMALDI 

spectral signais is the one reported by Xiang and ~ e a v i s . ~  In this method. the matrix 

crystals fonned on the probe are physically crushed into small crystais or particles. A drop 

of a mixture of ma& and analyte solution is then placed on top of the smdl particle layer. 

The confocal image of the sample crystals prepared using this crushed-crystal method is 

shown in Figure 2.2G. This image again shows that the analyte is relatively uniformiy 

distributed on the macroscopic scale. Note that the crystal size is not uniform. but the 

crystals are densely packed on the sample probe surface. The crystal size is dependent on 

how hard the larger crystals are crushed. For analytical applications. this method is 

particularly useful for the detection of proteins. while the fast evaporation method often 

gives no or smaii signds for these compounds. 

This confocal irnaging work shows that the salient feature of the fast evaporation 

method and the crushed-crystal rnethod is the generation of microcrystals that contain the 

analyte. To produce microcrystals, the presence of nucleaûon sites on the sample probe 

appears to be very important in both methods. Based on this observation and the notion 

that densely packed microcrystals statisticaily favour more uniform analyte distribution. we 

developed a modifïed sarnple preparation method. which we find to be very useful for 

routine anaiysis of both peptides and proteins. It involves the use of fast solvent 

evaporation of only matrix to form small crystals (as in the fmt step of the fast evaporation 

method), followed by deposition of a mixture of rnatrix and analyte solution on top of the 

crystai layer (as in the sample/maÛiu deposition step of the crushed-crystal method). The 

confocal image of the sarnples prepared with this method. as shown in Figure 2.2H. 

reveds that the analyte is rnacroscopicaily uniformly distributed. On a rnicroscopic level. 

there are regions where the analyte is more concentrated than in other regions; however, 

within the confocal microscopic resolution, there are essentiaily no regions where the 



rnatrix is devoid of analyte. The confocal image aiso shows that the crystds formed are 

very small (cl pm), uniform. and densely packed. Note that the size and density of the 

crystals can be controiled in the modified method with the use of different solvent 

composition for matrix solution preparation. We should also note that success with this 

rnethod is highly dependent upon the quality of the first layer. We find that a highly 

p~lished, clean sample probe is a requirement to form a uniform. submicrocrystalline first 

layer. 

A notable difference in MALDI performance between this two-layer rnethod and the 

fast evaporation method is that this method provides high detection sensitivity and excellent 

spot to spot reproducibility for proteins. The enhancement is Likely due to the increase of 

the matrix-to-analyte ratio and irnproved separation or reduced interaction of analyte 

molecules as the result of depositing the analyte solution containing ma& molecules on 

top of the microcrystals, instead of using only the analyte solution. Because of the 

enhanced sensitiviy and the use of submicrorneter crystals, it is relatively easier to optimize 

the m a s  resolution in MALDI experiments. As an exarnple, Figure 2.3 shows a mass 

spectrum of trypsinogen obtained with the time-Iag focusing linear instrument usinp a one 

meter fight tube. This specmun shows a mass resolution of 1300 FWHM. with a total 

sample loading of 0.6 pmol of the protein. 

It is clear that analyte molecules are not homogeneously dishibutzd within each 

crystd in ail the sample preparation techniques, except the slow crystal growth technique. 

Within the area of the desorption laser beam, however, the three rnicrocrysrailine 

techniques provide a more homogeneous sample distribution, statisticdy favounng 

improved shot-to-shot spectral reproducibility and sensitivity. Packing more crystals into a 

srnailer area seerns to provide improved MALDI performance. While the rnicrocry s taiiine 

techniques provide thinner sample preparations than the dned-droplet rnethod. this alone 



Resolution = 1300 

I 
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Figure 2.3 MALDI mass spectmm of trypsinogen. The sample is prepared by 

dissolving SA in a solvent mixture of 39% acetone. 60% methanol. 1% of 

0.1% TFA (aqueous) (v/v/v) and depositing I pi CO the sample probe to 

f om a thùi layer of matrk crystals. followed by adding 0.5 pl of a 5050 

mixture of 1.2 pmoVpi trypsinogen (aqueous) and SA dissolved in 30% 

acetonitrile, 20% methanol, 50% water (v/v/v) to the top of the fisst ma& 

layer. 



cannot be taken as evidence of superior MALDI performance. since the slow growth 

method provides good L W D I  signals but aiso the thickest preparations. 

Besides the capability of examinuig the analyte distribution in different sample 

preparation protocols. the confocai irnaging approach c m  potentiaily be very usehl for 

quantitative MALDI method development. In quantitative MALDI. an internai standard is 

often required. An optimal sarnple preparation rnethod with an appropriate intemal 

standard shouid provide coherent distribution arnong the standard and the analyte 

molec~les.~ To aid in the design of better interna1 standards and the development of 

optimal sample preparation methods, two-color fluorescence irnaging may be used to map 

the individuai species distribution in the r n a h  crystals prepared with a mixnire of 

molecules with different labeling groups. Exarnples of this double-labelinp approach is 

shown in Figure 2.21,J. Ln this case, we use the confocal microscope to examine 

sample/matrix containing insulin-FITC (8 pmoVpL) and a rhodamine-labeied trisaccharide 

(0.1 pmol/pL). The color-coded image of the two analytes is obtained by superimposing 

the image from insulin-FITC (in green) with the image from the rhodamine-labeled 

trisaccharide (in blue). The phase-contrast background image is represented in red. The 

overd image is a mixture of ail three coiors in varying intensities. The pink region 

represents the axa where the phase-contrast image and rhodamine-labeled trisaccharide 

image are of about equal intensiq, whereas the white areas represent about equal intensity 

among ai l  three images. Figure 2.21 shows a double-labeled analyte image of samples 

prepared by using the dried-droplet rnethod with the 2,5-DHB matrix. This image clearly 

shows that the two different analyte molecules are not homogeneously distributed in the 

matrix. One type of analyte rnay reside in one region of a crystal, and another region of the 

crystal may contain the other analyte only. This is also mie for rnicrocrystals prepared with 

the fast evaporation method, as illustrated in Figure 2.25. 



There is an obvious limitation of confocai imaging. The best lateral resolution. 

provided by the confocai instrument we used. was 0.17 pm lateraliy and 0.54 p 

venicaily. Jones et al.'' have shown, using X-ray photoelectron spectroscopy, that. for the 

crushed-crystal method, the concentration of protein near the surface of the SA crystals is 

higher than that in the bulk of the crystais. While for large crystals one c m  distinguish 

between analyte in the bulk of the crystal and analyte on or near the surface. for the 

microcrystalline methods, crystal size approaches the resolution limitation of the confocal 

instrument. Therefore, we cannot distinguish between bulk and surface analyte for the 

microcry stalline methods w ith confocai microscopy . 

In conclusion, confocai rnicroscopy not only provides information on the 

morphology of the MALDI crystals, but also gives analyte distribution information for 

sarnples containhg fluorescently labeled analyte. The latter can potentially be very useful 

in the development of improved sample and matrix preparation methods, as demonstrated 

with the development of the two-layer method. This work also shows that anaiyte 

distribution can be quite different among different sample preparation methods. We 

envision that the confocal microscopic approach can be used to address other important 

questions. For example, how does an impurity affect the analyte incorporation into the 

m a t e  crystals andor the analyte distribution within the crystals for a given sarnple 

preparation method? What experimental conditions are required to incorporate analyte into 

rnatrix crystals in the presence of potential MALDI interferenü? In addition, the confocal 

microscopy method can potentiaily be used to develop new sample preparation methods for 

improved detection sensitiviy and quantitation. In MALDI, it is preferred to have the 

analyte located only in the area where laser desorption takes place. The confocal 

rnicroscopy method may be used to p i d e  the development of such a method in that, for 

example, the analyte is only deposited ont0 the top layers of the matrix crystals. 
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Chapter 3 

Two-Layer Sample Preparation Method for MALDI-MS 

Analysis of Complex Peptide and Protein Mixturesa 

3.1 Introduction 

Matrix-assisted laser desorption ionization mass spectrometry has a wide 

applicability and is moderately tolerant to buffers, salts, and other additives in the sample. 

at least for peptide and protein analysis. However, compared with electrospray, iMAU>I is 

difficult to interface to solution-based separation methods, such as liquid chromatography 

(LC) and capillary electrophoresis (CE) for on-iine andysis of complex mixtures. 

Although continuous-flow (cf) MALDI can be used to interface LC with L W D I ,  it 

requires a suitable liquid ma& to carry the sample into the mass ~~ectrorneter.~'' .4t 

present, there is no optimal liquid rnatrix that would provide high resolution and high mass 

measurernent accuracy for peptides and proteins with masses above 6000 u in a tirne-of- 

flight (TOR m a s  spectrometer.' On-line LUcf-MALDI-TOF seerns to have a limited use 

unless a better liquid matrix is to be found. For rnany applications, off-line LC or CE 

fractionation, followed by MAIDI analysis, is the method of choice. However. for 

applications where the speed of analysis is important, as in the case of rapid identification 

of bacteria based on peptide and protein profiles, direct analysis of mixtures by MALDI 

offers the advantage. 

Accurate analysis of a broad mass range of peptides 

" A form of this chapter will be published as: Y. Q. 

'Two-Layer Sample Preparation: an Effective Method for 

Complex Peptide and Protein Mixtures" Anal. Chem. in press. 

and proteins in a complex 

Dai, R. M. Whittal, L. Li 

MALDI-MS Analysis of 



mixture by MALDI-MS is an analytically challenging task. An excess arnount of one 

component in a mixture may suppress the ion signals of the other components. The poor 

solubility of some peptides and proteins in a chosen solvent used for W I  sample 

preparation rnay cause an incomplete detection of the species of interest. In addition. 

impurities in a complex mutme may interfere with analyte detection and reduce the 

sensitivity and detectability. Several snidies have been reported on the effects of 

experirnental parameten on MALDI analysis of peptide and protein rnixtures.'"t is clear 

that the performance of MALDI-MS for mixture analysis is very much dependent on the 

sarnple and matrix preparation method used. A major goal of MALDI method developrnent 

is to optimize sample preparation tailored to specific applications. 

The study presented in this chapter is the application of a two-layer sample 

preparation method to the analysis of cornplex peptide and protein mixtures. Compared 

with other rapid sample preparation methods such as dried-droplet and fast evaporation 

methods. the two-layer method is found to be the most effective in detecting a broad mass 

range of peptides and proteins. The effect of solvent conditions on mass spectral patterns 

is presented. The utility of thïs method is flustrated in direct analysis of cow's mik 

containing various amounts of milk fat. 

3.2 Experimental 

Mass spectra were recorded in a linear time-lag focusing (TLF) MALDI time-of- 

flight m a s  spectr~rnete?-~~ that has been described in Chapter 1. For the two-layer sarnple 

preparation,ll the matrix solution is placed on a MALDI probe and allowed to dry to form a 

microclystal layer. A solution containing both the analyte and the ma& is then added to 

the top of the ma& layer. For the analysis of standard peptide mixtures, HCCA is used as 

the rnatrix. SA is used for the milk analysis. The concentration of the first-layer mamk 

solution is 5 m g / d  in 80% acetone/methanol for HCCA and 6 m g h l  in 60% 



methanoVacetone for SA. n i e  concentration of the second-layer matrix solution is varied 

based on the solvents used and different applications. M i k  samples were purchased from a 

local grocery store. Before testing, r d k  was diluted 150 (v/v) with water. unless 

specified. and then rnixed 5050 (v/v) with the second-layer matrix solution. 

3.3 Results and Discussion 

Sample preparation plays an important role in MALDI analysis of peptide and 

protein mixtures. An optimal preparation method s hould provide good sensitivity . m a s  

accuracy, and reproducibility. In addition, it should be able to detect analyte ions with a 

broad mass range. Other important considerations include the speed of sample preparation 

and feasibiiity for automation. There are a number of sample preparation methods 

developed for MALDI applications. These include dried-droplet, " vacuum dry in p. ' 
crushed-crystal,'" slow crystal growing,15 active pneumatic spray." 

e l e c t r o ~ p r a ~ , ~ ~  fast solvent evaporation," and two-layer method.'' 

The two-layer method was developed based on the crushed crystal methodl'l and the 

fast evaporation method." As shown in Figure 3.1, it involves the use of fast solvent 

evaporation to f o m  the fust layer of small crystais (as in the fxst step of the fast 

evaporation method), followed by deposition of a mixture of matrix and analyte solution on 

top of the crystal layer (as in the sarnplehatrix deposition step of the crushed-crystal 

method). The key difference between the two-layer method and the fast evaporation 

method is the preparation of the second-layer solution. In the fast evaporation method. the 

analyte solution is directly deposited ont0 the f ~ s t  layer without premixing it with a ma& 

solution. This rnethod is very effective for the analysis of peptides. but not proteins. In an 

earlier publication," we have shown that the two-layer method (originally called unifonn 

submicron-crystal formation method) provides high detection sensitivity and excellent spot 

to spot reproducibility for peptides as well as proteios. The enhancement is likely due to 



the increase of the matrix to analyte ratio and improved isolation between analyte molecules 

as a result of depositing a solution containing both analyte and matrix molecules on top of 

the rnicrocrystals, instead of using only the andyte solution. 

With the optimization of the second-layer samplehatrix solution. the two-layer 

method is found to be very effective for the analysis of mixtures containing both peptides 

and proteins. An application of this method and its cornparison with other methods are 

shown in Figure 3.2. The MALDI mass spectra of 2 8  fat milk in Figure 3.2 were 

obtained by using dried-droplet, two-layer, and fast evaporation methods. The dned- 

droplet method provides good sensitivity, but the reproducibility frorn shot to shot is poor. 

The fast evaporation method does not produce any analyte signals. This is likely due to the 

presence of impurities in the milk, such as milk fat, that prevent the peptides and proteins 

from incorporating into the fmt-layer matrix crystals, or aggregation arnong protein 

molecules before incorporation into the matrix crystals. The two-layer method is found to 

provide the best overd results in terms of the mass range of detection. signal 

reproducibility, and sensitivity. In addition. mass accuracy, particularly with extemd 

calibration, is also improved over the dried-droplet method. This is attributed to the 

formation of a thin, flat crystal layer on the sarnple probe that can be readily reproduced 

from one sample deposition to another. 

It should be noted that direct analysis of cow's rnilk by MALDI has been reported 

previous~y. l5.17.21.22 However, the MALDI spectra s h o w  in these studies only display 2 to 

5 peaks correspondhg to the major protein components in the rnilk. In addition, these 

studies used DC extraction MALDI-TOF systems. Thus, P-lactoglobulin B (MW 18277) 

and P-lactoglobulin A (MW 18363). as well as p-casein A2 (MW 23983) and p-casein Al 

(MW 24023) were not resolved, which resulted in poor mass measurement accuracy. 

Compared with those results, the mass spectrum shown in Fiawe 3.2A from the 



A drop of matrix solution 

/ e.g., HCCA or SA in a mixture 

d of acetone and methanol. 

,II Probe tip 
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Matrix with embedded analyte 

Figure 3.1 Schematic of two-layer sample deposition procedure. 



Figure 3.2 MALDI mass spectra of cow's milk containing 2% fat obtained by using 

(A) dried-droplet, (B) two-layer, and (C)  fast evaporation sarnple 

preparation. In the dned-dropiet method, the sample/matrix solution is the 

same as the second-layer soiution used in the two-Iayer method. In the fast 

evaporation method, the second-layer solution contains the diluted miuc 

onIy . 



dried-droplet method displays about 63 peaks with signal (peak height) to background 

noise ratios above 5. Figure 3.2B from the two-layer method shows 68 peaks. Among 

these peaks, 20 peaks from the dried-droplet rnethod and 24 peaks frorn the two-layer 

rnethod can be assigned to the .. masses ; - . of the major protein components in the milk and 

peptide fragments from caseins. The three major proteins in milk are the water soluble u- 

lactalbumin (MW 14 178) and P-lactoglobulin and the water insoluble caseins (orS 1. CLSZ. 

and p). The casein proteins, present in milk as micelles, are susceptible to digestion by 

indigenous proteinases, especiaily plasmin." Many of the peaks identifieci in the spectrurn 

correspond to known plasminolysis peptides produced from digestion of CLSI and p- 

casein." The ability to rapidly detect a large nurnber of peptides and proteins in milk opens 

the possibility of using MALDI-MS as  a tool for monitoring the protein compositional 

changes during milk processing. One can aiso envision the application of LMALDI-MS to 

the direct analysis of therapeutic peptides and proteins from cow's miUc produced through 

genetic engineering. 

The use of a mixture of matnx and analyte with different solvent compositions and 

proportions adds versaulity to the two-layer method. In this method, the selection of 

appropriate solvent conditions for preparing the second-layer solution is found to be critical 

in analyzing peptide and protein mixtures. Figure 3.3 and Figure 3.4 show several LWALDI 

mass spectra of a peptide mixture obtained by using different solvent compositions for the 

preparation of the second-Iayer matrix solution. The List of peptides in the mixture and their 

relative amounts along with the peak number iabeled in Figure 3.3 and Figure 3.4 are 

shown in Table 3.1. Lys-bradykinin was purposely added in an excess amount, compared 

with other peptides, to rnimic a real sarnple where relative amounts of different analytes c m  

Vary considerably. As shown in Figure 3.3, the srpe of organic solvents used in the 

mixture can affect the signal intensities of the peptides. In this case, the use of 5 0 8  



isopropanol provides the best overali detection for all seven peptides. There are a few other 

peaks present at the low mass region likely from the irnpuities in the sample and the rnanix 

cluster ions. The spectra shown in Figure 3.4 were obtained by using the mixture solvents 

with different fonnic acid contents. It is clear that the acid content can also affect the mass 

spectral patterns. There seerns to be no direct correlations between the molecuiar weight or 

pH or hydrophobicity of the peptide and its detectability in sarnples prepared under 

different solvent conditions. Thus it is necessary to Vary the second-layer solvent 

conditions including the type of organic solvents, pH, and pH modifier as a part of the 

MALDI optimization process for the detection of peptides and proteins in a mixture. 

