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Abstract

A novel approach for the chemical modification of proteins and peptides was
developed, namely the chemical modification under vacuum (in vacuo) of lyophilized
proteins and peptides. This method was used with iodomethane to produce peptides with
a permanent positive charge by converting their amino groups to trimethylammonium
derivatives for analysis by matrix assisted laser desorption ionization mass spectrometry
(MALDI MS). Peptides with such a permanent charge have a higher ionization yield
under MALDI MS resulting in a dramatic increase in detection. The signal intensity of
the trimethylammonium derivative in MALDI MS 1s much greater compared to the

unmodified peptide. The trimethylammonium derivative of o-amino groups of peptides

derived from test lyophilized peptides and a lyophilized protein, and an e-amino group of
a peptide derived from the solitary lysine residue of the oxidized B-chain of insulin were
shown to have a large increase in signal intensity compared to the unmodified peptides.
The in vacuo methylation procedure is readily amenable to the use of a cemiaination of
isotopes, e.g. 12CH3I and CH,I or CHil and CDsl, yielding a doublet signal to
discriminate between peptide and non-peptide signals in the mass spectrum providing an
even greater increase in sensitivity. This strategy was employed to isolate an N-terminal
peptide derived from an enzymatic digest of human hemoglobin and to facilitate the
analysis of spectra. Proteins and peptides lyophilized from slightly alkaline solutions
yielded the greatest amount of derivatization. However, a peptide lyophilized under
acidic conditions could also be methylated to give an increased MALDI signal. In light
of these results a mechanism is proposed where the vacuum facilitates the removal of

gaseous counter-ions to drive the reaction to the trimethylammonium derivative.



In order to selectively isolate the C-terminal peptides from enzymatic digests of
proteins, lyophilized proteins were reacted with iodomethane under conditions where
reaction occurred mainly with carboxylate groups. A proof of concept has been
demonstrated for a method of general applicability for the determination of the
C-terminal sequences of proteins. Separation and isolation of the C-terminal peptides
generated from enzymatic digests for further sequencing either by chemical means (N-
terminal Edman degradation chemistry) or by tandem mass spectrometry (MS/MS) was
accomplished by the use of two dimensional (2D) high voltage paper electrophoresis
(HVPE). The in vacuo method provided a means of incorporating a large amount of
radioisotopically enriched iodomethane for the proof of concept. Digestion conditions
were determined using a test protein, bovine a-chymotrypsin and two proteolytic
enzymes (bovine pepsin and papain from papaya) in order to generate peptides of
maximum length to provide greater sequence coverage. To make this method more
applicable to small amounts of protein a small electrophoresis apparatus was designed
and fluorescent markers were made to avoid the need for radioisotopes in 2D HVPE.

The structure-function relationship of a lyophilized enzyme, namely bovine
a-chymotrypsin («CT), was investigated by the in vacuo chemical modification method.
The enzyme was lyophilized with different excipients and methylated in vacuo with
iodomethane to probe the conformation of its active site. Iodomethane reacted in vacuo
with lyophilized aCT to give an inactive enzyme in which the active-site imidazole was
dimethylated. However, aCT co-lyophilized with the competitive inhibitors,
N-acetyl-L-tryptophan or N-acetyl-D-tryptophan, was fully protected from such

inactivation. In contrast, indole by itself not only did not protect the lyophilized enzyme
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from inactivation by iodomethane, but increased the rate of inactivation. The
lyoprotectants citrate or sorbitol also showed opposite effects when co-lyophilized with
oCT. Citrate protected the lyophilized enzyme from inactivation, while bound sorbitol
dramatically accelerated the inactivation. Imprinting of Iyophilized aCT with indole or
sorbitol increased the reactivity of the active-site histidine towards iodomethane.
Co-lyophilization of aCT with appropriate ligands is known to increase significantly its
enzymatic activity in hydrophobic organic solvents. It is proposed that this imprinting
phenomenon arises because a greater proportion of the active-sites in the Iyophilized
enzyme are in a catalytically favourable conformation where the imidazole of His-57 is
more strongly hydrogen bonded to the carboxylate of Asp-102.

Glycation of proteins, i.e. the nonenzymatic reaction of protein amino groups with
a reducing sugar accompanied by the loss of water to produce, via a Schiff base
intermediate, a ketoamine (Amadori product), is a reversible reaction under aqueous
conditions. Therefore, to drive this reaction an excess of reducing sugar is required for a
period of days. However, it is the first step in the Maillard reaction (nonenzymatic
browning) which leads to advanced glycation end-products (AGEs). In vacuo heating at
65°C of a co-lyophilized mixture of a protein with a small amount of reducing sugar
(glucose) at a pH value between 4 and 10 produced solely the protein ketoamine
derivative with the loss of water to the vacuum. This in vacuo glycation method allowed
for the efficient incorporation of isotopically and radioisotopically enriched reducing
sugars for ease of characterization. Protein glycation was complete within 16 hours and,
for the most part, the glycated protein was soluble and stable at neutral pH with slow

degradation under acidic (pH 2) and alkaline conditions (pH 10.5). Higher ratios of sugar
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to protein resulted in the collapse of the lyophilizate during heating. BC-NMR spectra
show the predominant adduct to be the ketoamine (Amadori product). Quantification
indicates that even at pH 4.0, where all the amino groups are protonated, greater than
50% of these groups are glycated. Therefore it appears that glycation in the lyophilized
state can proceed through the proteins’ protonated amino groups. This reaction provides
a potentially powerful simple synthetic avenue for the chemical modification of proteins,
peptides or other amino containing molecules (e.g. amino surface containing supports for
protein immobilization) co-lyophilized with molecules containing one or more reducing

sugars.
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“Dr Chumley, my mother used to say to me,
“In this world, Elwood” - she always called me Elwood - she'd say
"In this world, Elwood, you must be oh, so smart or oh, so pleasant.”
For years I was smart.
I recommend pleasant.

You may quote me”.

James Stewart as Elwood P. Dowd in “Harvey” (1950)
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Introduction

A protein’s function is defined by its structure. Many techniques exist for
determining a protein’s structure; nuclear magnetic resonance spectroscopy (NMR),
X-ray crystallography, optical rotation and, most recently, mass spectrometry are just a
few examples. However, most of these techniques rely on some prior knowledge of the
proteins function. For proteins of unknown function, the deciphering of protein structure-
function relationships can be initially investigated by means of protein chemical
modification. Two strategies currently exist for the structural modification of proteins to
probe protein structure-function relationships. One, site directed mutagenesis (Winter ez
al., 1982; Zoller and Smith, 1982; 1983) is a technique where a point mutation in the
deoxyribonucleic acid (DNA) sequence encoding for the protein is made. This leads to a
substitution of an amino acid after translation and can give insight as to the role of this
amino acid in the protein’s function. Although this method is powerful and is currently
widely used, it relies on prior knowledge of the protein’s sequence, it is labour intensive
and it is sometimes difficult to interpret causal relationships. For example, an apparently
benign substitution can lead to a dramatic effect on the protein’s function. The other
strategy used to study protein structure-function relationships is the chemical
modification of proteins by the use of chemical reagents. It was at first thought that site-
directed mutagenesis would replace chemical modification but subsequent experience has
shown that these approaches complement each other.

Chemical modification of proteins is a well established approach for studying
structure-function relationships in proteins (Means and Feeney, 1971; Darbre, 1986;

Lundblad, 1995). Most reagents employed for chemical modification react with the
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proteins’ nucleophilic functional groups and for a reagent to be successful in providing
useful information on protein structure-function relationships it must poééess specificity
for one type of protein functional group over all others. The specificity of the reaction, to
a limited extent, can be controlled by managing certain parameters such as; the time of
reaction, the pH of the solution (e.g. targeting N-terminal o-amino groups (pKa ~8-9) vs.
g-amino groups (pKa ~10.5) by keeping the pH between 8.5 and 9) and the concentration
of reagent(s). Another limiting factor is that in order to probe a protein’s native structure,
chemical modifications are usually carried out under aqueous conditions. Therefore the
reagent and intermediates, if any, and the products formed must be reasonably stable in
this aqueous environment. The reagent must also be reasonably miscible or soluble with
water as a biphasic reaction would be slow and may lead to protein denaturation. In most
cases water acts as a competing nucleophile and as a result reagents must be present in
large excess for a reasonable extent of modification to occur. Consequently, the excess
reagent must be quenched, the by-products removed and the modified protein purified
either by dialysis, chromatography or other means. Other limitations imposed in
performing the modification under aqueous conditions are the possibility of proteolytic
damage to the protein of interest or other chemical modifications which may occur under

the usual neutral or moderately alkaline aqueous conditions.

agw

Lyophilization of proteins and peptides

Lyophilization (freeze drying) is a process where the solvent, usually water, is
removed by sublimation which is accomplished by placing the frozen solution under

vacuum. Many products can be lyophilized such as pharmaceutical drugs, enzymes for



use in research and industry, synthetic peptides for pharmaceutical applications and
protein, peptide or other formulations for drug delivery (Cleland ef al., 1994). Under the
right conditions and using the appropriate co-lyophilized components, ie. excipients,
iyophilization of proteins and peptides can result in a considerably longer shelf-life
versus being in solution. Lyophilization also eliminates the need for refrigeration and
reduces other special handling procedures which ultimately lower costs.

The common excipients used in lyophilization are poly-hydroxy compounds,
carbohydrates such as sucrose and other non-reducing sugars (Johnson et al., 2002).
These are thought to either replace the water during sublimation, the water replacement
theory, or provide a glassy-like amorphous phase preventing phase tramsitions, the
vitrification hypothesis. According to the water replacement theory, the hydrogen-
bonding provided by the water that stabilizes the protein in solution is replaced by
hydrogen-bonding with the poly-hydroxy excipients. During lyophilization, all solutes
are freeze concentrated and as a consequence crystallization of buffers or other salts may
occur which would induce irreversible change in the protein structure resulting in
decreased stability. However, if the protein is maintained in an amorphous state using
excipients, no phase transition occurs, therefore the protein structure is maintained. Both
water replacement and preserving an amorphous-like material are thought to be mvolved
in maintaining the stability of lyophilized proteins and peptides. The vitrificaton
hypothesis is substantiated by the fact that lyophilized products have a glass transition
temperature (Ty); therefore they are in a glass-like state. If the temperature of the
lyophilizate increases above its Tg, the stability of the protein or peptide deteriorates.

Different excipients at different mole ratios will result in different T, values for the



specific protein or peptide, for example trehalose provides a higher T, than sorbitol
(Souillac ef al., 2002). A humid atmosphere will also lower the T, causing instability of
the lyophilized product (Bell et al., 1995; Mazzobre et al., 1997; Bym et al., 2001).
Proteins themselves can serve as excipients and a common practice is to add a relatively
inert protein to a preparation, such as albumin, to maintain the integrity of the lyophilized
product.

Without the use of excipients the lyophilization process in certain circumstances
can itself lead to deterioration of the resulting activity. This can occur during one of
three stages. First the initial freezing of the protein or peptide solution can cause
irreversible damage due to phase separation of salts, buffers and certain excipients during
ice formation (Randolph, 1997). Second the drying, a two stage process in which initial
drying of the frozen solution by sublimation occurs followed by drying.to ambient
temperature under vacuum. Third, not part of the lyophilization process itself but
important nevertheless is the re-solubilization step.  Excipients can serve as
“cryoprotectants” during the freezing step and “lyoprotectants” during drying. For re-
solubilization the proper choice of buffers will re-establish the pH of the product solution
which may have undergone some alteration during lyophilization. Although much
progress has been made in understanding the processes involved in lyophilization and
how different excipients in peptide and protein formulations play a role in stabilization,
the addition of such additives, their selection and amounts is mostly chosen empirically.

It has been shown that lyophilized (freeze-dried) enzymes retain their catalytic
activity when placed in organic solvents (Zaks and Klibanov, 1988; Klibanov, 1989;

Koskinen and Klibanov, 1996). It can be inferred from this observation. that proteins



retain their structural integrity under nonagueous conditions. The activity of the
lyophilized protein, and therefore ifs structure, is dependent on the conditions prior to
Iyophilization. The pH of the solution from which the protein was lyophilized, termed
“pH memory” (Zaks and Klibanov, 1988; Klibanov, 1995; Xu and Klibanov, 1996;
Klibanov, 1997} and the use of co-lyophilized additives (excipients) (Russell and
Klibanov, 1988; Braco et al., 1990) both play an important role in the resulting biological
activity. For example, the pH optima and catalytic activity of two serine proteases;
subtilisin and aCT, in a non-aqueous organic solvent are dependent upon the pH of
lyophilization and correlates with their aqueous enzymatic pH optima (Xu and Klibanov,
1996) Furthermore, lyophilized proteins in organic solvents have an enhanced thermo-
stability, a property allowing for possible elevation in temperature to accelerate the
catalytic reaction without disrupting the native conformation of proteins (Zaks and

Klibanov, 1988; Broos et al., 1995).

in vacuo chemical modification of proteins

Chemical modification of proteins to investigate structure-function relationships
(Means and Feeney, 1971; Darbre, 1986; Lundblad, 1995) is a powerful technique but it
is inherently limited due partly to the fact of having to perform the reaction under
aqueous conditions to probe native protein structure. Although protein chemical
modification can be performed with the addition of a miscible organic solvent, to aid in
the solubility of the reagent, there is a limit before a change in protein structure occurs
with possible protein denaturation. Consequently, this places limits in the choice of

chemical reagent and, as a result, in the types of modifications possible. To circumvent



this disadvantage, Taralp and Kaplan devised 2 method in which proteins are chemically
modified in the absence of any solvent (Kaplan and Taralp, 1997; Taralp and Kaplan,
1997). The lyophilized protein is modified with a gaseous reagent under vacuum (see
Figure 0-1). In performing the reaction under non-aqueous conditions many problems
inherent tc agueous modifications such as, proteolysis, protein conformational dynamics,
and possible protein denaturation are avoided. Furthermore, this method allows for the
use of reagents which would otherwise not be compatible with water and for the presence
of possible intermediates formed not stable in the presence of water. The thermo-stability
of lyophilized proteins allows for the use of higher temperatures to increase the rate of
reaction and to keep the reagent in the gas phase. Taking advantage of the “pH memory”
effect of lyophilized proteins i.e. the ionizable functional groups have the same degree of
ionization as in the aqueous solution but there is no exchange of protons, the extent of
modification can be controlled simply by adjusting the pH of the solution prior to
lyophilization (LpH). In the method, only a small amount of reagent is required and it
can be easily removed and recovered allowing .for the cost effective use of isotopically
enriched reagents to aid in characterization. For example, Taralp and Kaplan used
BC-iodomethane to investigate the in vacuo reaction of this reagent with lyophilized
proteins by BC NMR spectroscopy. The modifications afforded with the in vacuo
methylation of proteins with iodomethane is shown in Scheme 0-1. Methylation of
ionizable functional groups can be controlled by the LpH. The sulphur containing amino
acids; cysteine and methionines, are converted to their dimethylsulfonium derivatives.
The N-terminal o-amino group and the g-amino group of lysine react with iodomethane

to form predominantly the trimethylammonium derivatives, in a pH dependent fashion.



The imidazole containing amino acid; histidine, is converted to its dimethylimidazolium
derivative, the phenolic residue of tyrosine, at higher LpH with protein unfolding is
methylated to form a methyl ether. Carboxylate functional groups of the C-terminal
a-carboxyl, the B-carboxyl group of aspartic acid and the y-carboxyl group of glutamic
acid are converted to their respective methyl esters. In the initial publications, the
esterification of carboxylate functional groups was not observed in the NMR spectra due
perhaps to the overlap of the strong chemical shift signals of the trimethylammonium
derivatives of amino groups and the possible hydrolysis of the methyl esters prior to
NMR analysis. The extent of esterification was later investigated and compared to a

novel in vacuo esterification method using methanol HC? (Vakos et al., 2001).
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Figure 0-1  Schematic diagram of the in vacuo methylation method.

A: Lyophilized peptide or protein sample in a small glass or plastic insert
is placed into larger borosilicate glass tube, B: Outer tube is narrowed with
a flame and purged with nitrogen, C: Iodomethane is introduced under 2
nitrogen atmosphere with a pipettor by immersing the vessel in liquid
nitrogen, D: Reaction vessel is placed under vacuum while immersed in
liquid nitrogen, and E: sealed with a flame and placed in a block heater for
reaction to proceed. F: Reaction is terminated by trapping out excess
reagent and breaking the vacuum.



Chapter 1 Increased detection of peptides in MALDI MS by
trimethylation of their amino groups

Introduction

A brief description of matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS) is presented here as many excellent reviews have recently
been published on its use in proteomics (Godovac-Zimmermann and Brown, 2001; Mann
et al., 2001), protein chemistry (Roepstorff, 2000) and other biological applications
(Matsuo and Seyama, 2000). MALDI was developed in the middle to late 1980s (Karas
and Hillenkamp, 1988) with the concurrent development of electrospray ionization (ESI)
(Fenn et al., 1989) as “soft ionization” methods to determine the mass of intact proteins
by MS. Both methods allow for the sensitive determination of proteins and peptides, but
ESI MS is more susceptible to the ion suppression effect of any contaminating salts and
therefore usually requires a time consuming chromatographic separation procedure prior
to MS. MALDI MS in its nature is less prone to the effect of salts and as a result samples
can be first applied to MALDI in a high throughput manner prior to further investigation

by ESL

The sample (analyte) is co-crystallized with an excess of a UV (or IR) absorbing
matrix and allowed to dry on a metal sample plate (probe tip) (see Figure 1-1). The
choice of matrix depends on the type of analyte and on its size (peptide vs. protein). Gas

phase charged molecules of the analyte are produced by the irradiation of the matrix with
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a pulse of a laser which absorbs the laser energy and “transfers” it to the analyte which in
turn is ionized and “flies” into the vacuum. The ions are accelerated through a strong
electric field giving them all the same kinetic energy. Depending on their mass to charge
ratio, they have different velocities and thus different time of flight (TOF) after traversing
a fixed field-free distance. The resulting TOF spectrum is calibrated with standards
preferably within the sample (internal calibration) or as a separate sample (external

calibration).

Analyte ions and
analyte molecules

2% l > Mass Analyzer

Matrix ions and
matrix molecules

Matrix with analyte
molecules

Figure 1-1  Schematic of MALDI sample plate

The recent elucidation of the human (Lander et a/., 2001) and other genomes
(www.ncbi.nlmnih.gov), has spurred efforts to identify all the proteins expressed by cells
in various tissues, i.e. the proteome. Typically, proteins are separated by 2D

polyacrylamide gel electrophoresis (2D-PAGE), the proteins of interest are cut out of the
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gel, enzymatically digested (Katayama et af., 2001) and the proteolytic peptides produced
are subjected to MS producing a peptide mass map (Cohen and Chait, 1997; Ehring ef al.,
1997). The peptide mass map is searched for hits in a complementary DNA (cDNA)
database and matched, with confidence limits, to a theoretical peptide mass map
produced from the specific enzymatic cleavage of known encoded proteins.

MALDI-TOF MS is one of the major tools being employed in proteomics for the
analysis of peptides generated by enzymatic digestion of expressed proteins. Trypsin is
the most commonly used enzyme for this purpose since the predictability of its cleavage
sites facilitates identification of proteins by database searching. MALDI MS is preferred
over other soft ionization MS methods (i.e. ESI) as small amounts of salts, detergents,
and other contaminants are tolerated (Bornsen, 2000) and simpler spectra are generated
due to the fact that singly charged species are observed (Karas ef al., 2000). One of the
difficulties encountered with this strategy, however, is that there is a great variability in
the signal intensity for the different peptide fragments generated and non-peptide
impurities can be misleading in database searching. In many cases, not all the predicted
fragments are observed, reducing the chances of success and the reliability of
identification using database searches. It has been observed that arginine-containing
peptides are more easily detected than lysine-containing peptides (Krause ef al.,, 1999).
Conversion of lysine residues in peptides to homoarginine by guanidinylation of e-amino
groups (see Scheme 1-1) has been shown to improve their detection to the same level as
that of arginine-containing peptides (Beardsley et al., 2000; Brancia et al., 2000; Hale ef
al, 2000). An even greater detection has been claimed with the reagent

2-methoxy-4,5-dihydro-1H-imidazole (Peters et al, 2001) (see Scheme 1-1B). I is



believed that the higher pK, of the guanidino group (pK, ca. 12) as compared to that of
the e-amino amino (pK, ca. 10.5) (Creighton, 1993) contributes to the stability of charged
mono-protonated peptide ion species in the gas phase leading to greater signal intensity.
Other methods for improving peptide detection have mainly focused on sample
application (Landry ez o/, 2000} and experimenting with different matrix compositions

(Billeci and Stults, 1993; Gusev ef al., 1995; Bornsen, 2000).

Isotopic labelling as a means of simplifying spectral interpretation

Isotopic labelling has been used as a means of simplifying spectral interpretation.
For example, trypsin digestion in a mixture of H,'%0 and H,'®0 has been attempted to
produce pairs of tryptic peptides differing in their mass by two mass units (Stewart et al.,
2001). However, this method found limited success due to the fact that the peptides
produced are themselves substrates for trypsin and as such undergo additional
nucleophilic attack by water at the C-terminal carboxylate resulting in a mass distribution
(Gevaert et al., 1997, Shevchenko et al, 1997; Stewart et al., 2001) and not a well
defined doublet. Another example of isotopic labelling to simplify mass spectra is the
introduction of an N-terminal label with the “fragmentation-directing” moiety nicotinyl-
N-hydroxysuccinimide for MS/MS. In MS/MS peptide ions to be sequenced are chosen
in one mass spectrometer and fragmented by the collision of a gas and the fragments
generated are sent to a second mass spectrometer. Fragmentation of the peptide

backbone occurs (see Figure 1-2) at three possible sites.
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{ H | Hd
R, R, R,
Xy Yy 24

Figure 1-2  Peptide backbone fragmentation nomenclature in MS/MS (taken from
(Chapman, 2000)).
Fragmentations producing N-terminal peptides are denoted a, b and ¢ with
subscript numbering starting from the N-terminal and the same
fragmentations producing C-terminal peptides are denoted X, y and z with
subscript numbering starting from the C-terminal end.

An isotopic mixture of Hy/Dy labelled reagent was used to increase the relative
yield of the b-ion series during MS/MS. 1t is interesting to note that this increase in b-ion
formation was attributed to the “highly basic nature” of the nicotinyl group yet no effect
on MALDI MS detection was mentioned (Miinchbach et al., 2000). Isotope coded
affinity tag (ICAT) reagents have also been used to label free sulfhydryl groups of
cysteinyl residues in protein mixtures (Gygi et al., 1999; Gygi et al., 2000; Griffin ef al.,

2001).