Table 3.1 List of seven peptides in the mixture 

Peak Amount 
num ber Peptide 

(pmoi) 

1 Lys-bradykinin 500 

2 EAEALKKEIEALKK 0.5 

3 EEAQAQ-K 0.5 

4 JXEKLLKELEKLLKEAEK 1 

5 ELEKLLKECEKILKELEK 1 

6 Insulin Chain B (oxidized) 1.5 

7 KCEALEGI(LGAVEEKLGAVEEKLGAVEEmALEG 1.5 



Figure 3.3 MALDI mass specaa of a peptide mixture analyzed by using a solvent 

mixture contains different organic solvents for preparing the second-layer 

solutions: (A) 50% isopropanoY0.2% formic acid in water, (B) 50% 

ethanol/0.2% fonnic acid in water, (C) 50% methanoY0.2% formic acid in 

water, and (D) 50% acetonitrile/02% formic acid in water. 



Figure 3.4 MALDI mass spectra of a peptide mixture analyzed by using a solvent 

mixture contains different amount of formic acid: (A) 50% isopropanoV 10% 

forniic acid in water, (B) 50% isopropanoVS% formic acid in water. (C) 

50% isopropanol/l% formic acid in water, (D) 50% isopropanoVwater. 



The effect of solvent composition on the detection of peptides and proteins in a 

complex mixture such as cow's milk is illustrated in Figure 3.5. The MALDI mass spectra 

of skim miUc containing 0.5% milk fat in Figure 3.5 were obtained by using different 

solvents for the preparation of the second-layer rnauix. In this case. the use of 5 0 8  

acetonitrile/SO% water (Figure 3-33) provides the best detection, particularly for caseins. 

Note that the effect of the type of organic solvent on mass spectral patterns is dso  

dependent on the pH of the second-layer solution. For example, when milk was firsr 

diluted with 0.2 M formic acid (pH-22) or 0.0123 M tnfluoroacetic acid (pH-2.1 ). 

foilowed by rnixing it with the second-layer rnatrix solution prepared by a solvent 

containing 50% acetoniaile/50% water or 50% ethanoY50% water, similar spectral patterns 

were observed. This is shown in Figure 3.6. in all cases, both p-lactoglobulin B and P- 
lactoglobulin A signals were suppressed compared with Figure 3.5. 

In anaiyzing real-world samples, other impwïties of non-peptide or protein nature 

may affect the detection of peptides and proteins. In the case of analyzing cow's milk. the 

presence of rnillc fat does not seem to affect the analysis of peptides and proteins. This can 

be seen in Figure 3.7 by comparing the spectra of 2% fat rnilk, skim milk (0.5% fat 

content), and homogenized milk (3.25% fat content) obtained by using the two-layer 

method. 

To achieving a good detection for a broad mass range of mixture components. it is 

necessary to optirnize experimental conditions including the rnatrïx, sarnple preparation 

method, solvent conditions, and tirne-lag focusing pulse voltages.. Figure 3.8 shows the 

expanded MALDI mass spectrum of 2% fat milk obtained under the optimal experimental 

conditions. Table 3.2 Lists some of the peaks detected in the spectrum and their possible 

origins. The peaks marked with an asterisk in Table 3.2 are not known plasrninoIysis 

peaks, but their masses correspond to the proposed protein fragments. Assignment of the 



Figure 3.5 MALDI mass spectra of skim milk obtained by using different second-layer 

solvents: (A) 58% isopropanol/water, (B) 50% ethanoilwater, (C) 50% 

methanollwater, (D) 50% acetonitrile/water. 



Figure 3.6 MALDI rnass spectra of skim mille diluted with 0.0123 M trifluoroacetic 

acid (A,B) and 0.2 M formic acid (C,D). The solvents used for the 

preparation of the second-layer ma& are 50% acetonitrile/water (A,C) and 

50% ethanol/water (B,D). 



Figure 3.7 MALDI mass spectra of cow's mik. (A) skirn rnilk. (B) 2% fat milk, and 

(C) homogenized milk. The solvent used for the preparation of the second- 

layer matrix is 50% ace toni trilelwater. 



Figure 3.8 Expanded MALDI mass specûum of cow's rndk (contains 2% fat) obtained - 

under optimal experimental conditions. 



Table 3.2 Selected peaks detected and identified £Yom L W D I  direct andysis of cow's 

milk (contains 2% fat) 

Mass of Protonated Protein (u) 

Peak Peak Identity Calculated O bserved 

1 &casein A (fl-28) 3479.4 3479.1 
7 - as 1 casein (f 1-34) 3984.7 3984.7 

3 as 1 casein ( f 1-36) 4242 .O 4242.1 

4* as I casein (f 1-37) 4341.1 4340.8 

5* p-casein A (f 139-209) 8007.6 8007.3 

6 a s  1 casein (f 125- 199) 8639.6 8639.4 

7 p-casein A2 (f29- 105) 8718.0 87 18.6 

8 p-casein A 1 (f29- 105) 8758.0 8758.0 

9* p-casein A (f 126-209) 945 1.3 945 1 -3 

10 as 1 casein ( f 106- 199) 10879 10875 

11 as1 casein (f104-199) 11170 11 170 

12 fi-casein A (f 108-209) 11560 11559 

13 p-casein A ( f 106-209) 11825 11824 

14 p-casein A2 (f 1 - 105) 12178 12178 

15 B-casein A 1 ( f 1 - 105) 12218 122 19 

16 p-casein A2 ( f 1 - L 07) 12444 12445 

17 p-casein A l (f 1 - 107) 12484 12485 

18 cl-lactalbumin 14179 14179 

19 fi-lactoglobulin B 18278 18376 

20 P-lactoglobulin A 18364 18363 

21 p-casein A2 (f29-209) - 20524 . 20523 

22 B-casein A 1 (f29-209) 20564 20564 

23 as 1 casein 23616 236 16 

24 p-casein A2 23984 23984 

25 p-casein Al 24024 24025 

*proposed identification 



p-casein fragments that contain the 67th amino acid residue (peak 7.8. 14. 15. 16. 17. 21. 

and 25) are easily confmed not only by the mass accuracy, but also the jux~aposition of 

two peaks separated by 40 u. This corresponds to the replacement of proline (genetic 

variant A2) wiih histidine (genetic variant Al) at the 67th positiori. The two variants of Al  

and A2 are also distinguished for the intact protein. 

In conclusion, this study has shown that two-layer sample preparation is a very 

effective method for the detection of a broad mass range of peptides and proteins in a 

mixture. It provides excellent reproducibility f'rorn shot to shot within a sarnple and from 

one sarnple deposition to another. The method is rapid and arnenable to automated sample 

deposition for high throughput experiments. The possibility of vary ing the so lvent 

conditions of the second-layer solution adds another dimension for fme tuning of the 

sample and matrix preparation to achieve optimal performance. 
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Chapter 4 

Detection and Identification of Low-Mass Peptides and Proteins 

from Solvent Suspensions of Escherichia coli by EPLC 

Fractionation and Mass Spectrornetrya 

4.1 Introduction 

MALDI-TOF MS can potentidy be used as a powerfui tool for identification of 

bacteria based on characteristic mass spectral peaks andlor mass spectral patterns. Several 

studies have shown that a number of MALDI mass spectral peaks in the rn/z range up to 

15,000 can be readily obtained with littie effort expended in sarnple preparation. both for 

solvent suspensions or extractions, and for whole ~el1s.l'~ These low m/z peaks c m  be 

detected with relatively high sensitivity and high mass measurement accuracy, compared 

with high mass ions. Some of these peaks c m  potentially be used as biomarkers for 

bacterial identification. 

The chemical identities of these peaks have not, however, k e n  established. 

Evidence that reveals the susceptibility of the analytes responsible for these peaks to 

proteolytic digestion supports the general attribution of MALDI spectra of bacteria to 

peptides and proteins. The fact that these peaks are readily observed using matrices known 

" A forrn of this chapter will be published as: Y. Q. Dai, L. Li, D. C .  Roser, S. R. 

Long "Detection and Identification of Low-Mass Peptides and Proteins from Solvent 

Suspensions of Escherichia coli by HPLC Fractionation and Mass Spectrometry" Rapid 

Commun. M a s  Spectrom. in press. Dr. D. C. Roser collected MALDI data of Figure 

4.1B. Mr. P. Semchuk assisted in collection of HPLC fractions. Bacterial sarnple growth 

was done by ERDEC. 



to facilitate ionkation of proteinaceous materials also supports this general attribution. 

Unequivocal chernical identification of the analytes which give rise to these peaks is an 

essential scientifcally based issue to establish that unique biomarkers can be found in these 

spectra. In developing mass spectrometric methods for rapid identification of bacteria. one 

approach is to fxst i d e n m  a set of generaliy obsewable peaks that are unique to a specific 

type of bacterium. This information will allow us to develop fast sarnple handling 

techniques and MS methods tailored to the detection of these unique peaks. A database 

composed of unique mass peaks from different bacteria c m  be established and used for 

bacterial differentiation. 

In a m e n t  snidy of combining HPLC separation with off-line MALDI analysis. 

Lubman and coworkers, albeit using a low-resolution MALDI-TOF instrument. have 

shown that there are more components in bacteriun extracts than those accounted for by 

direct MALDI analysis.6 This result strongly suggests that the ion suppression effect in 

MALDI anaiysis of mixtures can have a siaonificant impact on bacterial mass spectral 

profiles. In our previous investigation7 on mass spectrai reproducibility, we have shown 

that a number of experirnental conditions can ~ i g ~ c a n t l y  affect the m a s  spectral patterns 

obsenred from direct analysis of bacteriurn extracts by MALDI. However, a subset of 

mass spectral peaks were consistently observed for a given bactenum species under 

different experirnental conditions. Such "conserved" peaks, whose presence in a mass 

spectrum has a high probability of occurrence even with variation of experimental 

parameters, are good candidates to be used as biomarkers for bacterial identification to 

ensure reproducibility. However, other peaks may also be used for identification so long 

as they are unique to particular bactena. This consideration underscores the importance of 

identifying as many unique peptides and proteins as possible for a particular type of 

bactenum. Since there are potentiaily many peptides and proteins with close masses, it is 



also important to study these sarnples with high resolution and high mass accuracy. 

In this chapter, we extend Our studies to include chemical separation of bacterial 

extract mixtures foiiowed by high resolution MALDI mass analysis. Our objective was 

two-fold. First, we intended to clarify the number of mass peaks observable for a given 

bacterium and obtain good mass measurements for these peaks as the beginning of a 

database to which other workers may compare and connibute (or modify). Secondly. we 

intended to determine the chemical identification of specific components in the mass spectra 

to resolve unequivocally the question of their chemical nature and to demonstrate that at 

least some of the observed components are indeed expected from the analyte bacterium. 

4.2 Experimental 

4.2.1 Bacteriaf Sample Growth 

Bacterial samples for these experiments were grown at ERDEC, using the same 

procedures as outlined previously.' Briefly, E. coli ( A m  9637) was grown overnight 

(18-24 hr) in nutrient broth with shaking at ambient temperature. The ceils were harvested. 

washed with several volumes of sterile water, lyophilized to dryness, and stored at -4 to O 

OC until use. 

4.2.2 Bacteria Extraction 

Bacterial extracts were prepared by the solvent suspension method previously 

employed.' 0.1% irifiuoroacetic acid (TFA) in water was used as suspension solvent for 

extracting peptides and proteins from E. coli sarnple. For direct MALDI anaiysis, about L 

mg of lyophiiized bactena was suspended in 160 pl of solvent. The E. coli suspension 

was vortexed for about 3 min and then centrifuged. The supematant solution was taken for 

MALDI analysis. For HPLC fractionation, about 90 to IO0 mg of lyophilized bactena was 

suspended in 10 ml of solvent. After vortexing and centrifuging, the supematant solution 

was desalted three cycles by Microcon-3 with a molecular weight cut-off of 3000 Da 



(Amicon, OakvilIe, Ontario), and then concentrated to about 0.3 to 0.4 ml by SpeedVac. 

The concentrated extract solution was used for HPLC fractionation. 

4.2.3 MPLC Fractionation 

Separation of E. coii extracts was performed on HP 1090 HPLC equipment 1--irh a 

linear solvent gradient, 0.5% B/mh from O to 100% B at a flow rate of I d r n i n .  The 

soivent A of mobile phase was 0.05% T'FA in water and solvent B was 0.05% TFA in 

acetoniaile. A C8-column was used and maintained at 70 OC during the separation. The 

chromatogram was recorded by monitoring absorbarice at 230 nrn. The eluent \vas 

collected as fractions of one-minute duration, coliected each minute during the run. 

4.2.4 MALDI Mass Spectrometry 

MALDI m a s  spectra were collected by using a home-built tirne-lag focusing linear 

time-of-flight mass spectromete? except Figure 4.1B which was collected at ERDEC using 

a Vestec instrument in linear mode. A nitrogen laser (337 nrn) was used as laser source in 

both cases. Extemai calibration using standard peptides and proteins was applied. 

Two-layer method was used for matrix and analyte sarnple preparation.1° HCCA 

was used as matrix. In the nvo-layer method, the fist layer was fomed by applying i pl 

of 0.1 M HCCA in 99% acetone and 1% water (v/v) to the MALDI probe tip and allowing 

it to dry very quickly in air. For the second-layer solution, a saturated solution of HCCA 

was prepared in a solvent mixture of 1:2:3 (v/v/v) formic acid, isopropanol. and water. 

The supematant of saturated matrix solution was then rnixed in a 1: 1 (v/v) ratio with 

extraction solution or an HPLC fraction. Of this mixture solution. 0.5 to 0.7 pl was placed 

on top of the fnst matrix layer and allowed to dry. 

For trypsin digestion, 10 pl of fractionated solution was rnixed with 10 pl of O. L M 

ammonium bicarbonate and 1 pi of 1 pg/@ trypsin. The mixture solution was then 

incubated for 2 hours at 37 OC. To teminate digestion, the trypsin digest mixture was 



mixed widi aforernentioned supernatant of saturated ma& solution imrnediately for mass 

spectral analysis or was stored at -20 O C  prior to use. 

HCCA matrix was purchased from Aldrich (Milwaukee. WI). Trypsin was 

purchased fiom Siogna (St. Louis, LMO). 

4.3 Results and Discussion 

The direct LMALDI mass spectnim of EC9637 sample used in this work. obtained 

using O. 1% TFA solvent suspension, is shown in Figure 4.1. Both U. Alberta and ERDEC 

spectra for this sample are shown for cornparison. Reference to the EC9637 spectrum of 

Ref. 7, Figure 1B. obtained using the same extractiodsample preparation protocols used 

here. reveais a sigmficant ciifference between the present Figure 4.1 spectra and that 

obtained previously. The fact that the Figure 4.1 spectra of U. Alberta and ERDEC are in 

very good agreement suggests the variance observed between Figure 4.1 here and Figure 

LB of Ref. 7 is not due to variation in mass spectrometric procedures but is rather due to 

variation in the sampie itself. Indeed the EC9637 samples used for the two studies were 

different batches grown using the same nominal growduhandling protocols. Clearly. 

minor variation in growthmandling procedures Ied to the substantial variance in m a s  

spectral patterns between these two samples. This observation indicates that ceil 

groowthmandling pnor to analysis is another factor that needs systematic examination to 

adequately scope the potential utility of mass spectrometry for bacterial differentiation. 

From Figure 4.1, it can be seen that less than 20 components are detected in the 

spechum. It is in fact routinely observed in direct MALDI studies of bactena that only 20- 

30 mass peaks are o b s e r ~ e d . ~ * ~ - ~  However. the genetic code of a bacterium can result in the 

expression of several thousand peptides and proteins. Most of these proteins will be the 

sarne within genus and species. as there is a much greater similariry than Merence in the 

genetic code at these levels of discrimination. Hence the avaiiability of just twenty to thury 



Figure 4.1 MALDI mass specmm of E. coli sarnple used in this study obtained at the 

laboratories of (A) U.Alberta and (B) ERDEC. 0.1 % TFA in water was 

used as the suspension solvent for bactefial extraction. 



peaks as found in MALDI spectra of unseparated extracts or of whole cells suggests a 

relatively low probability of finding differentiating biornarkers with this approach. One of 

the reasons for such a Iùnited number of ion peaks in the direct MALDI mass spectra is 

probably due to the ion suppression effect, in which signals of certain components in a 

mixture are suppressed in the presence of other cornpounds or background. 

To obtain a more complete protein profde as weil as to isolate and hirther 

characterize the proteins from the bacterid extracts, we use a liquid chromatographie 

separation method combined with off-line MALDI analysis to reveai the greater diversity of 

bacterial protein content. Figure 4.2 shows the chrornatograrn of the HPLC separation of 

the EC9637 sample (whose direct MALDI spectnim is shown in Figure 4.1) obtained by 

using 0.1% TFA solvent suspension for bacterial extraction and the HPLC procedures 

ouùined earlier. Samples collected off-line at one minute intervals during the HPLC 

separation were subsequently subjected to tirne-lag focusing MALDI analysis. 