HN NH

H * % H
N\/\/O\/\O/\\/O\/\\/N\[1/E
* *

s |
O O
linker ; i
o Thio!l specific
Biotin *=HorD reactive group

Figure 1-3  Structure of the ICAT reagent
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The reagent consists of three elements: a thiol specific reactive group, a linker
which can incorporate stable isotopes and the biotin moiety (see Figure 1-3) which allows
for the isolation of the labelled peptides, produced by an enzymatic digest, by the strong
affinity for the binding of biotin by avidin immobilized onto a column. This technique
has shown to be effective but relies on many separation procedures and iis greatest
limitation is that it relies on the existence of free sulfhydryl groups of cysteinyl residues
to produce labelled peptides. These groups are usually oxidized to various degrees or
poorly accessible; buried within the protein structure or disulfide linked, and therefore
must be modified under reduced denaturing conditions. Also the occurrence of cysteine
residues in proteins is itself limited. The methods mentioned above all suffer from the
same major disadvantage in that they are performed under aqueous conditions. In the
case of peptides this may not allow for complete derivatization as some peptides are
poorly or not soluble in aqueous media. The reagent must be present in excess as water
usually competes during the reaction and therefore a buffer, inert to the reagent is
required to maintain the pH. As a result, excess reagent, by-products and salts/buffer
must be removed by reverse phase chromatography prior to MS. Peptide mass mapping
(PMM) mass tagging of proteins with stable isotope-labelled amino acids during MS can
be used to identify peptides from the map. Labelled and un-labelled amino acid
precursors are mixed in different ratios and added to the growth medium (Hunter et al.,
2001). Although this is an atiractive strategy it is costly, labour intensive and cannot be

applied for true unknowns as a pre-existing in vitro model system is required.

Methylation of amino groups in proteins and peptides can be easily achieved by

the in vacuo reaction with iodomethane (Kaplan and Taralp, 1997; Taralp and Kaplan,
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1997; Vakos et al., 2000; Vakos ef af., 2001). This reaction produces a trimethylated
quaternary ammonium derivative with a permanent positive charge (see Scheme 0-1). If
the increased sensitivity for the MALDI MS detection of peptides containing guanidino
groups is due to the ability of this group to retain a positive charge, then conversion of the
peptide’s amino group to the trimethylammonium derivative should also show a similar
effect. In vacuo reaction with iodomethane requires only one step with no solvent
removal after completion of the reaction. Therefore, the methylation of very small
amounts of peptide or protein can be carried out without loss of sample. This chapter
describes the effects of trimethylation of amino groups on the detection of peptides by
MAILDI MS and demonstrates how this derivatization can be used with a mixture of

isotopes to differentiate between peptide and non-peptide signals in the mass spectrum.
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B Reaction of lysyl residue with 2-methoxy-4,5-dihydro-1H-imidazole.
The structures of the arginyl residue and the firimethylammonium
derivative of the lysyl residue are also shown for comparison
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The following peptides: Angiotensin I Fragment 3-8:
H-Val-Tyr-Ile-His-Pro-Phe-OH (98% pure, Lot#106HS5870), H-Arg-Gly-Glu-Ser-OH (99%
pure, Lot#78HS5806), H-Arg-Gly-Pro-Phe-Pro-Ile-OH (97% pure, Lot#115H0838),
H-Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-Val-Gly-OH (99% pure, Lot#30H0099), Laminin
Fragment 929-933: H-Tyr-Ile-Gly-Ser-Arg-OH (99% pure, Lot#50K1570), Leucine
Enkephalin: H-Tyr-Gly-Gly-Phe-Leu-0H (Lot#10K5925), oxidized B-chain from bovine
insulin (insulin Byy-chain) (81% pure, Lot#38H5805), H-Phe-Leu-Glu-Glu-Leu-OH (99%
pure, Lot#88H5821), and H-Val-Gly-Val-Ala-Pro-Gly-OH (99% pure, Lot#103H58754)
were obtained from Sigma and H-Ser-Gln-Asn-Tyr-Pro-Ile-Val-OH ( >99% pure (HPLC)
acetate salt, Lot#524741) was obtained from Bachem AG. All were used without further
purification.

The following proteins: bovine serum albumin (BSA) (Lot#78C0388), human
hemoglobin (hHb) (Lot#67H9306), papain (from papaya latex, suspension m 0.05 M
sodium acetate, 24 units/mg protein, Lot#124F8045) and trypsin from porcine pancreas
(Lot#5 3H071 11) were obtained from Sigma.

The following chemicals: N-tosyl-L-phenylalanine chloromethyl ketone (TPCK),
tetramethylammonium (TMA) phosphate pentahydrate, triethylamine (TEA) (99%), boric
acid, citric acid, hydriodic acid (HI), sulphuric acid and trifluoroacetic acid (TFA) were
obtained from Sigma. Trichloroacetic acid (TCA) and hydrochloric acid (HCZ) were
acquired from Aristar. Jodomethane was purchased from BDH, iodomethane-"C
(99 atom%) and iodomethane-ds (99+ atom%) were obtained from Aldrich. All other

chemicals employed were of reagent grade. pH adjustments were made using a
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Radiometer Copenhagen type PHM-26 pH meter fitted with an Orion semi-micro gel-

fitlled combination electrode model 91015,

ethylation of peptides by the in vacuo method

In vacuo methylation of peptides with iodomethane was carried out similarly to
the procedure previously described in its application on lyophilized proteins (Kaplan and
Taralp, 1997; Taralp and Kaplan, 1997) with modifications described below (see Figure
0-1). Peptide samples (typically 0.1 mg), excluding insulin Bg-chain and those
lyophilized under acidic conditions (vide supra), were dissolved in 100 pL of 10 mM
TMA phosphate buffer (pH 8.0, 9.0 or 10.0). A stock solution of the buffer was prepared
by dissolving the pentahydrate of TMA hydroxide for a final concentration of 10 mM and
adjusting the pH with 100 mM phosphoric acid before final volume adjustment. The
samples were aliquoted and lyophilized from small borosilicate glass conical vials
(Kimble®, 13 x 45 mm) which were then placed in larger glass tubes (15 x 100 mm).
After forming a narrow constriction near the upper portion of the outer tube with a flame,
the lower portion of the tube was immersed in liquid nitrogen and iodomethane (30 pl)
was introduced under a dry nitrogen atmosphere. The tube was evacuated (ca. 50-
70 mTorr) and sealed under vacuum at the constriction. The sealed tubes were placed in
a mineral oil block heater at 75°C for 18 h. The reaction was stopped by trapping out the
excess reagent at the top of the tube by fitting a rubber jacket (a bored out rubber septa)
over the top of the tube and filling it with liquid nitrogen. The vacuum was released and
the tube opened by simply scoring the glass under the jacket and touching the score mark

with the white-hot tip of a glass rod. The inner glass tube containing the methylated
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lyophilized peptide was easily removed with a pair of tweezers and placed intc micro-
centrifuge tubes for the ease of handling. Non-methylated peptide samples serving as

controls were handled in a similar fashion without the iniroduction of iodomethane.

Removal of methyl esters

After the in vacuo methylation procedure described above, some samples were
dissolved in 100 pL of 2% (v/v) TEA, transferred to micro-centrifuge tubes, heated in a
water bath for 1 hour at 90°C and dried under vacuum using a Speed-Vac™ (Savant)

centrifuge apparatus.

Methylation of insulin B,,-chain

Three separate samples each containing insulin Box-chain (0.86 mg, ca. 200 nmol)
in 100 pL 2% (v/v) TEA were lyophilized in small glass tubes. In vacuo methylation was
performed with CHsI and *CHsl as described above using the tubes with the lyophilized

samples as inserts. As a control, the Byy-chain was heated in vacuo without iodomethane.

After in vacuo methylation, methyl esters were femoved by the procedure
described above. Samples were left to cool to room temperature. Aliquots (50 pL) were
transferred to micro-centrifuge tubes and neutralized with 5% (v/v) formic acid (5 pL).
Mixtures containing equal amounts of non-methylated and *C-methylated Boy-chain and,

12C and C methylated B,,-chain, were also prepared.



Trypsin digestion

TPCK ftrypsin was prepared as previously described (Schoellmann and Shaw,
1963). A stock solution of TPCK trypsin was prepared as follows: CaCl; (5 gL of 1M)
was added to NH;HCO3 (2.0 mL of 200 mM) and TPCK trypsin (50 pL of 5 mg/mL) was
added. An aliquot (100 pL) of this stock was added to each of the Box-chain samples (ca.
50:1 w/w; Box-chain to enzyme); digestion was carried out for 1h at 37°C in a shaker
bath. Samples were dried using a Speed-Vac™ centrifuge apparatus. They were then
dissolved and dried from ddH,0 (20 uL) and then re-dissolved and dried from 5% formic

acid (10 uL) to acidify prior to MS.

Methylation of proteins

BSA, 500 mg and hHb, 100 mg were each dissolved in ddH,O (10mL) and
dialyzed (MWCO 3500) overnight at 4°C against dH,O (5 x 4L). After dialysis both
were made up to a final volume of 50 mL with ddH,0. From these stocks two sets of
solutions (Img/mL, 10 mL total) were prepared and the pH adjusted to 7.5 and 8.0 with
IM NaOH via plastic micro-syringe. Protein solution was transferred to borosilicate
hydrolysis tubes in 1mL aliquots, frozen in liquid nitrogen and lyophilized overnight.

In vacuo methylation was performed with CHsl and CDsI (30 ul) as described (vide
infra). After reaction the methylated protein samples and heated blanks were dissolved in
5% formic acid (100 pl) and transferred with one wash (5% formic acid 100 pL) to

micro-centrifuge tubes.



Hydrolysis of methyl esters

The removal of methyl esters was performed similarly to above but all samples
were dissolved in 2% pyridine (200 uL) and heated in a water bath for 30 min at 90°C.
Mixtures containing equal amounts of non-methylated and CH; methylated protein, and
CH; and CD; methylated protein were also prepared. Samples were then dried under

vacuum using a Speed-Vac™ centrifuge apparatus.

Papain digest

A papain stock solution was prepared (1 mg/mL in pH 6.5 volatile buffer (glacial
acetic acid/pyridine/dH,O (3:100:900) with 1% (v/v) BME). Protein samples were
dissolved in pH 6.5 volatile buffer (500 pL) and to these an aliquot (20 pL) of the papain
stock solution was added. Digestion was carried out for up to 4 h at 37°C in a shaker
bath. Aliquots (100 uL) were taken at 15 min, 30 min, 1 h, 2 h, and 4 h and the digestion
stopped by adding them to 5% formic acid (100 pL) and immediately freezing them in

liquid nitrogen. Once all time points were collected samples were dried by Speed-Vac™.

Methylation of a peptide Iyophilized from acids

H-Ser-Gin-Asn-Tyr-Pro-Ile-Val-OH obtained as the TFA salt was dissolved in
ddH,0 (1 namol/50 uL) and aliquoted (50 pL) to 1.5 mL polyethylene micro-centrifuge
tubes and lyophilized. The following acids: TCA, TFA, HC{, HI, acetic, formic, boric,
citric and sulfuric were prepared in 13 mM stocks (concentration equivalent to 0.1% (v/v)

TFA). Lyophilized peptide samples were re-dissolved and lyophilized twice for each
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acid. [n vacuo methylation was performed as previously described by placing the micro-
centrifuge tube (cap removed) directly into the glass tube to be narrowed. Samples were
methylated for 48 hrs at 100°C. An aliquot of the methylated TFA lyophilized peptide
was mixed to an equal aliquot of CD; methylated (24 hrs, 75°C) pH 8.0 (10 mM TMA

phosphate) lyophilized peptide.

Samples were dissolved in an appropriate volume of 5% formic acid (10-100 pL)
and dried under vacuum using a Speed-Vac apparatus. Samples were prepared for
MALDI-TOF MS by dissolving in 0.1% TFA and mixing with the matrix,
o-cyano-4-hydroxycinnamic acid (a-CHCA) (3 mg dissolved in 300 uL of acetonitrile
ethanol (1:1)). The spectra in Figure 1-20, Figure 1-21 and Figure 1-22 were obtained
using a PerSeptive Biosystems Voyager-DE™ Pro Biospectrometry™ Workstation
MALDI-TOF MS; all other spectra were obtained on a Micromass TofSpec-2E™
MALDI-TOF MS. Prediction of peptide mass was done with the aid of the PAWS™

program (version 2001.08.14), Proteometrics, Inc.

Results and Discussion

Choice of lyophilization buffer

In the in vacuo method the pH of the lyophilized protein, the “LpH”, is controlled
simply by adjusting the pH of the protein solution prior to lyophilization with NaOH or
HC?. Controlling the pH in this manner provides a simple means of controlling the

extent of reaction of certain functional groups mainly o-aminc vs. €-amino groups.

1-14



However, for peptides, the amounts used (sub-nmol) and the desire to make this 2 method
for general applications (i.e. proteomics) where peptide amounts may not be known and
certainly at the pmol level or lower, the pH was controlled by the addition of a buffer.
The choice of buiffer is somewhat arbitrary and has not been fully investigated. It should
however be alkaline to target the peptides’ amino groups and perhaps volatile to limit the
amount of remaining salt once Iyophilized which may interfere during subsequent MS. A
volatile buffer, at first, seemed to be the logical choice as presumably only the counter-
ions to the peptide would remain however, after lyophilization the final LpH of the
peptide-buffer mixture cannot be predicted e.g. a pH drop may occur (Zacharis et al.,
1999). Moreover, when TEA (2%) was tried some peptide-buffer lyophilizates were
hygroscopic further complicating matters.

TMA-phosphate (10 mM) was therefore arbitrarily chosen as a non-volatile, non-
hygroscopic buffer, which should not undergo a pH drop as a volatile buffer might or as
the sodium phosphate buffer would (Randolph, 1997). Buffers with sodium or potassium
were avoided as these tend to form positively charged adducts in MS potentially
complicating the interpretation of peptide mass spectra. A non-volatile buffer was
chosen for the simple reason that the lyophilized product could be observed as a dry,
white residue while in many instances a volatile buffer left no observable residue with the
question of sample loss. The TMA cation is unreactive towards iodomethane and
therefore should not compete for the reagent during methylation whereas a volatile
tertiary amine might react which would result in the alteration of the LpH and perhaps
result in a limited yield of methylated peptide. Furthermore, TMA hydroxide, when

heated at a higher temperature under vacuum, sublimes to trimethylamine, methanol and



water (O'Neil and Merck & Co., 2001). Therefore excess TMA could have been
potentially removed simply by heating in vacuo if the resulting salt proved to be a
problem in MS. The phosphate counter ion does react with iodomethane io a certain
extent (Vakos, 2001) as most anions would and this reaction cannot be avoided.
However, the resulting product is neutral and expected not to interfere with subsequent
MS. TEA was the first choice in solubilizing peptides as all peptides and proteins tested
were completely soluble in TEA. The use of TEA in solubilizing proteins is especially
attractive in that most proteins are completely denatured under highly alkaline conditions
providing iodomethane access to potentially inaccessible (buried) functional groups.
Highly alkaline conditions would not be prudent in an aqueous environment as prolonged
exposure could lead to possible protein/peptide degradative reactions. However, under
nonaqueous conditions, the protein solution is quickly frozen and lyophilized to minimize
any possible degradation and was not observed with the model peptides used. Although
this buffer was not ideal for peptides, it seems promising for proteins and should be
further investigated for in vacuo chemical modifications.

Effect of trimethylation of peptide a-amino groups on MALDI MS
detection

To observe the effect of introducing a permanent positive charge on peptide
detection by MALDI MS by trimethylation of the a-amino group, peptides with only one
amino group and no other reactive side chains other than carboxylate functional groups
were chosen. The side chain of lysine, histidine, methionine or cysteine would be
methylated to a positively charged derivative. The effect of the introduction of this other
positive charge might complicate the interpretation of the resulting MALDI mass
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spectrum. For each of the following spectra, peaks are labelled as their mono-isotopic
mass and an accompanying peak, one mass unit higher, arising from the natural
abundance °C (~1%) may also be labelled. Although distilled deionized water was used
to prepare and re-solublize the peptide samples it is common to observe the sodium
adduct, [M + Na]"(+22 mu from [M + H]") and the potassium adduct, [M + K] (+34 mu
from [M + H]")of the peptide. Due to different ionization yields of different peptides,
and other ions, as explained earlier, peak height is not related to the amount of that
specific analyte in the sample. In fact, peak height can be misleading as a major
component of a sample may not be observed if it does not ionize under MALDI (e.g. a
neutral species or negatively charged ion) and conversely a small amount of a component
in the sample which ionizes well will dominate the spectrum. Furthermore, different
spectra (i.e. different samples/spots on the MALDI plate) cannot be compared to one
another since different amounts of salts, buffers, different concentrations and other
components will have an effect on the crystallization of the matrix. As the co-
crystallization of the matrix with the analyte is essential for MALDI, any perturbation in
that process will greatly influence the resulting spectrum. Therefore to compare the
trimethylammonium derivatized peptide to the non-derivatized peptide, equal amounts of
both were combined and spotted on the MALDI plate.

The MALDI MS of B-FLEEL-OH (5 pmol) alone is shown in Figure 1-4. This
peptide gives a signal at 650.7 m/z for the [M + H]" ion with minor impurities at 630.5
and 692.4 m/z, the [M + Na]" adduct is not observed. The MALDI MS signal intensity

for this peptide is poor as the noise is relatively high. This may be due to the fact that



this peptide possesses three acidic carboxylate groups to one basic N-terminal oi-amino
group.

The reaction scheme for this peptide with iodomethane is shown in Scheme 1-2.
In vacuo reaction of H-FLEEL-OH with iodomethane trimethylates the c-amino of
phenylalanine and methylates the o-carboxyl of leucine and the y-carboxyl groups of
glutamic acid. The MALDI MS of an equal mixture of the resulting peptide
(CH,):N*-FLE(OCH;)E(OCH;)L-OCH; and the underivatized peptide is shown in Figure 1-6.

650.7
100 5

Relative Abundance

§30.5

miz

Figure 1-4 MALDIMS of H-FLEEL-OH [M + H] "= 650.7 m/z

In order to isolate the effect of trimethylation of the amino group on peptide

detection, the methyl esters were removed by aqueous base hydrolysis to give only



(CH,):N"-FLEEL-0H; its MALDI MS spectrum is shown in Figure 1-5. The MALDI MS

of an equal mixture of this peptide and the underivatized peptide is shown in Figure 1-7.

CO,H CO,CH, CO.H
y ‘ CH;l * % 2% TEA N i
HN—F-L-E-E-L—CO;H - {CHypN—F-L-E-E-L—CO)(CHy ————— (CH},N—F-L-E-E-L—COH
] in vacuo i R i 2
CO,H CO,CH, CO,H
[M+H] = 6503 , M =734.4 M =6%24
| +
HyN“G-F-D-L-N-G-G-G-V-G—CO,H CHsl (CH3)3N——G—F-?—L—N-G-G-G-V—G*COZCH3
CO,H in vacuo CO,CH;
[M+H] = 892.4 M =962.5

H2N~G-F-F-Y-T—P-I|(—C02H HzN—G-F-F—Y-T-P-II(-A——COZH HZN—G-F—F-Y-T-P-II(—A-——C()zH
NH, *N(CHs)s N(’CHs)s

[M+H] = 859.4 M'=9725 M =9755

.
HN=V-G-V-A-P-G—CO,H  (CH3);N—V-G-V-A-P-G—COH  (CD;)N—V-G-V-A-P-G—CO,H

[M+H] = 499.3 M =541.3 M =5503

Scheme 1-2 Predicted mono-isotopic masses of test peptides and of in vacuo
methylated test peptides

The effect of methylation of the a-amino group on the MALDI detection of
H-FLEEL-OH is readily apparent. When an equal amount, viz. 10 pmols, of H-FLEEL-CH
and (CH,);N'-FLEEL-OH are subjected to MALDI MS, the trimethylated o-amino
derivative gives a much greater signal intensity than the underivatized peptide possessing

a protonated ammonium group.
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Figure 1-5 MALDI MS of (CH;);N"-FLEEL-0H [M]"=692.7 m/z, [M + Na]'=714.7
m/z

Comparison of the MALDI MS on equal amounts of the fully methylated
derivative (CH,);N'-FLE(OCH;)E(OCH;)L-OCH; and the corresponding derivative in which
the ester groups have been removed by base hydrolysis (CH;),N"-FLEEL-OH shows that
the esterified derivative has approximately twice the signal intensity of the non-esterified
derivative (Figure 1-8). Peaks at 707.0 and 721.0 my/z correspond to peptide derivatives
containing four and five methyl groups, respectively. These peaks may arise either from
the mono and di-ester derivative due to a small amount of hydrolysis during sample
preparation prior to MS or an incomplete methylation of the amino group (7.e. mono and
dimethyl amino) with methyl esters would result in derivatives with the same m/z.

However, when the esters have been removed only the trimethylated derivative at 692.7
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m/z and its corresponding sodium adduct at 714.7 m/z are observed (see Figure 1-5)
confirming that these peaks are indeed due fo incomplete esterification. While
esterification of carboxy!l groups does increase the signal intensity, it is clear that the
major increase is due to the trimethylaramonium group. It is not necessary to remove
methyl esters but their removal by hydrolysis is easy and will simplify interpretation of
spectra in cases where esterification is incomplete or when double isotope labelling is
used (vide infra). 1t is also interesting to note that the sodium adduct is observed even

though the presence of sodium was avoided.
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Figure 1-6  MALDI MS of an equal mixture of H-FLEEL-CH [M + Nal'=672.7 m/z
and (CH,);N*-FLE(OCH,)E(OCH;)L-OCH; [M]'= 734.9 m/z

Partial hydrolysis of one methyl ester (-14 mu) of [M]'=734.9 m/z
corresponds to [M]'=721.0 m/z, and two methyl esters corresponds to
707.1 m/z.
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Figure 1-7 MALDI MS of an equal mixture of H-FLEEL-OH [M +H]™= 650.9,
[M+Na]’=672.6 m/z and (CH,),N-FLEEL-OH [M]'=692.8,
[M +Na]™=714.7 m/z
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MALDI MS of an equal mixture of (CH;);N'-FLEEL-OH IM]™=693.0 m/z
and (CH,),N'"-FLE(OCH;)E(OCH;)L-OCH; [M] "= 734.9 m/z

Partial hydrolysis of one methy! ester of [M]"= 734.9 m/z corresponds to
[M]"=721.0 m/z, and two methyl esters corresponds to 707.0 m/z.
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Figure 1-9  MALDI of H-GFDLNGGGVG-0H [M + H]*=891.3 m/z

Similarly, the decapeptide H-GFDLNGGGVG-OH showed a dramatic increase m
signal intensity by trimethylation of its amino group. Figure 1-9 shows the MALDI mass
spectrum of this peptide alone. Unfortunately the peak observed at 891.3 m/z for the
underivatized peptide H-GFDLNGGGVG-0H is 1.1 mass units lower than the expected
mono-isotopic mass of 892.4 m/z for [M + H]". This discrepancy may be due to poor
calibration of the mass spectrometer e.g. being calibrated with respect to the “mass
average” value of standards and not to their mono-isotopic masses. The underivatized
peptide was treated in a similar fashion as that of the methylated peptide (i.e. heated in
vacuo for the same time) and a potential chemical modification which may lead to a mass
difference during this step could be the deamidation of Asn-5. Deamidation of Asn-5 to