Fi,- 4.3 shows three typical MALDI mass spectra obtained from three different 

specific fractions. In Fi,gure 4.3A, a single major cornponent is detected based on a singly 

charged protonated monomer at m/z 9536.7 Da dong with the doubly and trip. charged 

ions of the same component. Similarly, two major components are detected in Figüre 

4.3B, while Figure 4.3C reveals at least nine different components. A total of some 3 0  

components are detected fiom the HPLC fractions of the sample extracted with O. 1% TFA. 

The masses of these components are listed in Table 4.1. With external calibration, the 

mass measurement accuracy is expected to be better than 0.05%. Comparing with the 

number of species detected in Figure 4.1, it is clear that there are many more cornponents 

being detected with HPLC fractionation. It is also interesting to note that the HPLC/off- 

line MALDI: analysis of E. coli proteins reported by Lubman et aL6 revealed about 67 

components, far less than what we have observed in this study. This difference refiects 



Figure 4.2 W chromatogram of the HPLC separation of E. coli sample prepared by 

using 0.1 % TFA solvent suspension. 
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Figure 4.3 Representative MALDI mass spectra of HPLC fractions with the E. coZi 

sarnple from (A) fraction #77 coilected at the 77th min in the chromatograrn 

shown in Figure 4.2, (B) fraction # 67, and (C) fraction # 53. 0.1% T'FA 

in water was used as the suspension solvent for bacterial extraction. 



clifferences in many experimental factors including the nature of the samples. separation 

conditions, MALDI analysis procedures, and MALDI instrumentation (DC vs . time-lag 

focusing). A direct cornparison of either the total number of components or the masses of 

the components detected is not possible. 

With the data of Table 4.1 in hand, the most instructive and demonstrative 

observation can be made by returning to the issue discussed earlier relating to the variance 

between Figure 4.1 here and Figure 1 of our earlier work.' Whereas these two sets of 

spectra arising from direct . W D I  analysis are very different in terms of prominent masses 

observed, comparison of the masses observed in Figure 1 of Ref. 7 with those of Table 4.1 

here shows that some of the masses appeared in Figure 1 of Ref. 7 are indeed included in 

Table 4.1. They are marked in bold print in Table 4.1, with the measured masses within 

the experimental error of 0.07%. Thus the different direct MALDI spectral peaks of two 

different EC9637 samples are both valid subsets of the total peptide/protein profile of 

EC9637. 

An equaliy instructive comparison is possible between the masses of the different 

strain. EC 1 1776, whose direct MALDI spectrum appears in Figure 7 of Our earlier work.' 

and the Table 4.1 mass data for EC9637. This comparison also shows there are a number 

of common masses present in Figure 7 of Ref. 7 and in Table 4.1. This observation is in 

agreement with the expectation that the peptidelprotein profiles of different strains should 

be very similar. We may suggest that the few EC 1 1776 peaks that are variant with the 

EC9637 data might be strain-differentiating masses; however, we also suggest that the 

identification of specific masses as strain-differentiating biomarkers requires the 

comparison of data sets derived from chemicaily separated extractions (such as Table 4.1) 

from a number of different strains to assure that such assignrnents as strain-specific 

biomarkers are valid. 



Table 4.1 Masses of chernical components detected from E. coli by HPLC 

fiactionatiodoff-line MALDI mass spectrometric analysis* 

2008.8 3002.6 4006.5 5005.7 6002.3 71 39.9 8065.8 9029.7 10089.5 1 1 1 60.7 
2024.8 301 1.2 4050.7 5036.1 601 0.6 71 56.4 8080.5 9045.8 101 04.4 1 1 1 67.6 
2039.6 3027.4 4060.3 5051 .O 6055.8 71 72.2 8236.9 9063.7 101 18.8 1 1 182.5 
21 23.7 3031.1 4067.3 5070.6 6067.1 7272.6 8278.1 9078.2 101 26.1 1 1 187.9 
21 26.5 3045.1 4081.8 5080.3 6242.1 7279.5 8447.5 91 97.1 101 87.4 1 121 1.6 
21 39.5 3069.5 4093.8 5090.3 6255.4 7287.5 8522.4 9208.1 10203.1 1 1 220.8 
2196.6 3086.5 4106.7 5098.0 6297.6 7297.4 8591.0 9224.0 10356.3 11228.7 
2276.2 3093.3 41 16.6 51 14.1 6315.8 7322.7 8668.3 9240.7 10369.0 1 1243.1 
2280.3 31 13.7 41 35.4 51 35.4 6324.6 7333.8 8722.7 9425.3 10384.4 1 1679.6 
2292.3 31 23.9 4146.5 51 53.9 6331 -9 7523.8 8731 -8 951 7.6 10450.9 1 1 783.8 
2304.1 31 41.6 4156.9 5204.2 6341.1 7535.6 8736.7 9537.0 10467.7 1 1868.9 
2329.4 31 56.2 41 62.6 5230.0 6360.1 7540.7 8749.2 971 9.3 10485.2 1 1 982.0 
2336.2 321 2.8 4240.9 5251.5 6455.2 7565.3 8947.2 9727.0 10493.4 1 1 995.5 
2359.1 3230.3 4255.6 5274.2 6476.8 7658.9 8964.8 9733.3 10510.3 12011.2 
2370.1 3286.2 4263.4 5292.2 6542.7 7675.2 8977.5 9739.9 10660.3 12027.6 
2375.4 3295.5 4270.0 5298.9 6552.0 7692.1 8988.1 9743.4 10721 .O 13077.5 
2391 -3  3300.4 4371.6 5327.6 6575.5 7707.9 8993.7 9748.5 10736.9 13094.4 
2400.5 3313.4 4392.6 5349.2 6602.3 7720.0 9752.3 10752.4 131 08.1 
2425.9 3329.0 4447.8 5362.8 6638.7 7735.1 9860.9 10946.0 13749.9 
2432.1 3352.2 4454.4 5371.6 6671.8 7751 -5 9988.4 15687.6 
2450.3 3370.-3 4464.4 5379.8 6682.3 7867.1 15846.7 
251 4.8 3399.9 4481.7 5397.9 6752.7 7884.5 15934.3 
2526.6 341 6.5 4498.2 5427.9 6854.3 7942.4 17059.5 
2569.8 3432.3 4536.0 5464.5 6950.9 181 60.4 
2633.3 3445.7 4561.5 5486.7 6960.9 
2647.6 3462.6 4595.1 5548.9 
2655.9 3473.5 4606.2 5553.9 
2694.0 351 0.5 461 3.6 5566.3 
2736.0 3526.4 4667.0 5574.0 
2751.9 3534.3 4685.4 5581.5 
2796.1 3543.9 4722.0 5620.2 
281 2.8 3582.2 4726.1 5644.1 
2826.5 3598.7 4733.4 5655.4 
2835.2 361 0.5 4756.1 5665.1 
2839.6 3624.6 4766.3 5723.0 
2853.0 3627.6 4789.5 5735.8 
2861.3 3640.6 4793.4 5752.0 
2869.5 3764.7 481 0.7 5799.4 
2878.0 37 82.1 4895.1 581 8.2 
2884.3 -3787.2 4901.5 5848.7 
2898.7 3796.6 491 1 .O 5872.5 
291 0.4 3831 -2 4921.8 5987.1 

3837.4 4942.0 5995.1 
3847.9 4979.3 
3857.5 
3880.4 
3922.0 
3932.1 
3937.5 
3970.5 

*Numbers in bold print are the peaks found in the spectra shown in Figure 1 of Ref. 7. 
Numbers underlined are the peaks found in the spectra of Figure 7 of Ref. 7. 



To identiQ the peptides and proteins. i W I  mass spectrometric peptide mapping 

with protein database searching from several fractions appearing to contain predorninantly 

one or two components was carried out. As an example, Figure 4.4 illustrates the - W I  

spectra of the fraction #65 (coilected 65 min afier initiation of the HPLC mn), showing a 

single major component MH' at m/z 7272.9 Da, dong with the L W I  spectrum of the 

same sample after tryptic digestion. The tryptic peptide masses were entered into the 

UCSF Mass-Fit program to search for proteins in the database. A 100% arnino acid 

sequence coverage was found for EC cold shock-like protein C (CSP-C). Throush 

consultation with Dr. Rachel Ogozalek-Loo (Univ. of Michigan), we had prior expectotion 

that the group of peaks observed near 7300 Da in direct MALDI MS of EC are likely cold 

shock-like proteins. The searching results confirm that the d z  7271.9 ion is indeed from 

one of the cold shock-like proteins. 

The predicted tryptic digest resiilts for EC CSP-C were accessed from the UCSF 

ProteinProspector 3.0 program. Table 4.2 lists the protonated masses of theoreticai tryptic 

fragments of CSP-C, the corresponding amino acid residues covered within each fragment. 

and rneasured protonated masses observed in Figure 4.4B that are closest to predicted 

fragment masses. As can be seen in TabIe 4.2, excellent mass matches are found for 

tryptic fragments that, in total, account for LOO% of the 68-residue CSP-C. The 

corresponding ayptic fragments are marked in Figure 4.4B. Based on 100% amino acid 

coverage and the excellent molecular ion mass match, the major component in fraction #65 

is definitively ideaùfied as EC cold shock-like protein CSP-C. Some other peaks not 

associated with CSP-C observed in Figure 4.4B are likely attributed to the cluster ions of 

matrix, minor components originally present in the fraction # 65, and the fragments of 

trypsin autolysis. 



Figure 4.4 MALDI mass spectra of (A) fraction # 65 and (B) its uyptic digest. 



Table 4.2 Matched peptide fra&ments from the tryptic digestion of fraction # 65 

Protonated Mass (M + H)+ 

Tryptic Fragments Theoreticai Fraagnents Identified Fra, =ments 

* Average protonated mass 

Using this approach, we have identified two additional proteins found in Figure 

4.3A (m/z 9536.7) and 4.3B (m/z 7333.8). The results of matched tryptic fragments of 

these two proteins are summarized in Tables 4.3 and 4.4. The chernical origins of these 

two proteins are DNA-binding protein HU-alpha (NS2) (HU-2) with a rnolecular weight of 

9535.0 Da and cold shock-like protein E (CSP-E) with a rnolecular weight of 7332.3 Da. 

respectively . Table 4.5 lists three identified proteins: their chernical origins, theoretical 

protonated rnolecuiar ion masses, and measured protonated molecular ion masses. Note 



that several other very intense peaks shown in Figure 4.1, such as m/z 13094.1 and 

9064.0. cannot be identified fkom the database. Because of their presencr in relatively 

larger abundance, they cm be detected with high sensitivity. Sequencing these low-mass 

proteins may become important to rule out the possibiiity of contamination and c o n f m  

their uniqueness as biomarkers. 

Table 4.3 Matched peptide fragments fiom the tryptic digestion of the protein (-MW = 

7332.3 Da) in fraction # 67 

Protonated Mass (M + H)' 

Typtic Fragments Theoretical Fragments Identified Fragments 

* Average protonated mass 



Table 4.4 Matched peptide fragents fiom the tryptic digestion of fraction # 77 

Protonated Mass (M + H)' 

Tryptic Fragments Theore tical Fra,oments Identified Fragments 

52-55 525.3 525.3 

14-18 547.3 547.5 

62-67 644.3 644.2 

84-90 744.5 744.3 

52-58 88 1.5 88 1.5 

59-67 958.5 958.9 

4-13 1129.6 1 129.7 

7 1-83 1244.7 1245.2 

38-5 2 1467.7 1468.1 

1- 13 15 18.8 15 18.2 

7 1-86 1557.9' 1556.8' 

38-55 1975.2' 1975.4' 

23-5 1 2968 -4' 2969.0' 

23-55 3475.0' 3475.1 - 
- - -- -- .- 

* Average protonated mass 



Table 4.5 List of three identified proteins from E. coli fractions 

Fraction Chemicai Origins of the Theoretical Protonated Observed Protonated 

Number Identified Proteins LVass (M + H)' Da Mass (.M + H)' Da 

#65 Cold Shock-like Protein CSP-C 7272.2 7272.9 

#67 Cold Shock-like Protein CSP-E 7333.3 7333.8 

In conclusion. the application of separation technique to cell extracts pnor to mass 

spectral analysis serves to rnitigate the impact of ion suppressions in analysis of cornplex 

mixtures. An order of magnitude greater number of components is observed with this pre- 

separation combined with off-line MALDI-MS approach in cornparison with direct 

W D I - M S  of ceU extracts. The development of more expansive database accessible with 

this approach will both facilitate the identification of valid biomarkers for specific bactena 

and ensure that the database information space accommodates variations in observed mass 

spectra due to variations in source preparation and handling of bacteria. This would appear 

to be parllcularly essential when the anaiyte bacteria are of environmental, physiological. or 

unknown origin. The definitive identification of several components in the aqueous 

extracts of E. coli as specific proteins characteristic of E. coli contributes greatly to the 

validation of this general methodology as a bacterial discrimination tool. 
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Chapter 5 

Accurate Mass Measurement of Oligonucleotides Using a Time- 

Lag Focusing Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometera 

5.1 Introduction 

MALDI tirne-of-fight mass spectrometry (TOFMS) has the potentid to become a 

very powerful tool for DJYA structural confirmation and DNA sequencing. Since the 

introduction of MALDI in 1988, a number of research groups have demonstrated the utility 

of the technique for detecting oligonucleotides and DNA sarnples with varying degrees of 

suc ces^.^^^^ At present, one major Limitation in using TOFMS for mass anaiysis of DNA 

fragments by MALDI is related to poor mass resolution and mass measurement accuracy. 

Oligonucleotides have a tendency to form adducts with ammonium, sodium, potassium and 

other ions. If the instrumental resolving power is not sufficientiy high to resolve these 

peaks, a broad peak in the molecular ion region is observed. The presence of irnpurities 

can also have a detrimental effect on the quality of the mass specuum.16 In particular, the 

impurities can affect the matrix/andyte crystal f~nna t ion '~  and perhaps also desorption 

e fficiency . While reflectron TOFMS rnay irnprove the instrumental mass resolution to 

some extent, the readiness of formïng fragment ions, the loss of sensitivity, and the 

reduced effectiveness of energy and spatial correction at higher mass lirnits its use to low 

" A form of this chapter has been published as: Y. Q. Dai, R. M. Whittal, L. Li. S .  

R. Weinberger "Accurate Mass Measurement of Oligonucleotides Using a The-lag 

Focusing Matrix-assisted Laser DesorptiodIonization Tirne-of-flight Mass Spectrometer" 

Rapid Commun. Mass Spectrom. 1996,I O, 1792. 



mass oligonu~leotides.~~ Another complication of MALDI analysis of DNX fragments is 

the Lunited number of workable matrices available for high sensitivity and high resolution 

detection. 

Much improved mass resolution has recently been demonstrated for L W D L  

TOFMS'"" using the time-lag focusing (TLF) technique pioneered by Wiley and 

~ c ~ a r e n . "  High mass measurement accuracy has also been demonstrated using both 

intemal and external calibration for peptides,18 proteins.ls oligosa~charides,~ and industrial 

polymers."." For the analysis of DNA fragments, Reiliy and coworkers reported the 

observation of improved mass resolution over conventional DC extraction in their 

space/velocity correlation focusing instrument? Mass resolution over LOO0 and good 

mass measurement accuracy have been demonstrated by Juhasz, et al., for several DNA 

fragments up to a 3 1-mer." 

A rapid and sensitive method for accurate mass analysis of oligonucleotides would 

be very useful for DNA sequencing and for the confirmation of oiigonucleotide structures. 

Traditional methods of combining enzyme degradation with product separation for the 

verification and analysis of oligonucleotides can be laborious and often provides Lunited 

structural information. The mass spectrometric approach can be particularly useful in 

anaiyzing modified oligonucleotides which have found broad use as tools and substances 

for rnolecular biology, disease diagnosis, and drug development. Electrospray ionization 

(ESI) mass spectrometry can be routinely used for rapid and accurate anaiysis of 

oligonucleotides up to 50-rner~.'"'~ A sample amount of 10 to 50 pmol can be handled and 

a mass measurement accuracy of about 100 ppm can be obtained with ES1 on a quadrupole 

instrument.32 

In this chapter, we present studies of the analysis of oligonucleotides based on a 

time-Iag focushg MALDI the-of-flight rnass speceometer. Mass measurement error less 



than 100 ppm with the use of extemal mass calibrants is dernonstrated for a 17-mer. 23- 

mer, and 35-mer of single-stranded DNA. Excellent signai-to-background ratios are 

obtained by loading low picornol amount of total sample. The sarnple preparation protocol 

used to achieve high detection sensitivity and rnass accuracy is described. 

5.2 Experimental 

5.2.1 Instrument 

The tirne-lag focusing, linear tirne-of-flight mass spectrometer has been described 

elsewhere.18 In brief, a nitrogen Laser (Laser Science, hc. VSL 337ND) with a 3-ns pulse 

width was used for desorption. The instrument was operated at 20 kV DC, a 1-ps time lag 

was used between desorption and ion extraction and the pulsed extraction potential was 

varied according to the m a s  that was analyzed. A pair of deflection plates is placed 6 cm 

beyond the ion source to filter out the iow-mass ions. For the analysis of DNA, a 2-5-foId 

enhancement of the signal is observed with the use of the mass füter. The level of 

enhancement is dependent on the intensity of the low-mass ions. For DNA. much more 

intense low-rnass ions are observed using the mairix and sample preparation method used 

in this work, compared to protein analysis with other matnces under sirnilar experimental 

conditions. 

The Hewlett-Packard MALDI data system was used to record mass specua. The 

system consists of a 500-MHz-bandwidth digitizer with sarnpling speed of L Gsarnples/s. 

Each spectrum collected was the result of signal averaging of 50 to 60 laser shots. No 

background subtraction was used to produce the data displayed. The mass calibration was 

done with the Hewlett Packard data system using a two-point linear calibration, i.e., m = 

a(t+b12, where t is the flight tirne, m is the mass of the ion, a and b are the calibration 

coefficients. 

5.2.2 Sample Preparation 



The matrix 3-hydroxypicolinic acid (3-HPA) was saturated in 33% acetonitrilel 

water with the aid of vortex mixing, centnfûged and the supernatant solution was 

transferred to another via1 containing regenerated H' activated ion-exchange beads. 

Preparation of the ion-exchange beads was as follows: Dowex 50W-X8, 20-50 mesh 

beads were regenerated in a glass c o l m  by ïinsing with 50 mL ultra-pure water. 50 mL 

3M HCI, followed by rinsing with ultra-pure water until neutral pH was reached." A few 

beads were added to the 3-HPA solution. To prepare the ammonium form of the ion- 

exchange beads, the regenerated H' form beads were placed in a column and washed with 

50 mL of 3M NH4C1 and then rinsed until neutrai pH was achieved. DNA was prepared 

by dissolution in pure water with the addition of NH,' activated ion exchange beads. 

The crushed-crystal method, as described by Xiang and Beavis, was used to 

prepare the sample on the probe t i ~ . ~ )  In brief, 1 fl of 3-HPA solution was loaded on the 

probe tip and allowed to dry, the crystals were crushed, and then 0.7 to 1 pi of the second 

layer solution was applied on the top of the fist layer. To prepare the second layer 

solution, 1 pl of ion exchanged DNA solution, 0.75 pl of 0.3 M diammonium hydrogen 

citrate and 3.25 @ of ion exchanged rnatrix solution were rnixed. As the second layer was 

drying the solution was stked on the probe tip using a micro pipette tip und  srna11 crystals 

for~ned.~' 

The 10-mer (5'-AATTCCCGGG-3') and the 17-mer (5'-GTAAAACGACGGCCA 

GT-3') were purchased fiom Sigma and the 23-mer (5'-CCCAGTCACGACGTTGTM 

ACG-3') and the 35-mer (5'-CCCAGTCACGACGTTGTAAAACGTTACGCCCTCAT- 

3') were purchased fiom Integrated DNA Technologies, Inc. A second sarnple of the 23- 

mer was purchased from ACGT Corp. (Toronto, Ontario). Sinapinic acid (SA) and 3- 

HPA were purchased fiom Aldrich. 

5.3 Results and Discussion 



Mass measurement in a time-of-flight mass spectrorneter cm be carried out by using 

either an intemal standard method, where the calibrants are codeposited with the analyte 

sample, or an extemal calibration method. where the calibrants are run under expenmental 

conditions as close to those used for the sample as possible. In general, intemal calibration 

provides better accuracy, compared with the extemal calibration method. However, the use 

of internal calibrants may suppress the analyte signal. To obtain better accuracy. the signai 

strength of the internal calibrants needs to be sirnilar to that of the analyte. Thus. 

adjusmient of the concentrations of the intemal calibrants with respect to the anal- 

concentration is required, which can often be laborious. Extemal calibration is generally 

preferred for reai-world sample analysis. This is particulariy tnie for the analysis of a 

number of sirnilar types of sarnples. 

To achieve high mass measurement accuracy with extemal calibration. two 

important experimentai factors are found to play central roles. One is related to the design 

of the Ume-of-fight instrument. It is essential that the instrument provide high stability 

both mechanically and electronicaiiy to ensure that reproducible spectra can be obtained 

from one sample to another. The second major factor is concerned with the use of an 

appropriate sample preparation protocol. We fmd that the formation of densely packed 

uniform microcrystals can signifcandy improve not only sensitivity but also mass 

rneasurement accuracy for DNA fragments. Figure 5.1 shows the images of a DNA 35- 

mer sample with 3-HPA as the manYc on the MALDI probe obtained by using a confocai 

microscope operating in the reflectance hght detection mode. The image shown in Figure 

5.1A is obtained with the dried-droplet method and the image shown in Figure 5.1B is 

from the sample prepared using the method descnbed in the experirnental section. Figure 

5.1 shows that much larger crystals are formed from the dried-droplet rnethod and the 

cvstals reside at the rim of the sample drop, whereas the sample and rnaaùc preparation 



Figure Confocai image of a DNA 35-mer prepared in 3-HPA using (A) the dried- 

droplet method and (B) the sample preparation method descnbed in the text. 

The scale-bar unit is micrometer. For the dried-droplet rnethod, about 0.7 

pL of the mixture solution is loaded on the probe tip and dried in the air. 

The mixture solution is prepared by mhing 1 pL of the DNA 35-mer 

solution at 50 p m o w  with 0.75 p L  0.3 M diammonium hydrogeen citrate 

and 3.25 pL saturated 3-HPA matrix solution in 33% acetonitrile/water. 



protocol used in this work generates small crystals that are fairly uniformly distributed 

across the sample probe to form a thin film. For a l l  the ~Ligonucleotides examined from 

various sources, the morphology of the sample/matrix crystals formed using the sample 

and matrix preparation protocol described above is very reproducible from sarnple to 

sample. If the morphology of the sample varies, as it does with the dried-droplet method. 

we find that mass spectral reproducibility decreases; hence, mass accuracy suffers. This 

may be attributed to variations in the initial starting position. initial ion velociry. or initial 

desorption/ionization ange (in TLF MALDI) that leads to differing flight trajectories from 

sarnple crystals with different morphologies. 

Figure 5.2 shows the MALDI mass spectra of a DNA 17-mer and a 23-mer 

obtained by using TLF TOFMS with positive ion detection. Rave 5.3 shows the 

cornparison of positive ion and negative ion MALDI mass spectra of a DNA 35-mer. The 

molecular ion region is shown in the inset of each respective spectnun. The observed mass 

resolution is 1170 FWHM for the DNA 17-mer and 1330 FWHM for the 23-mer. For the 

35-mer, the positive ion specmim shows a mass resolution of 1210 FWHM and the 

negative ion spectnun has a resolution of 1300 FWHM. The salient feature of these mass 

spectra is the appearance of a strong molecular ion peak with its mass corresponding to the 

intact molecule, i.e., (M + H)' or (M - K)-. Several other peaks in the molecular ion region 

are aiso observed. These peaks are likely cation adducts of the DNA molecule. For 

example, the peak at 17 Da above the pseudomolecular ion is iikely from (M + NH,)' and 

the peak at 38 Da above the pseudomolecular ion is from (M + K)'. A peak with d z  

corresponding to the (M + K + NH, - H)' ion is also observed. Because of the improved 

resolving power of TLF TOFMS, these adduct peaks are weil resolved for the 

oligonucleotides examined. 

While the mass resolution obtained with these DNA fragments is quite similar to 



that achieved for peptides and proteins in the same mass range, the sensitivity is about 10 

fold less compared with peptides and proteins using an optimal manix system. The 

reduced sensitivity may weii be retated to the properties of the matrix and the sarnple/rnatrix 

preparation. At present. only a few chernical species have been discovered to provide 

relatively sensitive detection of DNA. We fmd that 3-HPA, fust htroduced by Becker and 

cow~rkers , '~  provides the best results, so far, in time-lag focusing experiments. Other 

matrices, such as 2,4,6-THAP and 2,5-DHB do not provide adequate sensitivity or 

resolution when the mass is > 10 m a .  With the sample preparation conditions used in this 

work. we also find there is generaily no simcant difference in sensitivity between the 

negative ion mode and positive ion mode of operation, as Uustrated in Figure 5.3 for the 

35-mer. For the negative ion spectrum. the prominent peak is from the pseudomolecular 

ion of (M - H)*. The ammonium (M + NH, - 2H)- and potassium (M + K - 2H)- adduct 

ions are also observed. 

Accurate mass measurement is Uustrated for the DNA 23-mer, 17-mer and 35-mer 

in Tables 5.1-5.3, respectively. Table 5.1 shows the results of determined masses of the 

23-mer from seven MALDI: spectra. Three different extemal caiibration conditions are 

used. Method 1 uses bovine insulin (calculated protonated mass 5734.58 Da ) and bovine 

ubiquitin (calculated protonated mass 8565.87 Da) as the calibrants and SA as the matrix. 

For Method 2, the same calibrants are used; but, 3-HPA is used as the rnatrix. Method 3 

uses the 17-mer and the 35-mer as the calibrants and the sample preparation conditions are 

exactly the same as those used for the 23-mer analyte. From Table 5.1, the relative error of 

mass rneasurement using Method 1 ranges frorn +L38 ppm to -34 ppm with an average 

relative error of 61 f 57 ppm from 7 trials. The relative error observed with Method 2 is in 

the range of +128 ppm to -44 ppm with an average relative error of 53 + 56 pprn. Wirh the 

use of DNA fragments as the extemal calibrants, the dative error varies from +64 ppm to 



Figure 5.2 Positive ion MALDI mass spectra of (A) 1 pmol of a DNA 17-mer (5'- 

GTMCGACGGCCAGT-3')  and (B) 1.5 pmol of a DNA 23-mer (5'- 

CCCAGTCACGACGTTGTAAAACG-3') obtained by using a 1 ps rime- 

lag with a pulsed extraction potentiai of (A) 2.48 kV and (B) 2.50 kV. 

Samples are prepared with 3-HPA as the matrix. 



Figure 5.3 MALDI m a s  specna of 7 pmol of a DNA 35-mer (5'-CCCAGTCACGAC 

GTTGTAAAACGTTACGCCCTCAT-3') prepared with 3-HPA in (A) 

positive-ion and (B) negative-ion using a 1 ps tirne-lag and (A) 2.95 kV (B) 

-3.15 kV pulsed extraction potential. 



-1 10 ppm with an average relative error of 14 + 57 pprn. Sirnilar resuits are observed for 

the 17-mer and 35-mer, as shown in Tables 5.2 and 5.3. In the case of the 17-mer, the 

results shown in Table 5.2 are obtained with the use of a 10-mer (5'-AATTCCCGGG-3') 

and the 23-mer as the external calibrants. For the 35-mer in Table 5.3, the calibrants are 

bovine insulin and equine cytochrome c with 3-HPA as the matrix. It is interesting to note 

that the use of similar types of chernical species as the external calibrants provides sIightIy 

better mass measurement accuracy. This may be due to the ease of maintaining constant 

experimental conditions, such as the crystal morphology, analyte distribution. and 

desorption/ionization conditions, with the same type of chemicai species. In any case. 

better than 100 ppm m a s  measurement accuracy c m  be achieved with the time-lag 

focusing TOFMS and the sample preparaiion protocols used herein. 

Note that in Figure 5.2B. there are several peaks observed in the m/z range from 

-3500-7000 Da. These labeled peaks are not from fragmentation of the pseudomolecular 

ion during the MALDI process. The mass spectrum of a second sample (not shown) with 

the same DNA sequence. but from a different source (ACGT Corp.) does not show these 

peaks. We suspect that the original 23-mer sample fkom Integrated DNA Technologies. 

hc. contains species resulting fiom incompIete nudeotide couplinp during synthesis. The 

expanded mass spectnim of Figure 5.2B in the lower mass range is shown in Figure 5 -4. 

Table 5.4 lists the mass of each Iabded peak in Figure 5.4. Despite their low intensities, 

the masses of these peaks can be determined within 100 pprn error. From the mass 

difference between the adjacent peaks, the partial sequence can be readiiy deduced. For 

obtaining the mass specmim of this 23-mer, the total sample loaded is about 1.5 pmol. The 

pseudomolecular ion peak is about LOO times more intense (in axa) than the peaks from the 

incompletely coupled products. It is likely that the amount used for generating each 

product peak is less than 15 fmol. 



Table 5.1 Mass accuracy and reproducibility of a DNA 23-mer (M + H)' at 

7018.67 Da 

Measured (M + H)' external standard 

Trial number Method 1 Method 2 Method 3 

6 70 19.30 70 19.24 70 18.77 

7 7019.19 7019.12 70 18.65 

Average ( X) 70 19.10 70 19.04 70 18.57 

Rel. error (ppn) 61 53 - 14 

s/X ( P P ~ )  57 56 57 

In Method 1 the calibrants were bovine insulin and bovine ubiquitin and the matrix was 

SA. In Method 2 the same calibrants were used but the rnatrix was 3-HPA. Ln Method 

3 the calibrants were DNA 17-mer and 35-mer and the rnatrk was 3--HPA. 

s/X represents the relative standard deviation for 7 trials. 



Table 5.2 M a s  accuracy and reproducibility of a DNA 17-mer (M + Hl' at 

5229.50 Da 

Trial numbers 
Measured (M + H)' 
externat standard 

Average ( X) 

Rel. error (ppm) 

~/X(ppm) 

s/X represents the relative standard deviation for 7 trials. 



Table 5.3 Mass accuracy and reproducibility of a DNA 35-mer (M + H)' at 

10637.02 Da 

Trial number 
Measured (M + K)' 
external standard 

Average ( X ) 

Rel. enor (pprn) 

SIX ( P P ~ ]  
- - - -  - - -- - 

SIX represents the relative standard deviation for 7 triais. 



Table 5.4 The mass measurernent of a DNA 23-mer sample contauiing species 

resulting from incornpiete nucleotide coupling during synthesis 

Peak Calculated Measured Error (ppm) Mass Diff. Base 

Peak numbers represent the labeled peaks in Figure 5.4. The mass difference is the 

difference between adjacent peaks. Measured masses are the average of 7 trials. 



Figure 5.4 The expanded mass spectnun of Figure 5.2B showing the failed synthesis 

products at Iower m a s .  



In conclusion. mass measurement accuracy better than 100 pprn with extemal 

calibration can be obtainert for oligonucleotides up to a DNA 35-mer. The observed mass 

resolution of these DNA fragments is between 1170 and 1300 FWHM. This ;MALDI 

technique and the described sarnple preparation protocol in the present form cm be used for 

rapid analysis of oligonucleotides. The method described should be usefùl for quality 

control in oligonucleotide synthesis, postsynthetic chernical workup. and for the detection 

and con€innation of oligonucleotide structures. 
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Chapter 6 

Effects of Type of Matrix and Methods of Sample Purification 

on MALDI-TOFMS Analysis of Single Stranded DNA 

Fragments" 

6.1 Introduction 

Chapter 5 has demonstrated the importance of sarnple preparation and utilizing 

TLF-TOF MS for achieving high resolution and accurate mass measurernent of 

oligonucleotides up to the DNA 35-mer. For the analysis of increasingly larger 

oligonucleotides, other important factors intluencing the MALDI results are the ma& and 

chernical composition of the DNA sample. Several studies" have demonstrated that 

fragmentation of oligonucleotides in the MALDI process is strongly dependent on both 

nucleobase and mauix. Little or no fragmentation is observed at thymidine nucleotides. 

While other homopolymen and mixed-base oligonucleotides usually display certain degree 

of fragmentation when matrices, such as 2.5-DHB, are employed. Another charactenstic 

of oligonucleotides is the negatively charged phosphodiester backbone of oligonucleotides. 

and these phosphate anions have high affinity for free cations. The MAIDI technique is 

known to have a high tolerance towards the impurities in the mass analysis of biomolecules 

such as proteins. However, the extent of tolerance is highly dependent on the nature of the 

irnpurities in the analysis of DNA. Becker and coworkers5 have reported a study of the 
- -  

" A  portion of the work descnbed in this chapter was submitted for publication as: 

K. G. Lichtenwalter, A. Apffel, J. Bai, J. A. Chakel, Y. Q. Dai, K. M. Hahnenberger, L. 

Li, W. S .  Hancock "The Potential of MALDI-TOF MS Combhed with Separation 

Methods for the Analysis of DNA in Biologicd Samples" submitted to J. Cliromntogr. 



effect of impurities on the analysis of single-stranded DNA oligomers and found that the 

Ievels of tolerable impurities are greatly different from the reported values for protein 

anaiysis. The greatly reduced tolerance of alkali-metal salts is due to the presence of the 

large nurnber of acidic groups per oligonucleotide. This effect becomes more prominent. 

especially for larger oligonucleotides where the nurnber of acidic groups is also increased. 

To aileviate this problem, a purifcation technique combined with MALDI is often required. 

The objective of this chapter is to present ou studies and working experiences with 

various matrices as weil as several sample purification protocols for oligonucleotides 

analyzed by TLF MALDI-TOF. In particular, the effects of ma& additives. sources of 

DNA sarnples treated with different purifkation methods, and the base composition of the 

oiigorner on MALDI signals are discussed, 

6.2 Experimental 

6.2.1 Instrument 

The instrument and data system used are the sarne as tho scnbed in Chapter 5 .  

Briefly, the power supply was set to 20 kV DC for ail mixed-base oiigomer tests. For the 

p ~ l y d T ~ ~ ,  DC voltage was set to -20 kV. A 1 ps delay Mie  was used between desorption 

and ion extmction and the puised extraction voltage was varied as required to focus the 

mass of interest. Each s p e c m  collected was the result of signal averaging from 50 to 100 

Iaser shots. 

6.2.2 Materials 

The 23-mer (5'-CCCAGTCACGACGTTGTAAAACG-3') and the 35-mer (5' - 

CCCAGTCACGACGTïGTAAAACGTTACGCCCTCAT-3') were purchased from 

Integrated DNA Technologies, Inc. (Coraiville, LA, USA). The 40-mer (5'-GGCATCGTG 

GTGTCACGCTCGTCGTITGGTATGGCTTCAT-3'). 50-mer (5'-CGCCTTGATCGTT 

GGGAACCGCCAAACGACGAGCGTGACACCACGATGCC-3'), 60-mer (5'-GGCAT 



CGTGGTGTCACGCTCGTCGTTTGGTATGGTCTCA?TCAGCTCCGGTTCCCAACG 

A-37, and p ~ l y d T , ~  were purchased from Cruachem. The biothylated 15-mer 

(BioUNIVlS), was purchased from Operon Technologies, Inc. The biotinylated 7-deaza- 

dATP and 7-deaza-dGTP 5Obp PCR product (BiodeazajObp) were provided by 

B iomezsurements group, Hewlett-Packard Research Laboratories (Paio Alto, CA. US A). 