Asp would yield a peptide with a gain of 1 mass unit and not the loss of 1 mu. As
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deamidation has not been observed in the past this was ruled out. In fact, there is no
evidence from the test peptides that deamidation of Asn or Gln occurs during the in
vacuo methylation procedure for the simple fact that deamidation would lead to the
production of a free carboxyl group which, under in vacuo methylation, would readily
produce the methyl ester. So far, no such product has been observed. Deamidation and
other degradative reactions such as P-elimination at cysteines and/or serines, or peptide
cleavage at susceptible sites, i.e. Asp-Gly, may occur during the removal of methyl
esters. Hydrolysis of methyl esters was performed to simplify the spectra and to isolate
the effect of trimethylation of the amino group alone on the increased detection.
Hoffman elimination of the trimethylammonium group can occur under severe alkaline
conditions. Although the conditions used were not severe, if this reaction occurred it
would lead to the loss of N(CHj3); from the trimethylated ammonium derivative of the
peptide corresponding to a loss of 59.1 mu in the MS which was not observed. However,
the permanent positive charge of the peptide would also be lost and consequently the
increase in detection would be lost and if no other protonated sites exist the resulting
peptide would be neutral and would not be observed in the MALDI mass spectrum.
Figure 1-10 shows the MALDI mass spectrum of an equal mixture of
H-GFDLNGGGVG-0H [M + H]'= 891.3 m/z and (CH,);N"-GFD(OCH;) LNGGGVG-0CH;
[M]'= 962.5 m/z expected (962.1 observed, discrepancy explained vide supra). The
major peak observed at 947.1 m/z is that of the methylated peptide possessing 4 methyl
groups (see Figure 1-15), which suggests that partial ester hydrolysis has occurred.
Nevertheless, a dramatic increase in MALDI signal is observed for these

trimethylammonium derivatives. Peaks at 916.1 and 930.1 m/z do not correspond to any
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methylated derivative of B-GFDLNGGGVG-COH. They may be due to impurities whose

detection by MALDI have been increased by trimethylation of an amino group (vide

infra).
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Figure 1-10 MALDI MS of an equal mixture of H-GFDLNGGGVG-OH [M +H]'=
891.2 m/z and (CH,);N"-GFD(OCH;)LNGGGVG-OCH; [M]'= 962.1 m/z

Major peak at 947.1 m/z corresponds to (CH;);N -GFDLNGGGVG-0OCH;
or (CH3)sN*-GFD(OCH;) LNGGGVG-0H. Peaks at 916.1 and 930.1 m/z are
unknown.

Use of isotopes to differentiate between peptide and non-peptide
signals in the mass spectrum

In vacuo methylation with CHslI and CDsI was also used to identify signals in the
mass spectrum arising specifically from trimethylated peptides. The MALDI mass
spectrum of the methylation of H-FLEEL-OH with CDsl is shown in Figure 1-11. A

predominant peak is seen at 753.0 m/z for IM]" of (CD;);N"-FLE(OCD,)E(OCD;)L-0CD;
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with some ester hydrolysis products (-17 mu). Figure 1-12 shows the MALDI mass
spectrum of an equal mixture of (CH,),N'-FLE(OCH;)E(OCH;)L-OCH, and
(CD3):N"-FLE(OCD;)E(OCD;)L-OCD;.  Some hydrolysis products are also observed
however, as expected, two predominant peaks separated by 18 mu with relatively equal
intensities at 734.8 and 752.8 m/z correspond to these fully methylated peptides. The
removal of methy! esters greatly simplifies the spectrum, as shown in Figure 1-13. Two

peaks of high intensity with a mass difference of 9 are clearly seen.
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Figure 1-11  MALDIMS of (CD3);N*-FLE(OCD:)E(OCD;)L-OCD; [M] = 753.0 m/z

Partial hydrolysis of one methyl ester (-17 mu) of [M]'=753.0 m/z
corresponds to [M]'=735.9 m/z, and two methyl esters corresponds to
719.0 w/z.
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Figure 1-12 MALDI MS of an equal mixture of (CH,),N'-FLE(OCH;)E(OCH;)L-OCH;
[M]™=734.8 m/z and (CD3);N"-FLE(OCD3)E(OCD;)L-0CD; [M]'= 752.8 m/z

Partial hydrolysis products observed at 720.8 and 706.8 m/z.
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Figure 1-13 MALDI MS of an equal mixture of (CH;);N"-FLEEL-0OH M]™= 692.9 nvz
and (CD,);N"-FLEEL-OH [M]"= 701.9 m/z, [M + Na]'= 723.8 m/z

Figure 1-14 shows the MALDI mass spectrum for an equal mixture of
(CH;3);N"-GFD(OCH;) LNGGGVG-0CH; M]™=  961.1 m/z (observed)  and
(CD;3)sN*-GFD(OCD;) LNGGGVG-0CD; [M]+= 976.2 m/z. As expected, two predominant
peaks of near equal intensity, with a 15 mu difference, are observed with the presence of
some methylated impurities. Figure 1-15 shows the MALDI mass spectrum of what was
expected to be an equal mixture of (CH;);N"-GFDLNGGGVG-0OH (IM]"= 934.4 m/z) and
(CD,);N"-GFDLNGGGVG-0H ([M]'= 943.4 m/z) (after ester hydrolysis) to give two
peaks separated by 9 mu. While these peaks are present, two major peaks instead are
observed at 947.2 and 959.3 m/z corresponding to a mass difference of 12.1 which

suggests the presence of 4 methyl groups on each peptide therefore one of two methyl
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esters remaining. There is also a peak at 930.2 m/z which could be the result of the loss
of a deuterated methy! group (-17 mu) however this cannot be the case as this peak is also
observed in Figure 1-10 for the non-deuterated sample. This peak could arise from the
trimethylammonium derivative of an unobservable peptide impurity. The mass also
corresponds to the potassium adduct of the underivatized peptide however this seems
unlikely as this adduct is not observed in the MALDI mass spectrum for the

underivatized peptide sample.
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Figure 1-14 MALDI MS of an equal mixture of (CH,);N"-GFD(OCH;)LNGGGVG-0CH;
IM]™= 961.1 m/z and (CDy);N"-GFD(OCD;)LNGGGVG-0CD;, [M]'= 976.2
m/z
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Figure 1-15 MALDI MS of an equal mixture of (CH;;,N"-GFDLNGGGVG-0OH and
(CD3);N"-GFDLNGGGVG-0H after base hydrolysis.

Peaks at 947.2 and 959.3 m/z correspond to incomplete hydrolysed
products with one methyl ester remaining. Peak at 977.3 m/z corresponds
to (CD;):N"-GFD(OCD;)LNGGGVG-0CD;.  Peak at 9302 m/z from
unknown impurity.

The hydrolysis of the methyl esters was not complete under these conditions,
complicating the mass spectrum and, in fact, in one instance after the removal of the
methyl esters by base hydrolysis a significant peak was observed at approximately double
the mass (data not shown). This may have originated from the coupling between peptides
via the methyl ester at the unhindered N and C-terminal glycines. A means to simplify
this would be to completely esterify the peptide either in vacuo (Vakos er al., 2001) or in
solution, e.g. with MeOH-HCY? (Goodlett ef al., 2001) instead of hydrolyzing them. The
use of deuterated and non-deuterated methanol in the presence of an acid catalyst {e.g.

HC{, BF; or acetyl chloride to produce HCY in situ) could be used in both methods as the
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reagents are volatile. This method would be similar to the methylation procedure for the
analysis of ritalinic acid in urine with BF;-MeOH for gas chromatographic analysis (Vu-
Duc and Vernay, 1992). Non-isotopically labelled methanol could be employed to
greatly simplify the spectrum if isotopically labelled iodomethane was initially used to
label the peptides as all methyl esters produced during iodomethane methylation would
completely exchange. The resulting derivatized peptide would display a doublet in the
mass spectrum with a mass difference solely dependent on the number methyl groups
incorporated from iodomethane.

The mass spectrum of H-VGVAPG-OH has a signal with the expected mass at
499.0 m/z but several other peaks, including one of higher mass at 567.6 m/z with a
greater intensity than the peptide, are also present, see Figure 1-16.
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Figure 1-16 MALDIMS of H-VGVAPG-OH [M + H] "= 499.0 m/z
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Without additional information, it is not possible to identify which of these
signals corresponds to a peptide let alone to the peptide of interest. The mass spectrum of
a mixture of equal amounts of H-VGVAPG-0OH and (CH;);N -VGVAPG-0OH, gives the
expected signal forty-two mass units higher at 541.0 m/z. Again, a large increase in
signal intensity is observed for the trimethyl a-amino peptide Figure 1-17.
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Figure 1-17 MALDIMS of an equal mixture of H-VGVAPG-OH [M + H]'= 499.0 m/z
and (CH;):N-VGVAPG-0OH [M]'= 541.0 m/z

When equal amounts of base hydrolysed CH;l and CDsl methylated
H-VGVAPG-0OH are combined, two predominant peaks are observed at 541.0 and 550.0
m/z (see Figure 1-18), confirming that the signal at 499.0 m/z in Figure 1-16 is from
H-VGVAPG-OH and that the other signals, including the strongest one at 567.7 m/z, are

due to non-peptide impurities which do not possess an amino group.
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Figure 1-18 MALDI MS of an equal mixture of (CH;);N"-VGVAPG-OH [M]+= 541.0
m/z and (CD;):N"-VGVAPG-0H [M]'= 550.0 m/z

For the peptide: H-GFDLNGGGVG-0H, in order to compare the ionization yield
of the trimethylammonium derivative to the underivatized peptide, a relatively large
amount (5 pmol) was applied to the sample plate for MALDI MS. The methylated
derivative ([M]'=962.3) is easily seen at the 5 pmol level compared to the unmodified
peptide ([M + H]™=892.1) (Figure 1-10). Some minor impurities (see Figure 1-9), not
detected in the untreated sample, are also detected after reaction with iodomethane.
Since the peptide was employed as received from the supplier without further
purification, it is likely that these are peptide or other amine containing impurities whose

detection is also enhanced by reaction with iodomethane.
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Effect of trimethylation of peptide e-amino groups on MALDI
detection

In order to determine the effect of trimethylating the e-amino of lysine on the
increase in detection by MALDI, lyophilized insulin Bo,-chain was reacted in vacuo with

iodomethane and digested with TPCK trypsin.
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Figure 1-19 Schematic representation of the amino acid sequence of in vacuo
methylated bovine insulin By-chain (esters removed)

The insulin Boy-chain consists of thirty amino acids with one arginine at position
22 and one lysine at position 29. The methylated peptide, after removal of methyl esters,
is shown in Figure 1-19. It is predicted that trypsin digestion will generate peptide
H-GFFYTPK-0OH with [M + H]+= 859.2 m/z and the derivatized Boy-chain will generate
peptide H-GFFYTPK(e-N"(CH;);)A-OH (see Scheme 1-2) with [M]™=972.2 m/z as trypsin
does not cleave peptide bonds at a trimethylated lysine (Seely and Benoiton, 1970). The
results shown in Figure 1-20 and Figure 1-21 confirm that these are indeed the peptides

generated by trypsin digestion.