Diammonium hydrogen citrate and matrices 3-HPA, PA, 2.6-DHAP, 2nd IQCA were 

purchased from Aldrich (Milwaukee, WI). Dynabeads M-280 streptavidin ( 10 mgmi)  was 

purchased fiorn the Dynal A.S., Olso, Nonvay. Binding and wash buffer 1 (BAV 1) was 

prepared by d g  Tris, EDTA, and NaCl solutions with final concentration of 10 mM for 

Tris, 1.0 rnM for EDTA, and 2.0 M for NaC1 in the mixture. Bbding and wash buffer 2 

(B/W2) was prepared by replacing NaCl in BiWl with NH4CI. The pH of both buffer 

solutions was adjusted to 7.5 by diluted HCI and NQOH. EDTA and ammonium chionde 

were purchased from Caledon Iaboratories Ln>. (Georgetown, Ont, Canada). Tris was 

purchased from Life Technologies (Grand Island, N.Y.. USA). 

6.2.3 MALDI Sample Preparation 

Three types of matrices 3-HPA/PA, IQCA, and 2,6-DHAP were used. For 3- 

HPNPA, the fust-layer solution was 0.5 M 3-HPA. This matrix solution was also used as 

the second-layer matrix for the analysis of oligomers with < 50 bases. For oligomers with 

2 50 bases, the second-layer matrix solution was prepared by mixing a 4: L ratio (v/v) of 

0.5 M 3-HPA and 0.5 M PA. For IQCA, the concentration of the fust-layer matrix was 

0.15 M, and 0.3 M for the second-layer matrix. For 2 , 6 - D W ,  the fmt-layer matrix was 

0.25 M in acetoniaile and the second-Iayer matrix was 0.15 M. The solvent 33% 

acetonitrilelwater (vlv) was used for the preparation of 3-HPA, PA, IQCA, and the second- 

layer ma& solution of 2,6-DHAP. Before use, the maûix solution was desalted by 

ammonium-form ion exchange beads (AG 50W-X8, 100-200 mesh). The sample 



preparation was similx to that described in Chapter 5 when 3-HPA/PA or IQCA was used 

as matrix. When 2,6-DHAP was used, the two-layer method was employed for sarnple 

and ma& preparation. The second layer solution was a mixture of oligonucleotides, 

diammonium hydrogen ciirate and the second-layer m a h  solution. For the biotinylated 

PCR products, the second layer solution was a mixture of purified PCR products and the 

second-layer matrix solution. The mixing ratio in the second layer solution varied with the 

length of the oligonucleotide chain. 

6.2.4 Immobilization of Biotinylated OIigonucleotides 

Two protocols were used for the immobilization of the biotinylated 

~Ligonucleotides: 

Protocol 1: An aliquot of 100 pi of streptavidin Dynabeads M-280 was washed three times 

by B/W1 and then re-suspended in 100 pi BAKI. For immobitization. LOO pl of 

biotinylated oligomer or biotinylated PCR product. such as BioUniv 15 (2.5 pmol/pl) and 

BiodeazaSObp (total amount estimated at 700 ng). was added to the suspension of the 

streptavidin Dynabeads and incubated with gentle shaking for 15 min at room temperature. 

M e r  immobilization. the supernatant was removed using magnetic particle collector (MPC. 

Dynal). the beads were washed three tirnes with 200 pl of 0.2 M diammonium hydrogen 

citrate. 

ProtocoZ 2: B/W2 was used as the wash and binding buffer. Afier immobilization. the 

immobilized beads were washed twice with 200 pl of diammonium hydrogen citrate. and 

then washed with 100 pl of HzO. AU other procedures were the sarne as those used in 

Protocoi 1. 

6.2.5 Recovery of PCR Products 

For the recovery of the nonbiotinylated strand of BiodeazaSObp, the beads were 

incubated in 25 pl of 25% W O W w a t e r  (v/v) twice at room temperature with the first 



incubation for 10 min and the second incubation for 2 min. For the BioUniv 15 primer or 

biotinylated strand of Biodeaza 50bp. the beads were incubated for 10 min at 63°C in 75 pl 

of 25% WOWwater  (v/v) twice- The supernatant was removed and coliected afier each 

incubation. Recovered products were dried by vacuum centrifugation (Speed Vac). 

6.3 Results and Discussion 

The selection of a proper matrix is very important for the success of .VUILDI 

analysis. OLigonucleotides contain N-glycosidic bonds in cytosine, adenine. and guanine 

that are paaicularly susceptible to frabgnentation during the desorption/ionization process. 

Thus the judgment of a good maaix for oligonucleotides depends on the size of the 

oiigomer as well as its base composition. Some manices may provide good 

desorptiodionization eficiency; but they rnay also result in extensive fragmentation. Three 

types of maaices were examined for mixed-base oligonucleotides up to a DNA 60-mer. It 

was found that the signal-to-background noise (SM) ratio decreases with increasing 

oligomer size. This is shown in Figure 6.1. Ail the data were obtained with a resolution 

greater than 1000. For oligomen smaller than 40-mer, 2,6-DHAP generates better signal 

than both 3-HPA and IQCA in ternis of detection sensitivity and mass resolution. 

However, a substantial decrease in S/N ratio for larger size of oligomer is observed. For 

the DNA 60-mer, high resolution spectra cannot be obtained with 2,6-DHAP. The 

decrease in detection sensitivity for larger oligomers is most likely due to the fraementation 

of the molecular ions, since a low mass tail was observed on the molecular ion peak of the 

50-mer and this taii becarne more severe for the 60-mer. 

Thymidine homopolymers were reported'~'.~ to be more stable than mixed-base 

polymers during the desorption process because of the lack of the protonation site on 

thymidine. We expected that 2,6-DHAP should give more intense signals for 

poly(thymidy1ic acid)s than 3-HPAIPA. Figure 6.2 shows a negative ion MALDI mass 
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Figure 6.1 Effect of type of matrix on the signal-to-background noise ( S N )  ratio of the 

positive molecular ions in the MALDI anaiysis of oligonucleotides. 



spectrum of pdT70 with use of 2,6-DHAP as the matrix. A good molecular ion signal with 

mass resolution of 1180 and mass accuracy of -60 ppm was obtained. In contrast, using 3- 

HPA/PA as matrix, only a very weak signal was observed for pdTTO (not shown). 

Purification of DNA proved to be critical for high mass resolution and sensitive 

detection in MALDL Oligonucieotides have a large number of highly acidic phosphate 

groups which easily f o m  adducts with cation impurities in the sample. The general way to 

reduce adduct formation is to exchange the metal ions with ammonium ions either by 

addition of ammonium salts to the sample solution prior to the desorption7 or with a cation 

exchange column.' As an example, Figure 6.3 shows mass spectra of a mixed-base DNA 

50-mer obtained with and without addition of diammonium hydrogen citrate. Comparing 

spectnim 6.3A with 6.3B, it is clear that the use of diammonium hydrogen citrate in the 

matrùdsample preparation ~ i ~ c a n t l y  improves the quality of mass spectra by reducing 

the sodium and potassium adduct ions. For the mass spectnim shown in Figure 6.3B. the 

measured mass resolution is about 1200. 

Sample cleaning either on-probe or pnor to the application to the probe was found 

to be efficient in reducing adducts for small oligomen. As the size of oligomer increases, it 

becomes more dificult to eliminate the adduct ions effectively. Figure 6.4 shows the mass 

spectra of a DNA 60-mer obtained with the use of 3-HPA/PA as the manix. The sample 

used for Figure 6.4A was purified by HPLC; and a good signal with resolution of 1167 

was obtained. Under the same experimental conditions, a PAGE purified DNA 60-mer 

sample generated a very broad, weak molecular ion signai. Figure 6.4B shows the 

spectmm of this sample after four desalting cycles. These results clearly show that 

extensive purification of large size of oligonucleotides is necessary for achieving high 

resolution detection. 

For the analysis of PCR products. the quality of mass spectra is largely dependent 



Figure 6.2 Negative ion MALDI mass spectnim of P ~ T , ~ .  2,6-DHAP was used as 

rnaerix. 



Figure 6.3 Positive ion M . 1  mass spectra of a DNA 50-mer (5'-CGCCïTGAT 

CGTTGGGAACCGCCAAACGACGAGCGTGACACCACGATGCC-3') 

obtained (A) without addition of diammonium hydrogen citrate and (B) with 

the addition of diammonium hydrogen citrate. 3-PIPA/PA was used as 

matrix. 



on how completely the PCR products are isolated from the crude PCR reaction mixture and 

how the sample is desaited. The streptavidin-biotin technique is a desirable purification 

method for PCR products, as it provides rapid and highly specific binding, as well as 

minimum loss of sample. Several g r o ~ p s ~ - ~ ~  have reported the use of this technique for the 

purification of PCR producü and subsequent anaiysis by MALDI with vaiying degrees of 

success. One major problern in using this technique is the presence of high concentrations 

of NaCl in BN1, a protocol introduced by the manufacturer. When this buffer is used in 

washing and immobilization steps, the sodium cations in the buffer soluuon and the 

phosphate anions of DNA f o m  ion pairs that result in the multiple sodium adduct 

formations in the MALDI process. To remove possible Na' and K' ions on the DNA 

backbone, a diammonium hydrogen citrate'' or an ammonium phosphate8 was used as 

wash solution after imrnobilization of biotinylated PCR producrs. In Our experiments, 

however, this was found to be insufficient at decreasing the extensive adduct ions. 

BioUnivl5 is a primer used for PCR reactions of BiodeazaSObp. This biotinylated primer 

was used as target molecules for modification of the manufacturer's protocol. 

Figure 6.5A shows the MALDI result of BioUnivlS purified with the use of 

Protocoi 1. As shown in the spectnirn, strong sodium and potassium adduct peaks were 

still present. To m e r  decrease the aikdhe adduct signais, 2.0 M NaCl in B/WL was 

replaced with 2.0 M N&Cl (see B N 2  described above), keeping the other conditions the 

sarne. By using this modifled method, some white residue was observed after drying the 

recovered product. In addition, we found that a cloudy solution formed when 2 pl of HZO 

and 3 pl of 0.5 M 3-HPA ma& solution were added to the dned recovered product. We 

suspect this is due to the presence of a large amount of ammonium salt. A hrther 

modification was done by reducing the number of washes of the immobilized beads with 

diammonium hydrogen citrate kom three times to two, followed by washing the beads with 



Figure 6.4 Positive ion MALDI mass spectra of a DNA 60-mer (5'-GGCATCGTG 

GTGTCACGCTCGTCGTTTGGTATGGTCTCATïCAGCTCCGGTTCC 

CUCGA-3') with samples purified by (A) HPLC and (B) PAGE. 3- 

HPA/PA was used as matrix. 



LOO pl of HzO. The details were descnbed in Protocol2. Figure 6.5B shows the result of 

BioUniv 15 purified by Protocol 2. From this spectrum, it is clearly seen that sodium and 

potassium adduct peaks were reduced significantly. For cornparison, the result of direct 

detection of BioUnivl5 was shown in Figure 6.5C. This exarnple demonstrates that the 

use of the modified binding and wash solution can effectively reduce the sait adduct ions. 

Fiope 6.6 shows the MALDI mass specmim of BiodeazaSObp. purified by 

Protocol2. The products were recovered at room temperature by twice incubations in 25 

pl of 25% N-ï&OWwater (v/v), with the first incubation for 10 min and rhe second for 2 

min. The product recovered at 63OC was also tested and a similar result was observed. 

The two peaks in the region of 1600 are believed to be the complementaiy strand and 

biotinylated strand, respectively. Resolution for these two peaks is about 107, which 

indicates a one-base resolving capability in that mass region. The effect of the incubation 

time on the recovery of the non-biotinylated strand was also exarnined for another 

biotinylated 50-base PCR product. With incubation in 25 pl of 25% NH,OWwater (v/vl 

for 2 min at room temperahue twice, no signal was observed fiom the MALDI test of this 

recovered product. 

In conclusion, this study has shown that the TLF-MALDI instrument can provide a 

mass resolution over 1ûûû for the mlxed-base oligomers up to the 60-mer and for the 

poly(dT) up to the 70-mer. However, different matrices and sample preparation 

procedures need to be followed to obtain optimal performance of oligomer analysis. For 

larger oligomers, extensive sample purification is essential for high mass resolution 

detection. For the purification of biotinylated PCR products, the use of magnetic 

streptavidin beads proved to be effective in isolating them from the crude smples. Based 

on the MALDI results of the recovered products, it seems that the percentage of recovered 

products for both strands is more dependent on the incubation time than that on the 



incubation temperature. Clearly, much work still needs to be done to improve both 

sensitivity and resolution for the anaiysis of PCR products. 
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Figure 6.5 Positive ion MALDI mass spectra of BioUnivlS obtained (A) with 

purification by Protocol 1, (B) with purification by Protocol 2. and (C) 

without treatment by purification. 3-HPA was used as matrix. 



Figure 6.6 Positive ion MALDI mass specûum of BiodeazaSObp. 3-HPAPA was 

used as matrix. 



Chapter 7 

Matrix-Assisted Laser Desorption Ionization Mass Spectrometry 

for the Analysis of Monosulfated Oligosaccharidesa 

7.1 Introduction 

Sulfated carbohydrates are an important class of compounds found in many 

biological systems.'.' For example. polysulfated carbohydrate polymers. temed 

glycosaminoglycans, including hyduronic acid, chondroitin sulfate, and heparin. have long 

been known as major constituents of mammalian tissues. ' More recentl y, specifically 

sulfated sugar residues have k e n  discovered on the carbohydrate chains of glycoproteins 

and glycolipids.' Such sulfated oligosaccharides. usualiy sulfated on galactose (Gd).  

mannose, N-acetylgalactosamuie (GaNAc), N-acetylglucosamine (GIcNAc), or glucuronic 

acid residues, have been shown to directly control important biological activities such as 

those of glycoprotein hormones. Sulfated glycoprotein oligosaccharides have also k e n  

found to be active in ceilcell adhesion, including the control of leukocyte migration.' 

Because of the structural diversity and complexity of these oligosaccharides, understanding 

the? biological functions at the molecular Ievel requires initial identification and detailed 

stnictural charac terization. 

Mass spectrometry (MS) such as fast atom bombardment (FAB) MS has 

" A form of this chapter has been published as: Y. Q. Dai, R. M. Whinal. C. A. 

Bridges, Y. Isogai, O. Hindsgaul. L. Li "Matrix-Assisted Laser Desorption Ionization 

Mass Spectrometry for the Analysis of Monosulfated Oiigosaccharides" Carbohydr. Res. 

1997,304, 1-9. The synthesis of compounds 1 to 7 and 9 to 13 in Table 7.1 was done 

by Professor O. Hindsgaul's research group. 



traditionally played an important role in the axiiysis of oligosaccharides including sulfated 

oligosa~charides.~-~ Recent advances in two relatively new biomolecule-compatible 

ionization methods, namely, ma&-assisted laser desorption ionization (MALDI) and 

electrospray ionization. are poised to provide M e r  enhancement in perf~rmance.~ A 

major advantage of the new ionization techniques is the improvernent in detection 

sensitivity. The possibiiity of doing routine analysis of oligosaccharides in amounts 

ranging from subpicomoles to low picornoles should drarnatically decrease the heroic effort 

that is ofien required to isolate the nanomole samples that one required for F M  MS. 

The MS analysis of sulfated oligosaccharides is particularly ~ h a i l e n ~ i n ~ . ~ - ' '  

Sulfated oligosaccharides c m  decompose during sample workup prior to MS analysis. The 

analysis is further complicated as they are prone to form fragment ions upon ionizauon. 

Thus, 0b-g the intact rnolecular ion with high detection sensitivity is an important fust 

step for mass analysis. This is particularly true for mixture anaiysis where the presence of 

fragment ions may mate  arnbiguity in chernical identification. A researc her can there fore 

not teil whether a peak corresponding to a desulfated oligosaccharide is caused by a 

desulfated oligosaccharide species present in the samples or whether it is formed in the MS 

experïment. Although the ionization of sdfated oligosaccharides by FAB has been 

extensively reported."" microgram quantities are ofren required in FAB MS. Several 

reports using electrospray MS for the anaiysis of these molecules are also present in the 

l i terat~re. '~- '~ The detection sensitivity for electrospray MS has not k e n  extensively 

reported. MALDI has the advantage of directly analyzing mixtures without extensive 

separation. It aiso has high tolerance to salt and buffer as demonstrated for the analysis of 

nonsulfated oligosa~charides. '~~~~ However, very few MALDI studies are reported for the 

detection of sulfated oligosaccharides because matrices commoniy used for non-sulfated 

oligosaccharides provide poor performance or fail for these comp~unds . '~  An indirect 



MALDI measurernent, in which sulfated saccharides were mked with a basic peptide or 

protein to form a noncovalent complex which was then detected by MALDI. was 

reported.lg"O This method was shown to be particularly useful for the anaiysis of 

polysulfated  polysaccharide^.'^ 

In this chapter, we present a study of .MALDI analysis for monosulfated 

oligosaccharides. A number of compounds ranging from sulfated disaccharides to 

tetrasaccharides, including those containing sialic acid are examined. We demonstrate that. 

by using a proper rnawdçample preparation protocol, it is possible to obtain soft ionization 

of monosulfated oligosaccharides with subpicomole detection sensitivity. 

7.2 Experimental 

7.2.1 Sarnples and Reagents 

Cornpounds 1-7" and 13" (see Table 7.1) were prepared as previously described. 

Compounds 9-12 were prepared by total chernical synthesis using similarly established 

procedures of oiigosaccharïde synthesis." Compound 8 was purchased from V-LABS 

(Covington, LA). Ail the matrices examined in this work were purchased from Aldrich 

(Milwaukee, WI). Mass calibrants used in this work are N-t-Boc-Met-Asp-Phe-amide 

(Sigma. St. Louis, MO) and two synthetic peptides (acetyl-KLEALEA-amide and acetyl- 

KLEALEAKLEALEA-;unide). 

7.2.2 Sample Preparation 

The two-layer method was used for sample/matrix deposition ont0 the lMALDI 

probe." In this method, the matlix solution is placed on a polished stainless steel probe 

and allowed to dry to form a microcrystailine layer. A solution containing both the analyte 

and the matrix is then added to the top of the matrix layer. The analyte solutions with 

known concentrations were made by dissolving appropriate amounts of sample in 20% 

watedmethanol (v/v). 



For the sulfated disaccharides and trisaccharide (1 to 7 in Table 7.1 ). a 1 -yL aliquot 

of a 0.05 M solution of coumarin 120 in 50% acetonitrile/methanoI (v/v) was used to form 

the fist  layer. The second Iayer solution was a 1:l (v/v) mixture of analyte in about 9 0 8  

watedmethanol (v/v) and the supernatant of coumarin 130 sanirated in 33% methanoVwater 

(v/v) . 

For the sulfated trisaccharide (8) without the methoxycarbonyloctyl aglycone. 

HABA or coumarin 120 and 6-aza-3-thiothymine were used. With HABA as the matrix. 

the fmt layer was 1 pL of 10 @ KA33A in 1,4-dioxane, and the second iayer was 0.5 to 1 

pL of a solution of compound 8. When coumarin 120 and 6-aza-2-thiothymine were used. 

the fxst layer was forrned by using 1 pL of the matrix solution prepared from 16 mt/mL 6- 

aza-2-thiothymine in 60% methanoVacetone (v/v), and the second layer was the sarne as 

that used for the sulfated disacch~des. 

For the sulfated trisaccharides or teaasaccharides containhg N-acetyl-neuraminic 

acid (NANA) (9 to 12), the first layer was the saine as that described above for 8 .  The 

second layer was formed by vacuum dryingZ from a 0.5 pL deposition of a solution 

containhg 2 pL of analyte, 2 pL of supernatant solution of coumarin 130 saturated in 33% 

acetonitrile/water (v/v), and 1 pL of 2 mM NaCl. 

With 2,s-DHB and HMB as the matrices,17 1 pL of a L : l (v/v) mixture containing 

the matrix solution and the analyte was applied. The matrïx solution was prepared by 

mixing 10 g/L DHB in 33% methanoVwater (v/v) with 10 g/L HMB in 33% 

methanoYwater (v/v). 

With SA as the matrix, 1 p.L of 0.12 M SA in 99% acetone/water (v/v) was 

deposited on the probe and ailowed to dry in the ai.. A 1-pL aliquot of the analyte solution 

was then deposited on the top of the first Iayer? 

For mass calibration in the m/z region between 500 to 800, N-t-Boc-Met-Asp-Phe- 



amide and acetyl-KLEALEA-amide were used as the externd calibrants. With SA as the 

rnatrix, 1 pL of 0.10 M SA in 60:36:4 acetoniuile/methanoYwater (v/v/v) was deposited on 

the probe and allowed to dry in the air. A L-pL aliquot of 1: 1 (v/v) mixture of the standard 

solution and the SA rnatrix solution was added to the top of the Fust layer and dried in 

vacuum." For mass calibration in the mlz region between 800 to 1500, acetyl-KLEhLEA- 

amide and acetyl-KLEALEAKLEALEA-arnide were used as the extemal cdibrants. HCC A 

was used as the matrix. A 1-pL aiiquot of 0.12 M HCCA in 9 9 6  acetone/water (vlv) was 

applied to the probe and allowed to dry in the air. A 1-pL ahquot of the standard solution 

was added to the top of the first layer. 

7.2.3 Instrumentation 

Mass spectral data were collected on a linear time-lag focusing tirne-of-flight m a s  

spectrometer." Details of the instrument have been descrïbed in Chapter 1. Sulfated 

oligosaccharides are detected by operating the instrument in the negative-ion detection mode 

at 12 kV DC, a 280 ns time lag was inserted between desorption and ionization. The ions 

are generated by using a 3-ns-pulse-width laser beam frorn a nitrogen laser at 337 nrn 

(Laser Science Inc., VSL 337ND. Newton, MA). A dual microchamel plate detector is 

used for ion detection and a Hewlett-Packard MALDI data system combined with a LeCroy 

9350M digital oscilloscope with a sampling speed of 1 Gigasarnplels is used for mass 

spectral recording and data processing. In general, mass spectra from 50 to 100 laser shots 

are summed to produce the final spectnun. 

7.3 Results and Discussion 

Table 7.1 lists the sulfated oligosaccharides exarnined in this study. These range 

from disaccharides to tetrasaccharides, including - those containing N-acetyl-neuraminic 

acid. As in the analysis of other classes of biomolecules by MALDI, the use of a proper 

ma& for the detection of sulfated oligosaccharides is very important. An analyticaily 



Table 7.1 List of oligosaccharides examined in this study 

Compound Structurea W b  Best matrixc 

" R: -(C&),COOCH, 
b Exact mas .  
A, coumarin 120; B, mù<nire of coumarin 120 and 6-aza-2-thiothyrnine; C, mixture 

of 2,5-DHB and HMB. 



useful ma& formulation should provide molecular ions of the analyte of interest with high 

detection sensitivity. The interference fiom matrix ion peaks should be kept to a minimum. 

In addition. an ideal manix system should provide universal detection. For mixture 

analysis, no ion suppression of the analyte due to the presence of other components in a 

mixture should be observed. 

For the sulfated disaccharides, it was found that intact molecular ions c m  be 

obtained from the use of HABA, SA. and coumarin 120 as the matrix. However. for 

HABA and SA, very intense. low-mass ion peaks from the rnatrix c m  provide interference 

in the detection of these molecules. This is shown in Figures 7.1 A and 7.1 B for the m a s  

spectra of 1 obtained with the use of HABA and SA as the matrix, respectively. The total 

arnount of sample loaded is 2.5 pmol for Figure 7.IA and 5 prnol for Figure 7.1B. In 

cornparison. the m a s  spectmm of the same compound obtained with the use of coumarin 

120 as the ma& is shown in Figure 7. K. This spectrum is obtained with a sarnple 

loading of 0.5 pmol. Figure 7.1C clearly shows that the coumarin 120 matrix provides not 

only better detection sensitivity but also less interference from the matrix ions. Note that 

coumarin 120 has b e n  used in the past as a matrix for peptides." For a i l  sulfated 

disaccharides listed in Table 7.1, their mass spectra display a strong rnolecular ion peak 

with no fragment ion peaks when coumarin 120 is used. 

One of the important observations from this study is that changes in oligosaccharide 

structure can significantly affect the MALDI performance. Table 7.1 also lists the optimal 

matrix found for the detection of the corresponding sulfated oligosaccharide. For example, 

coumarin 120 produces very weak signais for the sulfated h-isaccharide (cornpound 8 in 

Table 7.1) and for the sulfated oligosaccharides containing N-acetyl-neurarninic acid such 

as 9 - 12 in Tahle 7.1. Considering compounds 7 and 8,  the major structural difference 

between these two compounds is the presence of methoxycarbonyloctyl aglycone in 



Figure 7.1 Negative ion MALDI mass spectra of 1 obtained with the use of (A) 

HABA, (B) SA, and (C) coumarin 120 as the matrix. The calculated exact 

m a s  for (M - H)- of 1 is 632.23 and the measured masses are shown in the 

spectra. 



compound 7. Previous studies of several nonsulfated ohgosaccharides without the 

aglycone group and those with various types of aglycone groups have shown a rnarrix 

dependence in detection sensiti~iry.'~ It is likely that the hydrophobic mavYt coumarin 120 

cocrystallizes well with compound 7 containing the hydrophobic methoxycarbonyloctyl 

aglycone, resulting in sensitive detection. For compound 8 HABA can generare a 

molecular ion signal as shown in Figure 7.2A. However, strong matrix ion signals are 

also observed. For 9-12, HABA generates relatively poor signals. On the other hand. 6- 

aza-2-thiothymine, a maair introduced by Iuhasz and ~ o s t e l l o ' ~  for testing underivaûzed 

gangliosides, is found to generate good signals for these compounds. One drawback of 

this matrix is that it also gives strong maaix ion signals that cover a broader low-mas 

range than does cournarin 120. If the analyte to be tested is in the range of the rnanix ion 

signal region, interference can becorne a senous problem, a situation similar to that shown 

in Figure 7.1A, B. 

In analyzing 8, it was found that a mixture of 6-aza-Zthiothymine and coumarin 

120 provides the best results in terrns of signal strength and background level. This is 

illustrated in Figure 7.2B where an intense molecular ion peak without fiaegnentation is 

obtained. This is also tme for anaiyzing 9-1 2. In each case, 6-aza-2-thiothyrnine forms 

the fust layer and to this layer coumarin 120 mked with the analyte is then deposited. 

When the coumarin 120 and analyte solution is deposited, followed by immediate vacuum 

drying, the fmt layer appears to be partially dissolved. Cocrystals from the matrices and 

the analyte are Likely formed in the interface region. If no vacuum drying is used iifter the 

second solution is applied, the first layer is completely dissolved. This is similar to the 

sarnple preparation where matrices and andyte are premixed and then deposited onto the 

probe. However, the two-layer method without the total dissolution of the f is t  layer was 

found to provide the best results. An additional observation is that the desorptiod 



Figure 7.2 Negative ion MALDI mass spectra of 8 obtained with the use of (A) HABA 

and (B) a mixture of 6-aza-2-thiothymllie and coumarin 120 as the matrix. 

The total amount of 8 loaded is 2.5 pmol for (A) and 1.0 pmol for (B). The 

calculated exact mass for (M - Na)- of 8 is 608.15 and the measured masses 

are shown in the spectra. 



ionization laser threshold for coumarin 120 is about 3 times lower than that of 6-aza-2- 

thiothymine. By using the two-Iayer rnethod, the laser threshold is about the same as chat 

observed with the use of coumarin 120 as the matrix. It is likely that a lower laser flux is 

needed to desorb the cocrystais of 6-aza-2-thiothyrnine, coumarin 120. and the analyte. 

compared with the desorption of 6-aza-2-thiothymine and the analyte cocrystals. The top 

layer of rnicrocrystals prepared by the two-layer method conrains rnainly coumarin 130. 

The reduction of both the laser threshold and the amount of 6-aza-2-thiothymine contributes 

to the reduction of the matrix background signals. Another example is illustrated in Figure 

7.3A for the mass spectrum of 10 obtained by using the two-layer sarnple prepantion 

method. The intact molecular ion is observed with no apparent fragment ion peaks. The 

total amount of sample loaded is about 0.5 pmol. Judging from the signal-to-background 

ratio observed, it is clear that subpicomole detection can be readily achieved. 

One complication in analyzing oligosaccharides containing N-acetyl-neuraminic acid 

is that the rnolecular ion region of the MALDI spectmm usually displays several peaks 

corresponding to different ionic forms of the acid group." This is illustrated. as an 

example, ùi Figure 7.38 for the MALDI analysis of 10. The peaks at m/z 1069.35. 

109 1.44, and 1 107.47 are from the molecular ions of the acid (M - H)-. the analyte sodium 

salt (M + Na - 2H)-, and the analyte potassium salt (M + K - 2H)-, respectively. The 

formation of these multiple ions makes the peak assignment more diEcult. particularly in 

mixture analysis where signal overlap can occur. It aiso reduces the signai intensity 

because of the distribution of molecular ion peaks. This problem c m  be averted by adding 

a smaii amount of NaCl to the sarnple, resulting in the domination of rhe sodium cationized 

ions in the molecular ion region (see Figure 7.3A). In Figure 7.3A, a clean spectrum and a 

much stronger (M + Na - 2H)- peak are obtained with the loading of half the amount of that 

used for Figure 7.3B. 



Note that accurate measurement of the molecular ion mass can be readily made with 

the the-lag focusing LMALDI instrument. However, the accuracy is dependent on a 

number of factors, including the sample/matrix preparation rnethod, the type of cdibrant 

and ma& used, and the method of calibration. The use of intemal standards for mass 

calibration provides the best resuits. In general, an error of less than 70 pprn can be 

~btained.'~ With extemal calibration using the same sample preparation and the sarne type 

of molecules as the standards, an error of less than 100 ppm c m  be obtained. In this 

study, the instrument was extemalIy calibrated with the peptide standards. The averaged 

mass measurement accuracy is within 500 ppm for ail compounds tested, eveii with 

different sample preparation methods as described. For all sulfated oligosaccharides 

examined in this work, the instrumental resolution is sufficient to resolve the isotope peaks. 

The inset of the expanded mass spectrum in Figure 7.3A shows the molecular ion region of 

compound 10. The mass resolution in this case is about 2440 FWHM. The measured 

mass for the molecdar ion is 109 1.50 and the calcuiated mass is 109 1.36, representing 

mass measurement enor of 128 ppm. 

In applying the MALDI method for real sample analysis, chernical composition of 

the sample can play an important role in detection performance. The presence of impunties 

as well as other chemicai components can potentiaily have an adverse effect on the utility of 

the ma& preparation protocols. For example, in separation of oligosaccharides by 

HPLC, a high concentration of sodium phosphate or ammonium acetate is often 

usedm 15.16.32 It is desirable to analyze the fractionated oligosaccharides with no or minimum 

sarnple cleanup to avoid possible structural degradation. We have examined the tolerance 

of the matrices 6-aza-2-thiothymine and coumain 120 toward a large amount of salt in the 

sulfated oiigosaccharide samples. We found that the ma& system is remarkably tolerant 

to a high concentration of salts. For example, almost the sarne mass spectrum as that 



shown in Figure 7.3A cm be obtained for compound 10 containing up to 0.1 ,M NaCl. 

Note that coumarin 120 is not particuIarly soluble in water. although 6-aza-2-thiothymine 

and the sulfated oligosacchandes dissolve wel in water. On-probe washing with water c m  

still be done with the sarnple prepared by the two-layer method. We speculate that both 6- 

aza-Zthiothymuie and the analyte are entrained into the coumarin 120 crystals, and the 

insoluble crystals prevent M e r  dissolution of the c o r n a h  and the analyte. In the case of 

the samples containing 0.1 M NaCl, spectra of equal quality can be obtained with or 

without on-probe cleaning. 

Direct detection of sulfated oligosaccharides in a high concentration of ammonium 

acetate and sodium phosphate is also possible with the matrix system. However. it is 

found that the presence of ammonium acetate reduces the rnolecular ion detection 

sensitivity. On the other hmd, the use of the sodium phosphate buffer does not have a 

sibpifïcmt effect on the MALDI detection of the monosulfated oligosaccharides. As an 

example, Figure 7.4 shows the mass spectra of compound 10 in O. 1 M sodium phosphate 

buffer obtained by LMALDI without on-probe washing and with washing. The totai arnount 

of sarnple loaded is 1 pmol in both cases. The main spectral difference is the level of 

background signais. To obtain the spectnim from a sample without on-probe washing, 

about a 2-fold increase in laser power is required. compared with the sarnple with washing. 

The higher laser power produces stronger background signals as shown in the mass range 

from 600 to 1000 in Figure 7.4A. The molecular ion is obtained in the f o m  of the analyte 

sodium salt. No fragment ions are detected. These results indicate chat the presence of 

sodium phosphate buffer does not alter the performance of the mahix formulation: thus. 

this buffer is highiy recornrnended in separation or sample preparation for monosulfated 

oligosaccharides from the MALDI analysis point of view. 

In developing sample/maûix preparation protocols for MALDI, another major 



Figure 7.3 Negative ion MALDI mass spectra of 10 obtained by using a mixture of the 

matrices of 6-aza-Zthiothymine and coumarin 120: (A) with the addition of 

NaCl, (B) without the addition of NaCl. The calculated exact masses for 

(M - H)-, (M + Na - 2H)-, and (M + K - 2H)- ion of 10 are 1069.38, 

109 1-36, and 1 107.33, respectively. The measured masses are shown in 

the spectra. 



Figure 7.4 Negative ion Mass spectra of 10 in the presence of 0.1 M sodium 

phosphate buffer obtained (A) without rinsing the probe with water and (B) 

rinsing the probe with water. 



concern is related to the potentiai suppression of signds in direct analysis of mixtures. We 

find this not to be a problem at least for the analysis of mixtures containing both sulfated 

oligosaccharides and non-sulfated oligosaccharides. This is illustrated in Figure 7.5 for the 

analysis of a mixture of a tetrasaccharide (13) and a suifated trisaccharide ( 10) with 

different molar ratios. The matrix formulation used for obtaining spectra shown in Figure 

7.5 is the sarne as that used for the analysis of 10 done. The peak observed at mlz = 

1091.53 corresponds to the molecular ion of 10 (M + Na - 2H)-. No signals from the 

tetrasaccharide (13) are detected. Figure 7.5B dso shows that a 20-fold excess of 

compound 13 reduces the signal level of compound 10 by about 40%. To detect the non- 

sulfated tetrasaccharide, a different rnatrix formuiation is required. Figure 7.6 shows the 

MALDI mass spectra of the sarne mixture with different molar ratios obtained by using 2.5- 

DHB mked with HM3 as the matrix and operating the instrument in the positive-ion 

detection mode. In this case, only compound 13 is detected as the sodium cationized 

molecular ion at m/z 868.78. No signals from the suifated oligosaccharide are detected. 