1-35



100 = 850.2

Relative Abundance
i

0 l ] I ] I L ] L] I' L] I ¥

700 800 800 1000 1100 1200
miz

Figure 1-20 MALDI MS of tryptic peptides of insulin Bok-chain

When equal amounts of H-GFFYTPK-OH, [M+H]'= 859.2 m/z, and
H-GFFYTPK(eN'(CH;);)A-OH, [M + H]™= 972.4 m/z, are subjected to MALDI MS, the
peptide with the trimethylated e-amino group gives a much greater signal intensity

(Figure 1-21).
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Figure 1-21 MALDI MS of the tryptic peptides generated from an equal mixture of
insulin By-chain and methylated Boy-chain

If equal amounts of insulin B-chain are reacted with 2¢ and BC iodomethane,
digested with trypsin and mixed together, it is expected that the trimethyl-¢-amino lysine
peptide will show two signals three mass units apart. This is shown in the expanded
spectrum in Figure 1-22 where the expected signals at 972.4 and 975.4 m/z are observed
confirming that a trimethylated peptide is present. Similarly the signals at 928.0 and
931.0 m/z indicate the presence of another trimethylated peptide. However, the mass

does not correspond to any possible trimethylated peptide from the insulin Box-chain or
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any possible trimethylated peptide derived from oxidized insulin A-chain which may be
present as an impurity. The other signals present are not separated by three mass units

and are therefore not peptides containing a trimethylated amino group.
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Fmgure 1-22 Expanded pomon of the MALDI MS of the tryptic peptides generated
from an equal mixture of insulin By-chain methylated with 2C and PC
iodomethane

An example of the introduction of a charged group into a non peptide molecule to

enhance its detection has been found in the use of fast atom bombardment mass



spectrometry (FAB MS). The ketosteroid androsterone is undetectable under normal
FAB conditions but gives an intense molecular ion peak in the FAB MS spectrum after
derivatization to a quaternary ammonium derivative with Girard’s reagent T (see Scheme

1-3) (Knapp, 1990).

Quaternary ammonium

Androsterone derivative

Scheme 1-3  Derivatization of androsterone to a quaternary ammonium derivative with
Girard’s reagent T (from Knapp, 1990)

Conversely, Biemann and co-workers, reported that introduction of a
trimethylated quaternary ammonium group at the C-terminus of a peptide, viz. N-acetyl-
Leu-enkephalin trimethylammonium ethyl ester (see Scheme 1-4), did not appear to
improve its signal intensity with FAB MS (Vath ez al,, 1988). Their result showing no
improvement in the signal intensity may have been due to incomplete derivatization as

the method involves three steps to produce the trimethyl peptide derivative.
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Scheme 1-4 Conversion of Leu-enkephalin to a C-terminal quaternary ammonium
derivative (from Vath ez al., 1988)

Larger amounts than necessary of trimethylated peptide were used to obtain the
MALDI MS spectra, so that comparisons could be made with the unmodified peptides.
The results clearly show that trimethylated peptides are readily detectable at this level.
Based on the “pH memory” effect observed for lyophilized proteins, in which the pH of
the solution from which the protein was prepared is “remembered” with nc proton
exchange (Zaks and Klibanov, 1988; Xu and Klibanov, 1996; Klibanov, 1997), one can

assume that not all of the « or € amino groups of the peptides are trimethylated under the
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conditions employed (Kaplan and Taralp, 1997; Taralp and Kaplan, 1997; Vakos ef al.,
2000). Consequently the increase in signal intensity observed is likely greater than that
indicated. Lyophilization at lower pH values was used to minimize the possibility of
peptide modification or salt effects. To obtain complete trimethylation of amino groups,
reaction with iodomethane can be carried out on peptides lyophilized at higher pH values.
After in vacuo methylation, the trimethylated peptides were loaded onto the target
without any purification such as micro reverse phase columns that are commonly
employed to remove salts. While a small amount of salt is present due to the in vacuo
methylation procedure, such treatment does not appear to be necessary, but in some cases
it may improve the quality of the spectra obtained.

In order to simplify interpretation of the data the peptides tested did not possess
free sulfhydryls or disulfide bonds. Peptides with free sulfhydryls or disulfide bonds
would most likely be cleaved under the alkaline aqueous conditions by the heat induced
B-elimination of cysteine residues (Kim and Kim, 2001). This cleavage would result in a
triplet in the mass spectrum corresponding to the dehydroalanine, cysteine and
thiocysteine containing peptide derivatives.

Application of the in vacuo methylation for the identification of
peptides from enzymatic digests of proteins

The use of isotope mixtures clearly helps in discriminating between mass peaks
derived from peptide and those arising from impurities in the MALDI mass spectrum as
seen in Figure 1-22. Its use to identify peptides from enzymatic digests of in vacuo

methylated proteins was investigated. Figure 1-23 shows the MALDI mass spectrum of a
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papain digest of an equal mixture of BSA and CH; methylated BSA. Numerous signals

are observed, many of which have strong intensities.
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Figure 1-23 MALDI MS of the papain digest of an equal mixture of BSA and CH; in

vacuo methylated BSA

From an equal mixture of papain digested, CH; and CDsz-methylated BSA, only
one very strong doublet (highest signal in the mass spectrum) of relatively equal intensity
6 mu apart at 1087.8 and 1093.8 my/z is apparent (see Figure 1-24 and expanded portion
in Figure 1-25). This does not match any possible N-terminal derived peptide, instead it
does match one possible peptide (200 ppm search tolerance): the peptide I[145-152]F
(IARRHPYF) [M]'= 1087.6 + 0.2 m/z. This peptide contains a histidine residue which
would be methylated to the dimethylimidazolium derivative which gives rise to a doublet
separated by 6 mu. The 2 arginines in this peptide seem to give this peptide a high

ionization yield under MALDI. It is surprising that in the mass spectrum (Figure 1-24)
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no other doublet is apparent, especially for peaks displaying high intensities. BSA has 25
arginines and it is suspected that the strong peaks observed in these spectra arise from
arginine containing peptides. The results clearly demonstrate the difficulty encountered

with differential ionization yields during MALDL
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Figure 1-24 MALDI MS of the papain digest of an equal mixture of CH; and CD; in

vacuo methylated BSA
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Figure 1-25 Portion of the MALDI MS of an equal mixture of peptides generated from
a papain digest of CH3 and CDj5 in vacuo methylated BSA
In Figure 1-26 the total papain digest of an equal mixture of CH; and CDs in
vacuo methylated hHb (LpH 8.0) is shown. LpH 8.0 was chosen to target o-amino
groups over g-amino groups although methylation of lysines did occur as multiple peaks
differing by multiples of three are visible. hHb consists of two polypeptides the o-chain

and the B-chain, and in vivo exists as a a3, globular tetramer.
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Figure 1-26 Full MALDI MS of the papain digest of an equal mixture of CH; and CD;
in vacuo methylated hHb

Figure 1-27 shows a portion of the MALDI MS of the total papain digest of an
equal mixture of CH; and CD3; methylated hHb. Two intense peaks of similar intensity
are observed at 1236.8 and 1248.9 m/z. These peaks are 12.1 mu apart which suggest
that they originate from trimethylammonium derivatized peptides possessing a total of 4
methyl groups. The fourth methyl group is suspected to be a methyl ester as a pair of
peaks, 14 and 17 mu lower (corresponding to the loss of CHj and CDs, respectively), are

also present in spectrum.
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Figure 1-27 Portion of the MALDI MS of the papain digest of an equal mixture of CH;
and CDj3 in vacuo methylated hHb

With a search tolerance of 100 ppm three peptides were found to fit: the peptides L[125-
135]V [M]'= 1236.7 + 0.1 m/z (LDKFLASVSTV) or D[126-136]L [M]"= 1236.7 + 0.1
m/z (DKFLASVSTVL) derived from the o-chain or peptide L[81-91]L
(LKGTFATLSEL) [M]'= 1236.7 = 0.1 m/z derived from the B-chain. Each contain a
lysine and one acidic amino acid, which would give rise to two peaks 12 mass units apart
corresponding to the deuterated and non-deuterated peptide pairs. The loss of the methyl
ester is also observed with the corresponding peptide pair at 1222.8 and 1231.9 m/z.
These results again demonstrate the increase in signal intensity by the

trimethylammonium derivatization of a lysine containing peptide.
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Figure 1-28 shows a portion of the MALDI mass spectrum. The peaks at 637.5 and
652.6 m/z are relatively intense and are 15.1 mu apart suggesting that these are
trimethylammonium derivatized peptides containing 5 methyl groups. This is consistent
with the methylated pentapeptide derived from the N-terminal of the pB-chain:
(CH3)3N+—VH{z'mN!(CHQ,:‘mN;*(CHQ)LTP«»OH possessing the trimethylammonium N-terminal
derivative and the dimethylimidazolium derivative of histidine.
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Figure 1-28 Portion of the MALDI MS displaying the signals corresponding to the
N-terminal peptide (CH3);N"-VH(imN,(CHs),imN; (CHs))LTP-OH derived from
the papain digest of an equal mixture of CHj and CDs ir vacuo methylated
hHb

An equivalent peptide derived from the N-terminal of the a-chain of hemoglobin
was not found (N-terminal sequence starts with VLSPADKTN...). This could be due to

the generation of peptide fragments which are too small (m/z < 200) to be observed under
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MALDI as the matrix itself interferes in this mass range. To avoid this, a digest using a
different enzyme or chemical cleavage could be tried to produce peptides which are long

enough from the N-terminal of both chains of hHb.

in vacuo methylation of a peptide lyophilized from acids

Although a small amount of the mono and dimethylammonium derivative of
amino groups are present and can be observed by NMR for proteins (Taralp and Kaplan,
1997) and by ESI MS for peptides (data not shown) the predominant derivative formed
by in vacuo methylation is the trimethylammonium derivative. One may expect that
based upon the “pH memory” effect, in that there are no protonic equilibria, the
methylation would stop at the first step with the production of the
monomethylammonium iodide derivative without the use of a proton scavenger such as a
hindered base to “mop up” the acid produced during the reaction. Since the methylatibns
were carried out under conditions where a substantial portion of the amino group was
protonated, this suggests that the protonated form of the amino group can undergo
methylation under in vacuo conditions. A proposed mechanism is shown in Scheme 1-5
where the amino group is fully methylated to the trimethylammonium derivative with
very little mono or dimethylammonium derivative produced. Therefore a possible
mechanism is explained in terms of the vacuum removing the proton by the loss of HI gas
producing a free amine which, in tumn, can undergo further methylation with the

subsequent loss of HI to the vacuum until the fully methylated derivative is obtained.
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Scheme 1-5 Proposed mechanism for the in vacuo methylation of peptides and
proteins; reaction is driven with the sequential loss of HI to the vacuum

Based on this hypothesis an experiment was attempted in which a peptide was
lyophilized under acidic conditions and methylated in vacuo to see if it would be possible
to obtain the trimethylammonium derivative from the completely protonated form of the
amino group. Different acids were also tested to see if the counter ion would have an
effect on the reaction. Figure 1-29 shows the MALDI MS of the in vacuo methylated test
peptide H-SQNYPIV-0OH lyophilized from formic acid. It is clear that the reaction is not
complete as the signals at 820.5 m/z for [M + H]" and 842.5 m/z for [M + Na]" of the
underivatized peptide are apparent but the predominant signal is the peak at 876.6 m/z

which corresponds to the peptide possessing 4 methyl groups.
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Figure 1-29 MALDI MS of the in vacuo methylated peptide H-SQNYPIV-OH
lyophilized from formic acid

Similar results were obtained with the other acids; acetic acid, boric acid, HC{ and TCA

(see Figure 1-30).
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Figure 1-30 MALDI MS of the in vacuo methylated peptide H-SQNYPIV-OH
lyophilized from A) acetic acid, B) boric acid, C) HCY? and D) TCA