Figure 7.6B illustrates that the presence of a 10-fold excess of 10 in the mixture reduces 

the signal level by about 60%. Note that several peaks displayed at m/z ranging from 1100 

to 1200 are from the matrix cluster ions. 

The requirement to use different matrices for detecting oligosaccharides with 

different functional groups implies that fine tuning of the sample/matrix formulation is 

necessary for real world sarnple analysis such as p r o f h g  the products of enzymatic 

reactions involving oiigosaccharides. The real concern here is related to the total amount of 

sarnple required for multiple analy sis in optimiuig the sarnplehatrix preparation. This 

underscores the need to develop methods for improving the efficient use of sarnple in 

MALDI. The conventional sample loading method of placing 1 pL of sample over a large 

area on the sample probe. such as the one used in this work, is not efficient. We expect 



Figure 7.5 Negative ion MALDI mass spectra of a mixture of 10 and 13 in a molar 

ratio of (A) 1: 1 and (B) 1:20. The total amount of 10 loaded is 1 pmol in 

both cases. The matrk preparation condition is the same as that used in 

Figure 7.3A. 



Figure 7.6 Positive ion MALDI mass spectra of a mixture of 10 and 13 in a molar ratio 

of (A) 1: 1 and (B) 10: 1. The total amount of 13 Ioaded is 5 pmol in both 

cases. The calcdated exact mass for (M + Na)+ of 13 is 868.38 and the 

measured masses are shown in the spectra. 



irnproved detection sensitivity can be attained by using the micro-spot iMALDI s y s t e m  for 

the detection of oligosaccharides. 

In conclusion. ma& and sample preparation protocois have been developed for the 

analysis of monosulfated oligosaccharides. including those containing LV-acetyl-neuraminic 

acid by MALDI MS. Coumarin 120 or a mixture of 6-aza-2-thiothymine and coumarin 120 

prepared by using a two-layer method is found to be the optimal manix for different 

monosulfated oligosaccharides. Molecular ions are detected widi subpicomole detection 

sensitiviry. It is also found that different ma& formulations are needed for the detection 

of different types of sulfated oligosaccharides. The presence of 0.1 M NaCI or O. L ,M 

sodium phosphate buffer does not alter the MALDI performance. In addition. for simple 

mixtures of a non-sulfated oligosaccharide and a sulfated oligosaccharide, the presence of 

other oligosaccharide in a mixture appears not to affect the detection of the oligosaccharide 

of interest. We anticipate that these ma& systems or modified versions of chese are 

applicable to larger sulfated oligosaccharides. We have demonstrated that it is feasible to 

generate molecular ions of monosulfated oligosaccharides with subpicomole sensitivity by 

MALDL 
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Chapter 8 

MALDI-TOF Mass Spectrometry for Polymer Analysis: 

Solvent Effect in Sample Preparationa 

8.1 Introduction 

MALDI-TOF MS has been shown to be a very useful tool for polymer 

characterization.'-I3 It can be used to determine average molecular weights as weil as 

molecular weight distributions of narrow polydispersity polymers." It c m  also provide 

structural information on end-group, repeat unit, and chemicai modification of a polyrneric 

system. if oligomer resolution is attained.15-l7 However. the success of this technique for 

polymer analysis is very much dependent on the availability of a suitable sample/matrix 

preparation. Sample preparation involves polymer dissolution, followed by mixing with 

the ma& solution and a cationization reagent. Great care must be taken in developing 

sample preparation protocois to ensure the generation of accurate and precise resuits. 

Several snidies have shown that a number of factors in sample preparation can affect the 

MALDI r e s ~ l t s . ~ ' ~ ' ~  Among them, the type and quality of solvents c m  greatly influence 

the MALDI analysis. For exampie, we have shown that the dryness and purity of 

tetrahydrofuran (THF) used to prepare polymer samples play a central role in the success of 

detecting high molecular weight polymers.L3 Recently, it has k e n  shown that the use of 

certain b i n q  solvent systems can cause m a s  discrimination," al.though the reasons for 

such an error were not uivestigated. 
- - - -- - - 

" A form of this chapter will be published as: T. Yalcin, Y. Q. Dai, L. Li "MALDI- 

TOF Mass Spectrometry for Polymer Analysis: Solvent Effect in Sample Preparation" J. 

Am. Soc. Mass Spectrorn. in press. Dr. T. Yalcin collected the MALDI mass spectra. 



Accurate determination of the average molecular weight of a polymer by 'VIALDI 

requires the instrument and the sarnple preparation method to provide a large dynamic range 

of ion detection as well as true mass spectral representation of the relative intensities of 

oligomen in a polymer distribution. As has been shown in MALDI biopolymer analysis. 

analyte distribution in matrix crystals c m  sipificantly affect the signal reproducibility. 

detection sensitivity, and relative intensities of individual components in a mixture." 

Analyte distribution can be affected by the solvent system used for preparing the analyte 

and matrir. However, unlike biopolymer analysis where a comrnon solvent can ofren be 

found to dissolve both the analyte and maaix. the choice of a solvent system for polymer 

analysis by MALDI is much more cntical. In particular, solvents used to dissolve 

polymers may not be compatible with the ma& or cationkation reagent. The current (and 

still recommended) practice is that, whenever possible, a single solvent system should be 

sought to prepare the polymer/matrix sample. However, for a number of applications. the 

use of a solvent mixture cannot be avoided. In this case, the choice of solvents becomes an 

important issue in the development of a useful sarnple/matrix preparation protocol. 

In this chapter, we report an investigation of the solvent effect on MALDI anaiysis 

of polymers. It is dernonstrated that the solvent effect follows a systematic pattern. It is 

hoped that undentandhg this solvent effect wiU cl- or avert any possible 

misinterpretation of the MALDL results and aid in the development of optimal sample 

preparation methods for polymer analysis by MALDI-TOF MS. 

8.2 Experimental 

8.2.1 Instrumentation 

Mass specwai data were collected on a Linear the-lag focusing MALDI-TOF mass 

spectrometer described in Chapter 1. Laser fiuence was maintained slightly above ion 

detection threshold in all analyses. A Hewlett-Packard MALDI data system was used for 



mass spectral recording and data processing. This data system is a modified version of the 

software used for the HP Mode1 G2025A MALDI time-of-tlight mass spectrometer, in 

which the instrument control feamres have been disabled. Ml data were further processed 

using the Igor Pro software package (WaveMetrics, Lake Oswego, OR). No correction of 

l/(dm/dt), was applied to the mass spectra dunng the conversion of the tirne domain to the 

mass domain. The dm/dt term is the denvative of the caiibration equation used for 

converting time, t, to mass, m." Average molecular weights (Mn, MW) were detemiined 

directly from the t h e  domain according to the foilowing equations: 

Mn = Z(NiMi) / ZNi 

MW = X(N,M;) / ZNiMi 

where Ni and Mi represent signal intensity in peak area and mass for the oligorner 

containhg i monomers, respectively. The polydispenity, PD, was detemiined from the 

ratio of MW to Mn. Average molecular weights were corrected for the contribution of the 

cation. In general, mass spectra from 100 laser shots were summed to produce a final 

specuum. AU mass spectra shown in the figures are the smoothed specua using 15-point 

Savitzky-Golay srnoothing. No baseline correction was performed. The sloping baseline 

generally observed in the MALDI spectra of polymers becomes noticeable when the 

detection sensitivity of the analyte ions decreases and the background ion intensity, 

particularly in the low mass region, increases. 

8.2.2 Sampies and Reagents 

Bradykinin, bovine ubiquitin, and equine cytochrome c used in the calibration were 

obtained from Sigma (St. Louis, MO). The matrix used in their analysis (SA) was 

purchased from Aldrich (Milwaukee, WI). The polymers used in this study include 

polystyrene (PS) 7000 (Polymer Laboratories, Amherst, MA) and poly(rnethy1 

methacry late) (PMMA) 3 500 ( Arnerican Pol ymer Standard Corp., Mentor, OH), and 



fluorescein-labeled polystyrene 7700 (labeled at one end-group, according to the supplier) 

(Polysciences Inc., Warrington, PA). A11-trans-refinoic acid (Aldrich) was used as the 

rnatrix for these polymers. Trans-indoleacrylic acid (LU) (Aldrich) was also used for the 

anaiysis of the labeled polystyrene. AgN03 and NaCl were reagent grade (Ndrich) and 

used without further purification. Tetrahydrofuran (TH- (VWR, Toronto. Canada) used 

in the dissolution of polymers and matrices was pretreated with potassium hydroxide. 

fdtered, then distilled over sodium metal, in the presence of benzophenone as an indicator 

of dryness. 

8.2.3 Sample Preparation 

Polymer samples for MALDI analysis were prepared by cornbining the analyte. 

matrix, and cationization reagent solutions. The polyrners were dissolved in THF to 

prepare stock solutions with concentrations of approximately 2 x 10" M for polystyrenes 

and PMMA @ased on nominal mass for cdculation). Rehoic acid was prepared to O. 15 

M in TEE. Silver nitrate was used as the cationization reagent for polystyrenes and NaCl 

was used for P m 4 .  Silver nitrate was dissolved in ethanol to 0.15 M. Sodium chloride 

was prepared in methanol to a saturated solution. 

A 100 pl sample solution of a known solvent composition was prepared by mixing 

different volumes of the analyte, matrix, and cationization reagent solutions as weiI as the 

testing solvent. For example. the sample solution containing 99.5% THF and 0.58 

ethanol was prepared by mVcing 5 pl of the polymer solution in THF, 0.5 pl of AgN03 in 

ethanol, 44.5 pl of the maaix solution in THF, and 50 pi of THF. The sample solution 

containing 5% water, 94.5% THF, and 0.5% ethanol was prepared by rnixing 5 pl of the 

polymer solution in THF, 0.5 y1 of AgN03 in ethanol, 44.5 pl of the matrix solution in 

THF, 45 pl of THF, and 5 pl of water. Typicaliy, 1 pl of the mixture was added to the 

MALDI probe tip and aliowed to air-dry. 



For the rMALDf analysis and confocal microscopie irnaging of Buorescein-labeled 

polystyrene using L U  as the matrix, L U  wris prepared to 0.4 M in THF. The polymer 

was dissolved in T W  to 2 x 1 0 - ~  M. Sanirated silver nitrate in ethanol was used. The 

sample solutions were prepared in the sarne manner as described above. 

8.2.4 Confocal Microscopy 

Molecular Dynarnics' Multiprobe 200 1 Confocal Laser Scanning iMicroscope was 

used for the generation of a l l  images reported here. An argonkrypton laser operating at 

488 nm was used for the excitation of the fluorescein-labeled polystyrene. The sample was 

deposited ont0 a stainless steel MALDI probe. The probe was then placed in the specirnen 

holder in the microscope. The fluorescence image of the anaiyte as weii as the rnatrix w as 

from one planar image on the surface of the sample layer. 

8.3 Results and Discussion 

Figure 8.1 shows five MALDI mass spectra of polystyrene 7000 obtained by using 

different solvents for sample preparation. The solvent system used for producing the 

spectrum shown in Figure 8.1A consisted of 0.5% ethanol and 99.5% THF. With the 

deposition of 1 pi of this initiai solution on the sample probe, the fmal solid sample 

contained 100 pmol of PS 7MQ66.8 m o l  of the ma&, and 750 pmol of AgN03. For 

the spectra shown in Figure 8.1B-D. ail experimental conditions were the same as those 

used for Figure 8.1A except the solvent systems consisted of 0.5% ethanol, 74.5% THF. 

and 25% benzene, or toluene, or rnethanol. Table 8.1 lists Mn, MW and PD values 

obtained for these samples by MALDI. The relative differences in average rnolecular 

weights obtained from different solvent systems are also shown. Table 8.1 indicates that 

the use of a solvent mixture containing 25% benzene, or toluene, or methanol does not 

affect the measurement of Mn and MW of PS 7000. The differences are well within the 

statistical errors at the 99% confidence limit. 



Another set of MALDI spectra for PS 7000 were obtained by using solvent 

mixtures containing 0.5% ethanol, 49.5% THF, and 5 0 8  benzene, toluene, or rnethanol. 

The average rnolecular weight results from this set of spectra are also shown in Table 8.1. 

In the case of using benzene or toluene as the third solvent. similar spectra as those shown 

in Figure 8.1B.C were obtained. However, a different spectrum was obtained in the case 

of using 50% methanol as the third solvent (see Figure 8. IE). Figure 8.1E shows a severe 

mass discrimination at the high mass region of the polymer distribution. As Table 8.1 

illustrates, the Mn and MW values are reduced by 9.68 and 9.795, respectively. from those 

obtained by using the solvent system containing 0.5% ethanoi and 99.5% THF. The 

precisions for Mn and MW measurements, as indicated by the standard deviations shown in 

Table 8.1, are also reduced. It should be noted that, when a mixture of THF and benzene 

or toluene was used as the solvent, the initial sample solution was transparent. But white 

turbidity was observed in the sample solution prepared with the solvent mixture containing 

49.5% TKF and 50% methanol. 

The eEect of water addition on mass spectral patterns of PS 7000 is even more 

pronounced. Figure 8.2 shows two spectra obtained from two different sample spots 

using the same sample preparation conditions as those in Figure 8.1 except the solvent 

mixture consisting of 0.5% ethanol, 74.5% THF, and 25% water. In addition to the 

change of spectral patterns, the MALDI spectra were not reproducible and great variations 

from spot to spot were noted. Table 8.1 Lists the Mn and MW results obtained from nine 

trials. As Table 8.1 shows, the precisions for Mn and MW measurements in this case are 

very poor. 

Figure 8.3 shows the mass spectra of Poly(methy1 methacrylate) 3750 (PMMA 

3750) obtained using retinoic acid as the ma& and NaCl as the cationization reagent. The 

spectrurn shown in Figure 8.3A was obtained with the use of 99.5% THF and 0.5% 
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Figure 8.1 MALDI mass spectra of polystyrene 7000 obtained by using different 

solvent systerns for sample preparation: (A) 99.5% THF/û.S% ethanol, (B) 

25% benzenen4.595 THF/û.5% ethanol, (C) 25% toluene/74.5% THF/ 

0.5% ethanol, (D) 25% methanoV74.5% THF/O.S% ethanol, and (E) 50% 

methanoV49.5% THF/O.S% ethanol. AU tram-retinoic acid was used as the 

matrit and silver nitrate was used as the cationization reagent. 



Figure 8.2 MALDI mass spectra of polystyrene 7000 obtained frorn two different 

regions of the sarne sarnple prepared by using a mixture solvent containing 

25% wated74.595 THF/O.S% ethanol. AU trans-retinoic acid was used as 

the matrix and silver nitrate was used as the cationization reagent. 
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Figure 8.3 MALDI mass spectra of PMMA 3750 obtained by using different solvent 

systems for sarnple preparation: (A) 99.5% THF/O.S% methanol. (B) 2 5 8  

benzenel74.596 THF/O.5% methanol, (C)  25% toluene/74.5% THF/O.S% 

methanol, @) 25.5% methanoi/74.5% THF, and (E) 5% water/94.5% 

THF/O.5% rnethanol. AlI tram-retinoic acid was used as the matrix and 

NaCl was used as the cationization reagent. 



methanol as the solvent for solution preparation. The solvent mixtures used for obtaining 

the spectra shown in Figures 8.3B-D consist of 74.5% THF and 0.5% rnethanol with the 

addition of 25% benzene, or 25% toluene, or 25% methanol. in all cases. the final solid 

sample on the probe, with 1 p1 sarnple solution deposition. contained 100 pmol of P-MbIA 

3750, 66.8 nmol of the matrix, and an undetermined amount of NaCl. Table 8.2 lists the 

W D I  results obtained using different solvent systems for sample preparation. Note that. 

in the case of using 25% toluene as the CO-solvent, a more severety sloping baseline c m  be 

observed in the W I  specûum (Figure 8.3C). However, as it c m  be seen from Table 

8.2, this change of baseline does not affect the Mn and MW measurements and their 

precisions. 

The addition of a smail arnount of water to the solvent mixture c m  affect che 

determination of the average molecular weights of PMMA 3750. For exarnple, Figure 

8.3E shows a mass spectrum of PMMA 3750 obtained with the use of 5% water. 94.5% 

THF and 0.5% methanol as the solvent for sarnple preparation. Compared with the spectrs 

shown in Figures 8.3A-D, this spectrum iilustrates a significant mass discrimination 

against the high mass tail of the po1ymer distribution. 

Since retinoic acid gives a very strong fluorescence signal after excitation at 488 

nm, trans-3-indoleacrylic acid (IAA) was used instead in the imaging experiments. MA is 

a very good ma& for low molecular weight polystyrenes.' The MALDI spectra of 

fluorescein-labeled polystyrene 7700 obtained by using either retinoic acid or L4A as the 

matrix display oligomer peaks not fully resolved to the baseline (not shown). This is likely 

due to the presence of different end-groups (e.g., Iabeled polystyrene mixed with a smaU 

arnount of the uniabeled one). The solvent effect for fluorescein-labeled PS 7700 using 

retinoic acid or IAA was found to be the same as that of PS 7000 shown above. The 

addition of benzene or toluene to 99.5% THF and 0.5% ethano1 did not alter the mass 





spectral patterns, whereas the addition of a large amount of water or methanol resulted in 

rnass spectral changes. 