To compare the extent of methylation of the peptide lyophilized from an acid vs.
the same peptide lyophilized under basic conditions, the MALDI mass spectrum of an
equal mixture of in vacuo CHz-methylated H-SQNYPIV-OH lyophilized from TFA and
CD;-methylated H-SQNYPIV-0H lyophilized from pH 8.0 buffer was recorded. As can
be seen the same extent of methylation is observed (see Figure 1-31). A pair of
predominant peaks, separated by 12 mu, is observed at 876.6 and 888.7 m/z,

corresponding to N'(CH;);-SQNYPIV-0OCH; and N'(CD;);-SQNYPIV-0CD;, respectively.
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Figure 1-31 MALDI MS of an equal mixture of in vacuo CHj-methylated
H-SQNYPIV-OH lyophilized from TFA and CDs;-methylated
H-SQNYPIV-0H lyophilized from pH 8.0 buffer

N'(CH;);-SQNYPIV-0CH; [M] "= 876.6 m/z, N"(CD),-SQNYPIV-0CD,
[M]'=888.7 m/z

The fact that methylation of the peptide lyophilized from acids proceed to such a
great extent leads to two possible mechanisms as proposed in Scheme 1-6. The first is
the initial methylation of the counter-ion, TFA as example with proton transfer from the
ammonium group to iodide to be removed as a gas to the vacuum. Trifluoroacetic acid
methyl ester (TFAMe) has a boiling point of 43°C (Solvay Fluorides Inc Datasheet,
Solvay Fluor & Derivate GmbH) which would also be lost to the vacuum which may
further permit the methylation of the amino group. The second mechanism has the
proton transfer occurring first, with subsequent methylation of the free amine, essentially

wiping out the “pH memory”. This would be analogous to the sublimation of NH,"HCO;
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in vacuo to NHsg, HaOg) and COyy. The next step of the reaction mechanism would be

that as described in Scheme 1-5.
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Scheme 1-6 Two proposed mechanisms for the iz vacwo methylation of peptides
starting from the protonated amino group with (for example) TFA as
counter-ion: A Initial methylation of the counter ion (trifluoroacetate) with
subsequent proton loss via Hl to the vacuum and, B Imtial proton
transfer to carboxylate followed by rapid methylation of free amine. An
analogous proton fransfer is shown with NH,"HCO5™ (inset)

Whatever the mechanism, the fact is that the trimethylammonium is the
predominant derivative formed by the in vacuo methylation of amino groups and this can

occur from the completely protonated form of the amino group.



Finally, an argument could be made that the increased detection observed may be
attributed, in part or in whole, to the ion suppression effect (Kratzer er al, 1998;
Knochenmuss ef al., 2000). The trimethylated peptide ion will carry the majority of the
current, effectively suppressing all other signals. Perhaps the introduction of the TMA
phosphate buffer prior to lyophilization may also have a suppression effect. Regardless
of the cause, an increase in detection is observed with trimethylation of the amino group.
The effect of trimethylation in peptides possessing two or more amino groups has not
been investigated. It is difficult to predict what effect two permanent positive charges on
a peptide may have during MALDI. Singly charged ions have been described as the
“lucky survivors” in MALDI MS (Karas et a/., 2000) and as a result, the doubly charged
ions may be suppressed under MALDIL

The increase in signal intensity for the trimethylammonium derivatized peptides
has not been quantified. However, in each case, the trimethylammonium derivatized
peptide had a greater signal intensity than the equivalent non-derivatized peptide. The
increase in this sensitivity for the trimethylammonium derivatized peptide vs. the non-
derivatized peptide could be determined by the slope of the relative signal intensity vs.

the amount of peptide. This increase in sensitivity is predicted to be peptide dependent.
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Chapter 2 Application of in vacuo methylation for the isolation of
proteins’ C-terminal peptides

Introduction

Structure-function relationship investigations of proteins can be greatly facilitated
with the knowledge of the various levels of protein structure. The primary structure, .e.
the amino acid sequence, is the foundation in the architecture of higher levels of protein
structure. Much progress has been made in determining the primary structure of proteins
by the introduction of deoxyribonucleic acid (DNA) sequencing, where the protein’s
sequence is obtained indirectly by translation of its DNA sequence for which it encodes.
Before the development of DNA sequencers, the main strategy employed to determine
the full amino acid sequence of a protein was by the N-terminal Edman sequential
chemical degradation of individual peptide fragments produced by chemical cleavage
(e.g. CNBr) and different enzymatic digestions (e.g. trypsin, V8 protease), followed by
final alignment of overlapping sequences to provide the complete sequence. The
assignment of such sequences is often ambiguous due to missing sequences and is labour
intensive therefore this approach is not ideal (Creighton, 1993). Although its use for
complete protein sequencing has declined, the Edman degradation chemistry (Edman
and Begg, 1967) is still used to characterize the N-terminus of synthetic peptides,
recombinant proteins, post-translations proteolytic processing and as an initial
characterization of purified proteins by matching the amino acid sequence obtained to the
DNA sequence. The degradation chemistry (see Scheme 2-1) is a cyclic procedure,
where amino acids are cleaved as their anilinothiazolinone derivative with an anhydrous

acid one at a time from the N-terminus of the peptide after reaction with phenyl
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isothiocvanate (PITC) to form a phenylthiocarbamyl peptide. The anilinothiazolinone
derivative is converted to a more stable phenylthichydantoin (Pth) derivative for
identification following chromatographic separation. Since its original development, the
methodology can be carried out on § to 10 picomoles, and sequences in the range of 30 to
70 amino acids can be determined on an automated sequencer (Hunkapiller and Hood,
1983) provided the peptide or protein sample is relatively pure of other peptide or protein
impurities and, for a protein, it must consist of one polypeptide chain with a free a-amino
group. Blocked N-terminal groups e.g. formyl (f-Met), acetyl, and pyroglutamate
residues formed by cyclization of N-terminal glutamine or glutamate, are common and
present a formidable shortcoming to this chemistry.

N-terminal sequencing of proteins by this cyclic degradative chemistry has proven
to be easier than sequencing from the C-terminus, simply due to the higher nucleophilic
character of the a-amino group of proteins and peptides vs. the a-carboxylate group.
Despite many attempts there is no satisfactory method similar, in sensitivity and in length
of passage, to the Edman for C-terminal sequencing. An isothiocyanate (ITC) method
(Schlack and Kumpf, 1926) similar to that of the Edman has been investigated as a
potential cyclic sequencing method for automated applications. The method consists of
three steps: activation of the a-carboxylate to a mixed anhydride, derivatization to the
peptidylisothiocyanate with an ITC reagent, followed by cyclization to the
peptidylthiohydantoin and hydrolysis of the derivatized C-terminal amino acid
thiochydantoin to an amino acid hydantoin and a shorten peptide (see Scheme 2-2). Many
types of reagents have been tried as PITC employed in the Edman degradation is not

nucleophilic enough for the C-terminal method. Both the Edman and the modified
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Schlack, Kumpf methods rely on a time consuming chromatography separation on a
dedicated instrument for the identification of the amino acid hydantoins. Despite many
improvements in the chemistry, the amino acid proline, which contains a secondary
o-amino group, continues to be problematic as the hydantoin derivative produced during
the C-terminal sequencing method is not stable. Proline passage has been reported
(Bergman et al., 2001) but it is not observed in the chromatographic trace and can only be
inferred to by the absence of an amino acid hydantoin signal in the cycle. Because the
chemistry is not completely quantitative, each cycle will possess a signal in the trace
from the predecessing amino acids in the peptide sequence which severely complicates
sequence interpretation in the case of repeating amino acids and with the presence of
proline.

The ability to obtain the C-terminal amino acid sequence of proteins is of great
interest for: (1) confirmation of the C-terminal sequence of natural and recombinant
proteins or peptides, (2) identification of post translational modification and proteolytic
processing at the C-terminus, (3)sequencing of N-terminally blocked peptides or
proteins, (4) to produce oligonucleotide probes for cloning ¢cDNAs, and (5) to confirm

sequence data obtained indirectly from the DNA sequence.
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Scheme 2-2 C-terminal degradation of peptides

Therefore a C-terminal sequencing method with general applicability is greatly

needed. This need has initiated a number of other strategies for the determination of
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C-terminal sequence of proteins and peptides. One approach makes use of
carboxypeptidases to cleave amino acids, ideally one at a time, from the C-terminus.
However, these enzymes have preferred substrate specificities and display different
cleavage kinetics, therefore a mixture of carboxypeptidases A, B and Y are often used to
compensate for this (Tsugita, 1987). In theory, the C-terminal amino acids could be
analysed as they are released (7.e. amino acid analysis) but the strategy employed is to
analyse the resulting truncated peptides produced after periods of time by MS and the
differences in their masses measured to deduce the sequence (Tsugita, 1987; Thiede ef
al., 1995). This method can be problematic as it cannot distinguish between the isobaric
amino acids leucine and isoleucine, and the amino acids lysine and glutamine which also
have very similar masses and therefore require MS instruments of high accuracy.
Chemical modification of lysine (e.g. by guanidinylation, see Scheme 1-1) to differentiate
this amino acid from glutamine has been attempted with some success using MALDI MS
(Bonetto et al., 1997) but again this methodology requires some amount of purification
prior to MS. Cysteine containing peptides pose another problem in this strategy for the
fact that of carboxypeptidase (CP) Y and CP P do not cleave peptides that contain non-
derivatized cystine, cysteic acid (from performic acid oxidation) or
(carboxymethyljcysteine.  Again, chemical modification has been attempted by
converting cysteine residues to 4-thialaminine; a positively charged derivative, by
(trimethylamino)-ethylation with (2-bromoethyljtrimethylammonium bromide (BETA),

see Scheme 2-3 (Bonetto ef al., 1997; 1997).
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It is interesting to note that 4-thialaminine, with a permanent positive charge, is
very similar in structure to the trimethylammonium derivative of amino groups produced
by the in vacuo methylation of peptides and proteins (vide supra) but an increase in

detection in MALDI MS was not mentioned (Bonetto ef al., 1997; 1997).

As well as the methods mentioned above there exists one more strategy. That is
to somehow separate out and isolate a peptide derived from the C-terminus of a protein
for further characterization. One technique employs anhydrotrypsin, a catalytically inert
derivative of trypsin that binds peptides containing lysine or arginine residues at their
C-terminal. | A tryptic digest of the protein of interest is passed over a column containing
immobilized anhydrotrypsin. The peptides are retained on the column except for the
C-terminal peptide provided it does not possess a C-terminal arginine or lysine. This
would be observed as the absence of a peptide eluting from the column and consequently
the purity of the protein of interest is of the highest concern. If the C-terminal peptide
does possess a C-terminal arginine or lysine this shortcoming can be circumvented by
applying the digest from an enzyme of different specificity other than trypsin. Another

limitation to this method is that the peptides produced from a tryptic digest are often
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small as arginine and lysine are quite common, therefore insufficient sequence
information is gained. Again, attemipts have been made to overcome this by using the
endoprotease Lys-C, which produces peptides with C—terminal lysines. The C-terminal
peptide in this case was obtained by comparing MALDI MS spectra of the digest prior to
and after incubation with anhydrotrypsin (Sechi and Chait, 2000). A disadvantage to this

strategy is that any trace endoproteases will generate peptides leading to false C-terminal

peptides therefore the enzyme preparation used must be extremely pure.

Another approach is to chemically modify the carboxyl groups of a protein and to
isolate the C-terminal peptide based on this new chemical property (Furka er al., 1970;
Duggleby and Kaplan, 1975; Furka ef al., 1983). This strategy was explored using the in
vacuo methylation procedure to specifically modify the carboxyl groups of proteins by

converting them to their methyl esters.