There are many polyrner solubility data published in the ~iterature.'~ These data c m  

provide a guide in choosing a suitable solvent for dissolution of a particular type of 

polymer. However, solubility depends on a number of factors including molecular weight 

of the polymer; it is preferable to test the solubiiity of a given polymer to be anaiyzed by 

MALDI. In this study, the solubility test involved weighing out a known amount of the 

polymer, followed by the gradual addition of various volumes of the solvent. The nirbidity 

of the solution was visuaiiy observed and compared. At room temperature, it was found 

that PS 7000 and fluorescein-labeled polystyrene do not dissolve in water. methanol. or 

ethanol. Clear solutions at high concentrations (up to about 0.2 M) can be prepared for 

both polymers in THF, toluene, or benzene, indicating that these t h e  solvents are good 

solvents for the dissolution of the polymer. For PMMA 3750. a concentration of up to 0.1 

M cm be made in THF, toluene, or benzene. PMMA 3750 does not dissolve in water, but 

it dissolves in methanol at a concentration of up to O. 1 M. 

The above results reveal the salient feature of the solvent effect: a solvent mixture 

containing a polymer nonsolvent gives nse to poor reproducibility and erroneous average 

molecular weight results. An ideal polymer nonsolvent is characterized by its inability to 

dissolve any arnount of polymer at any temperame under atmosphenc pressure.16 For 

instance. water is a nonsolvent for polystyrenes and PMMA. Methanol is a nonsolvent for 

polystyrenes. It c m  be readily observed that the addition of an excess amount of water or 

methanol in the TKF sample solution of polystyrene c m  cause turbidity. 

In MALDI analysis, solvent evaporation takes place after the sample solution is 

deposited onto the probe. If a solvent mixture is used for preparing the initial sarnple 

solution, the solvent composition is expected to change during the solvent evaporation 



process due to the differences of their volatiiity. This c m  result in a change of solubility of 

the polymer. If a solvent mixture consists of a solvent and a nonsolvent. where the 

nonsolvent is the less volatile component, iü content in the fiai sample solution on the 

probe prior to the formation of matrix crystals would be much higher than that in the initial 

solution. In this case, there is a good possibility that the polymer may precipitate before the 

matrix crystal formation. Since the precipitation of polymer is ofien a function of molecular 

weight, mass discrimination can occur in the sample preparation stage. Specifically. any 

polymer ions detected in MALDI are from the oligomers incorporated into the matrïx 

crystals. The relative contents of the oligornen in the polymer distribution may be aitered 

due to the mass-dependent precipitation. In this work, the term "polymer precipitation" 

refers to precipitation of the polymer before the formation of rnaoix crystals, whereas the 

term "polymer incorporation" refers to the event that involves the cotrystailization of 

polymer, matrix, and cationization reagent (where applicable). It is obvious that polymer 

incorporation prior to polymer precipitation is desirable in MALDI. 

To funher understand the competing processes of polymer precipitation and matrix 

crystal formation. we have used confocal microscopy to examine the analyte distribution on 

MALDI sarnples prepared in the same rnanner as that used for acmal i W I  MS 

experiments. in this method, the analyte used is a Buorescein-labeled polystyrene. Since 

the MALDI matrix crystals (LU) fluoresce at the wavelength used for excitation. albeit 

very weakly compared to the analyte. the rnatrk as weU as the analyte image c m  be readily 

obtained by operating the confocal microscope in the fluorescence-mode. The contrast 

image of the analyte and matrix can be used to provide information on the analyte 

distribution in the matrix crystals. 

Figure 8.4 shows several images of the MALDI samples 

different solvent systems. To illustrate the heterogenei~ of sample 

prepared by using 

distribution, images 



from two different regions of the same sarnple preparation are shown in two side-by-side 

panels. When 99.5% THF and 0.5% ethanol are used as the solvent system. the confocal 

image shown in Figure 8.4A displays a relatively uniform analyte distribution on 

- - microcrystals. By adding various arnounts of water to the THWethanol solvent system. the 

sample morphology changes as Uustrated by the representative images shown in Figure 

8.4B,C. When the water content in the solvent mixture is low (e.g., 5% in the case of 

Figure 8.4B), microcrystals are still formed, but they are not uniformly distributed across 

the entire sarnple probe. This can be clearly seen on the right panel of Figure 8-43. In 

addition, Figure 8.4B shows bright spots from the polymer sarnple, indicative of polymer 

precipitation. This notion is supported by the systematic increase of the particle size as the 

water content increases. The images shown in Figure 8.4C illustrate the formation of large 

particles as well as particle clusters in some regions of the sarnple layer, when the solvent 

mixture contains 25% water. A control expriment was also performed in which the 

solvent systems used were the sarne as those shown in Figure 8.4B.C except no analyte 

was added. No bright spots or particle clusten such as those shown in Figure 8.4B.C 

were observed. In addition, without adding the matrix to the initial sarnple solution, similar 

types of polymer particles were observed. 

The above findings can be rationalized by considering the changes in solvent 

composition during the MALDI sample drying process. THF with a vapor pressure (Vp) 

of 21.6 kPa at 25 "C will evaporate at a much faster rate than water (Vp 2.3 kPa at 20 OC 

and 4.2 kPa at 30 OC). The rapid evaporation of THF results in a solvent system with an 

increasing amount of water (a nonsolvent for polystyrene) in the drying sarnple. This will 

result in the precipitation of polystyrene prior to the incorporation of ail polymers into the 

matrix crystals. When a larger percentage of water is used in making the original sample 

solution, polymer precipitation is expected to occur at an earlier stage of the drying process. 



The longer duration of precipitation favours the formation of larger polymer particles. On 

the other hand, if the amount of nonsolvent is sufficiently srnall so that the solvent 

composition at the omet of matrix crystallization is srill not favorable for polymer 

y iipitation. little or no effect on MALDI analysis is expected. This is iikely the case for 

the solvent systerns containing 0.5% ethanol andor 0.5% water. Ethanol (Vp 7.9 kPa at 

25 "C) is a nonsolvent for polystyrene. but reproducible results were obtahed when the 

solvent mixture containing 0.5% ethanol and 99.5% THF was used. The use of a solvent 

mixture containing 0.5% water, 0.5% ethanol, and 99% THF aiso did not affect the mass 

spectral patterns in MPLLDI and the sample image was not changed either. 

The effect of the solvent mixture containing methanol on MALDI sample 

preparation of fluorescein-labeled polystyrene was investigated and several images are 

shown in Figure 8.5. The cornparison between the images shown in Figure 8.4A and 

Figure 8.5A.B reveals a striking difference in sample morphology. The methanol-THF- 

ethanol system produces a thin matridandyte füm. The crystd size is much less than 1 pm 

in diameter and c m o t  be measured by the confocal microscope. Overall, the anaiyte 

seerns to unifonnly distribute over the entire sample layer. Similar observations were 

obtained for the solvent system containing either 5% or 25% methanol. However, when 

the methanol content is increased to 50%. the sample image (Figure 8.5C) is entirely 

different fiom those shown in Figure 8.5A.B. Small polymer particles are observed. In 

this case, methanol is a nonsolvent. The volatility of T m  is only slightly higher than 

methano1 (Vp 16.9 kPa at 25 OC). When the solvent mixture containing 74.5% THF, 25% 

methanol, and 0.5% ethaml was used, the change in solvent composition dunng the 

sample dqing process is not so great as to cause polymer precipitation. However, when 

the methanol content is too high, such as in a solvent mixture containing 49.5% THF and 

50% methanol, polymer precipitation takes place even in the initial sample solution. In the 



L W D I  anaiysis of the labeled polystyrene. the addition of 25% methanol in the solvent 

mixture did not alter the mass spectral patterns; but the solvent system containing 50% 

methanol did change the patterns. This was also the case for PS 7000 (see Table 8.1). 

Figure 8.6 shows several images obtained with the use of solvent mixtures 

containing toluene, THF, and ethanol. The addition of 5% toluene does not seem to 

dramaticdly affect the overall crystal morphology (see the lefi panel of Figure 8.6A). In a 

few regions, smaller crystals are observed (see the right panel of Figure 8.6A). However. 

when solvent mixtures containing 25% or 50% toluene are used, larger crystals are fonned 

as shown in Figure 8.6B,C. From the macroscopic point of view (Le.. in the context of a 

typical laser beam of 50 to 100 prn in diameter). the analyte is unifomily distributed in the 

crystds. No polymer particles or clusters are observed. It is interesting to note that the 

intensity of the fluorescence signal in Fiame 8.6C is greater than that of Figure 8.6B. This 

is due to the increase of background fluorescence signais from the matrix crystals. ï h e  

reason for this background fluorescence signai enhancement is unknown. However. in a 

control experiment where no analyte was added to the sample, similar ciystal morphology 

was observed, but fluorescence signais were much weaker. It is clear that the addition of 

toluene does not cause the precipitation of the polymer. 

For the anaiysis of polystyrenes, a strong correlation between the signal 

reproducibility or precision of the Mn and MW rneasurement and the degree of polymer 

precipitation was observed. The sarnples with a unifom distribution without precipitation 

give very reproducible spectra from spot to spot and excellent precision (RSD c 1% from 

three individual runs). The samples prepared with polymer precipitation, such as 50% 

methanol in Table 8.1, provide poor reproducibiiity from spot to spot and sample to 

sample. In extreme cases such as samples prepared with the use of an excess amount of 

water, no useful Mn and MW results can be obtained. 



Figure 8.4 Confocal fluorescence rnicroscopic images of the samples of fluorescein- 

labeled polystyrene 7700 prepared by using different solvent systems: (A) 

99.5% THF/O.S% ethanoi, (B) 5% water/94.5% THFIOS% ethanol. and 

(C) 25% water/74.5% THF/O.S% ethanol. Trans-3-indoleacrylic acid was 

used as the ma& and silver nitrate was used as the cationizaùon reagent. 

The scale-bar unit is in micrometer. Al1 fiapres are on the sarne scale. 



Figure 8.5 Confocai fluorescence microscopie images of sarnples of Buorescein-labeled 

polystyrene 7700 prepared by using different solvent systems: (A) 5% 

methanol/94.5% THF/û.S% ethanol, (B) 25% methanol/74.5% THFIOS% 

ethanol, and (C) 50% rnethanoV49.5% THF/O.S% ethanol. Trans-3- 

indoleacrylic acid was used as the matrix and silver nitrate was used as the 

cationization reagent. The scale-bar unit is in micrometer. AU figures are 

on the same scale. 



Figure 8.6 Confocai fluorescence rnicroscopic images of sarnples of fluorescein-labeled 

polystyrene 7700 prepared by using different solvent systems: (A) 5% 

toluene/94.5% THFIOS% ethanol, (B) 25% toluene/74.5% THF/O.S% 

ethanoi, and (C) 50% toluene/49.5% THF/OS% ethanol. Trans-3- 

indoleacrylic acid was used as the matrix and silver nitrate was used as the 

cationization reagent. The scale-bar unir is in micrometer. Figures A and B 

have the same scale. 



The MALDI results obtained from the analysis of PMMA 3750 iilustrate a different 

type of solvent effect. The morphology of the sample on the probe under different solvent 

conditions was found to be similar to that of the labeled polystyrene. For example. a thin 

film of sample was formed when the solvent mixture containing methanol was used. 

Unlike polystyrene, PMMA 3750 dissolves in methanol. But the Mn and MW results 

obtained by using a solvent mixture containhg 50% methanol and 49.5% THF is different 

from that obtained by using 0.5% medianol and 99.5% THF as the solvent for sample 

preparation (see Table 8.2). Both data are shifred to higher numbers: precisions are stili 

good. As Table 8.2 shows, simiiar findings are observed for two additionai solvent 

mixtures containing 25% and 50% toluene. In these cases, the vanation of Mn and -MW 

can be attnbuted to m a s  discrimination in polymer incorporation, ionization. andor 

dete~tion.~." Note that the polydispersity of PMMA 3750 is - 1.1. As the polydispersity 

- 5  77 increases, the possibility of mass discrimination in MALDI analysis should increase.-.- 

In conclusion, during the drying of the sarnple solution on the MALDI probe. 

polymer precipitation cornpetes with the process of sait and matrix crystailization. Any 

solvent conditions that favour poiymer precipitation will result in possible errors in average 

molecular weight measurement. It is important to recognize that, when a clear. dilute stock 

solution is made with a particular solvent system, it does not parantee that the polymer is 

still well dissolved at the onset of the matrk crystal formation. If no polyrner precipitation 

takes place, other processes including ionization and detection can stdl potentially introduce 

mass discrimination. This is particularly true for broad polydispersity polymers. 
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Chapter 9 

Conclusions and Future Work 

The success of MALDI is govemed by the ma& as weii as the analyte and matrix 

preparation method. A number of other factors such as solvent composition. pH. and the 

naNe and purity of andytes aiso have a notable impact on the performance of MALDI. 

Chapter 2 presented the use of confocal microscopy to investigate analyte distribution and 

crystd morphology of sarnples prepared by different methods. The unifomity of analyte 

distribution in matrix crystals was revealed to be the key factor to achieving reproducible 

L W D I  ion signals. In addition, it was found that preparing s m d  densely-packed crystals 

can eliminate macroscopicaily nonunifom analyte distribution and reduce the 

inhomogeneity of the MALDI sample. From this study, an effective two-layer sample 

preparation method was developed. Chapter 3 addressed the importance of sample 

preparation in the andysis of mixtures of peptides and proteins. The advantages of the 

two-layer method was demonstrated by c o m p a ~ g  it with dried-droplet and fast 

evaporation methods. Improved sensitivity, detectability, reproducibility, resolution and 

mass- measurement accuracy were observed in the mixture anaiysis of peptides and proteins 

including cow's ma. Furthemore, the effect of solvent conditions in two-Iayer sample 

preparation on MALDI ion signals was exarnined. It is shown that the type of organic 

solvent, pH, and pH modifier can affect the mass spectral patterns in the mixture anaiysis 

of peptides and proteins. However, no direct correlation was observed between the nature 

of peptides and proteins and their detectabiiity in samples prepared under different solvent 

conditions. 

MALDI can be directly used for mixture analysis. However, for a mixture with 



a great diversity of components and quantities. direct MALDI analysis usually yields 

incomplete detection of analytes. Work discussed in Chapter 4 uncovered the limitation of 

MALDI in obtaining direct bacterial protein profdes. Ion suppression is suggested to be the 

major interfering factor. The application of HPLC to separate components in a solvent 

suspension of E. coli followed by off-line MALDI analysis of collected fractions results in 

the detection of over three hundred components in the 2000 - 19.000 Da mass range. An 

order of magnitude increase in the number of cornponents was observed when cornpared 

with direct &MALDI anaiysis of the entire solvent suspension. MALDI analysis of the 

proteolytic digests of several coiiected fractions was also carried out. Three components 

were identifïed as specific proteins expected to be present in E.coli. ï h e  methodologies 

established should be very useful in searching for unique biomarkers for bacterial 

discrimination. 

Chapter 5 and Chapter 6 focused on the development and assessment of MALDI 

technique for the analysis of DNA. The effects of sample preparation, DNA base 

components, matrix type and methods of sample purification on mass accuracy, resolution 

and sensitivity were investigated. Resolution of - 1467 was achieved for mixed-base DNA 

60-mer and - 1180 for pdT,. Accurate mass measurements of mixed-base DNA 5 60-mer 

were illustrated. MALDI analysis of PCR products does not yet give the sarne quality of 

mass spectrum as MALDI applied to standard DNA samples of sarne size. Funire work on 

new matrices and the development of rapid and effective purification methods for handling 

small quantities of DNA should be done to improve both sensitivity and resolution for the 

detection of larger DNA, especiaily for PCR products. 

Sulfated oiigosaccharides are an important class of compounds in the field of 

glycobiology. Mass spectrometnc anaiysis of these molecules is challenging due to their 

readiness to dissociate in sample preparation and their tendency to fiagrnent dunng 



ionization. In Chapter 7, Ki8LDI was applied to the anaiysis of monosulfated 

oligosaccharides. Two types of matrices, coumarin 120 and a m i x a  of coumarin 170 

and 6-aza-2-thiothymine, were found to be very effective for the analysis of monosulfated 

disaccharides, as weil as monosulfated trisacchaides and tetrasaccharides including those 

containing N-acetyl-neuraminic acid respectively. Subpicomole detection sensitivity was 

achieved. In addition. it was dernonstrated that with these matnx formulations the presence 

of a high amount of sodium chloride or sodium phosphate buffer, which is often the case 

for the HPLC fractionated samples, does not deteriorate the MALDI performance. Future 

work on the application of these ma& system or modified versions of these to the analysis 

of highly sulfated oligosaccharides is anticipated. 

The effect of solvenû on mass discrimination is further emphasized in Chapter 7 .  

The effect of solvents and. particularly, solvent miX~res used to prepare polymer, rnatrix, 

and cationization reagent solutions. on MALDI analysis was examined. Et is shown that the 

use of solvent mixtures consisting of polymer-solvents does not have a significant effect on 

the molecular weight de temat ion  of polystyrene 7000 and poly(methy1 methacrylate) 

3750. However, solvent mixtures containing a polymer-nonsolvent can affect the signal 

reproducibili~ and cause errors in average molecular weight measurement. The solvent 

effect is further investigated by using confocd laser fluorescence microscopy in 

conjunction with the use of a Buorescein-labeled polystyrene. It is dernonstrated that 

sample morphology and polymer distribution on the probe cm be greatly infhenced by the 

type of solvents used. For sarnple preparation in MALDI analysis of polymers, it is 

important to select a solvent system that wili allow matrix crystallization pnor to polymer 

precipitation. The use of an excess amount of any polymer-nonsolvent should be avoided. 