Objectives

The first objective was to determine if the in vacuo methylation procedure of
proteins could be effectively applied to differentially label the C-terminal end of proteins
for further isolation of the C-terminal peptides from a proteolytic digest by an
electrophoretic separation. The second objective was to determine the most favourable
conditions for the proteclytic digestions of the methylated protein to produce peptides of
long enough length. The ultimate objective is to develop a method of general

applicability.
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Strategy for the isolation of C-terminal peptides

The procedure explored and developed is a varation of the C-terminal

methodology employing “diagonal” electrophoresis.

The novelty of the proposed approach emploved for the isolation of C-terminal
peptides involves the in vacuo chemical modification of the C-terminal carboxyl groups
of the protein, followed by enzymatic cleavage of the polypeptide, and finally, isolation

and sequence determination of the carboxyl methylated terminal peptides, as illustrated in

Scheme 2-4.
(1) Chemical
modification

Protein » Modified Protein

(2) Enzymatic
Digestion
. (3) Paper
C-terminal Electrophoresis ,
peptide < Peptides
(4) MS Analysis

Scheme 2-4  Strategy employed to isolate C-terminal peptides of proteins for potential
sequence

In the chemical modification step (Scheme 2-4, stepl), the carboxyl groups of the
proteins are converted to their methyl esters by in vacuo methylation with iodomethane.
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An equal mixture of CH; and CD; iodomethane is used for potential MS analysis. The
protein is first methylated in vacuo with a trace amount of '“C-iodomethane for
visualization purposes by autoradiography. Methylation of the protein can be controlled
to a certain extent, to target predominantly the carboxyl groups, by simply adjusting the
pH. Enzymatic cleavage of the methylated protein produces peptide fragments (Figure
2-1, step 2) with a free carboxy terminal except for the original C-terminal peptide. The
pK. values of the terminal carboxyl groups of proteins range from 4 to 5, whereas the pK,
values of the free amines range from 7 to 9 (Creighton, 1993). Therefore at pH 2.1 (pH
for the volatile buffer used), the free carboxyl groups of peptides are protonated, whereas
at pH 4.4 (pH of the second dimension buffer), these groups will be deprotonated (see
Figure 2-2), resulting in the gain of one negative charge in the peptide in going from
pH 2.1 to pH 4.4 (Table 1). However, this is not the case for peptides derived from the
C-terminus due to the fact that their C-terminal carboxylate groups have been esterified.
Two-dimensional high voltage paper electrophoresis (2D HVPE) separation of the
peptides, with the first dimension run at pH 2.1 and the second at pH 4.4, will place the
C-terminal peptides on a diagonal of the two dimensions, as illustrated in Figure 2-3.
This is due to the fact that their electrophoretic mobility will remain the same under
pH 2.1 and pH 4.4, whereas the other peptides will gain a negative charge and will not

travel as far in the second dimension and as a result will lie below the diagonal.

In theory, mass spectrometry can be used to determine the sequence of the
isolated C-terminal peptides by MS/MS. Thus, longer C-terminal peptides isolated by 2D
HVPE will provide the greatest sequence coverage. This is particularly useful since the

knowledge of longer sequence significantly increases the probability of identifying the
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protein based on existing libraries or databases. The identification of C-terminal peptides
from non-peptide impurities can be greatly simplified by the use of mixtures of -

isotopically labelled (CHj and CDs) iodomethane.

0 co,
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Figure 2-1  Strategy for the determination of the C-terminal sequence of proteins
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Figure 2-2
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Figure 2-3  Isolation of C-terminal peptides using two-dimensional high voltage paper
electrophoresis (2D-HVPE)

aCT, Type II from bovine pancreas (54 units/mg protein, Lot#27H7007), pepsin
from porcine stomach mucosa (2750 units/mg protein, Lot#128C8112), papain from

papaya latex (suspension in 0.05 M sodium acetate, 24 units/mg protein, Lot#124F8045),
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carboxypeptidase Y (CP Y) from Saccharomyces cerevisize (Lot#106H8060),
carboxypeptidase A (CP A) from bovine pancreas {Lot#88H7425), carboxypeptidase B
(CP B) from porcine pancreas (Lot##75F8046) and pronase E (from Steptomyces griseus,
purified type XIV, Lot#118F0732) were purchased from Sigma. All enzymes except
pronase were used without further purification. Pronase (100 mg in 30 ml ddH,0,
pH adjusted to 4.0 with 0.1 M HCI) was dialysed (MWCO 3,500) against 1 % acetic acid
(2 X 3.5 L), and lyophilized.

The tripeptide H-Thr-Tyr-Ser-OH (Lot#88HS5821) was obtained from Sigma. The
hexapeptide H-Ser-Ala-Ser-Ala-Phe-Ala-OH, synthetic, was gratefully provided by C.T.
Choma, RPI Troy NY, purified by RP HPLC, prior to use

MCH,I (specific activity 55.0 mCi/mmol) was purchased from Amersham
Chemicals and 14CHgOH was obtained from NEN 250 puCi. CDsl was obtained from
Cambridge Isotope Laboratories, Inc. and CH;I was purchased from Aldrich.
7-Methoxycoumarin-3-carboxylic acid, succinimidyl! ester was purchased from Molecular
Probes. Spermidine and ethanolamine were obtained from Aldrich. X-ray film for
autoradiography was from Fuji. All other reagents and solvents were of high-purity

obtained from commercial sources.

The following volatile electrophoresis buffers were prepared:
pH 2.1 buffer: glacial acetic acid/ formic acid/ dH,0 (4:1:45)
pH 4.4 buffer: glacial acetic acid/ pyridine/ dH,0 (4:3:600)
pH 6.5 buffer: glacial acetic acid/ pyridine/ dH,0 (3:100:900)

The following stock sclutions of fluorescent markers were prepared:
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5-dimethylamino-1-naphthalenesulfonyl arginine (Dns-Arg) 0.2 mg/mL in pH 2.1
volatile buffer and 5-dimethylamino-1-naphthalenesulfonic acid (Dns-Sulfonic)

0.1 mg/mL in pH 6.5 volatile buffer.
The following radiolabeled markers were prepared:

MO -Taurine {H2N14CH214CH2803H; 2-aminoethanesulfonic acid): 5 pCi/mL in
pH 2.1 buffer and "“C-choline (HOCH,CH,N(**CH;)3Cl): 5 uCi/mL pH 2.1

buffer.

Preparation of Iyophilized aCT at LpH 4.5

aCT (206 mg) was dissolved in dH,O ( 16 mL) to yield a concentration of approx.
13 mg/mL. The pH of the solution was adjusted to pH 4.5 using 1.0 M NaOH delivered
via syringe, where the final pH was monitored with a semi-micro gel-filled combination
electrode (Orion) pH meter (Model PHM?26; Radiometer Copenhagen). Equal aliquots
(2.0 mL) of the proteins were withdrawn and transferred to individual disposable
borosilicate glass culture tubes (x 8 tubes) and the tubes were immediately frozen in

liquid nitrogen. Samples were lyophilized overnight.

in vacuo trace methylation of aCT with “C-iodomethane

The procedure for in vacuo radiolabelling of proteins is summarized in Figure
0-1. A hydrolysis tube containing the lyophilized protein sample (ca. 20 mg) was
elongated and narrowed with an opening of approx. 0.2-0.5 mm diameter by heating and

stretching it over a hot flame. "C-lodomethane in octane (0.5 mCi/mL; 60 uL) was
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added via pipette in the narrowing of the tube, the bottom of the tube was immediately
immersed in liguid nitrogen, creating a suction pulling the reagent into the tube and
trapping it on the sides preventing it from “wetting” the protein. The tube was placed
under vacuum, flame-sealed and allowed to react in an oven preset at 75°C for 24 hours.
The reaction was stopped by trapping out the *CHsloctane at the top of the reaction
vessel with liquid nitrogen. Scoring the glass tube and applying a heated glass rod to it,
cracking the tube, subsequently released the vacuum. The sample was re-labelled with

2CH;] following the same procedure as above for homogeneity.

In vacuo double isotope labelling of aCT

CH;L:CDslI (1:1 mol. equiv.; 30 uL) was added to each tube of aCT in the same
manner as for radioactive labelling procedure. The tubes were frozen in liquid nitrogen,
sealed under vacuum and allowed to react overnight in an oven at 75°C. The reaction

was terminated as above.
Preparation of pepsin and papain enzymatic stock solutions

Pepsin (2.3 mg) was dissolved in freshly made 10% formic acid (5.0 mL) to give
a pepsin solution with concentration of 0.4 mg/mL. Papain (40 pl) was dissolved in pH

4.5 buffer (950 L), and activated with B-mercaptoethanol (BME) (10 uL) to give a final

concentration of enzyme of 1 mg/mlL.
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Enzymatic digest of "*C-methylated aCT

Pepsin digest

The *C-methylated methylated protein samples (ca. 5 mg) were transferred to
glass scintillation vials and dissolved in formic acid (98%; 500 uL) and then made up to
10% formic solution with distilled water (4.5 mL). These were each divided equally into
5 aliquots of 1 mL each. Pepsin enzymatic solution (25.0 pL) was added to each aliquot
(noting time zero) to give a protein/enzyme ratio of 100:1. The enzymatic digestion was
performed in a shaker water bath at 37°C for defined time intervals of 15 minutes, 30
minutes, 1 hour, 2 hours and 24 hours. Once the digest was stopped, the peptides

generated were dissolved in dH,O (5 mL), frozen over liquid nitrogen and lyophilized.

Papain digest

The '“C-methylated protein samples (ca. 5 mg) were transferred to glass
scintillation vials by dissolving them in formic acid (50 pL), followed by three washings
(100 pL) of ddH,0 and totalled to 500 pL (10% formic acid) with further addition of
ddH,0. The samples were made up to a final volume of 5.0 mL with pH6.5 volatile
buffer, pH was verified with pH strip, and divided equally into 5 aliquots of 1 mL each
(1 mg protein/mL). A papain stock solution was prepared (1.0 mg/mL in pH 6.5 volatile
buffer with 1% (v/v) BME). An aliquot (20 uL) of the papain stock sclution was added
to each aliquot (noting time zero) to give a protein/enzyme ratio of 50:1. The enzymatic

digestion was incubated in a water bath at 37°C and allowed to proceed at the time
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intervals of 15 minutes, 30 minutes, 1 hour, 2 hours and 24 hours. The reactions were

stopped and lyophilized as above.

Two-dimensional high voltage paper electrophoresis

Apparatus

The apparatus employed for high-voltage paper electrophoresis (HVPE) consisted
of a 40 L glass chromatography solvent tank containing an insulating/cooling solvent
(Varsol™, ExxonMobil Chemical, for pH 2.1 and pH 4.4 electrophoresis systems and
toluene for the pH 6.5 system). The tank was equipped with a lid fitted with glass
cooling coils in which tap water would flow. The wet chromatography paper would hang
over a glass rod with one end of the paper at the bottom of the tank immersed in a layer
of buffer containing the anode, and the other end was placed atop in a trough filled with
buffer containing the cathode. Once closed (confirmed by safety interlock switches) the

system would be powered up and the current would flow through the paper.

Preparation of sample for first-dimension HVPE

The chromatography paper (Whatman 3MM, 40cm x 57cm) was placed on a
clean glass surface with the origin line raised by two glass rods. The enzyme-digested
oCT sample (ca. 5 mg) was dissolved in pH 2.1 buffer (500 pL). The solution of the
dissolved sample was applied via capillary pipette along the origin line of the paper as a
band 5 cm wide. Dns-Arg (20 pL) was applied at the edges and in the middle of the band
as fluorescent marker. A mixture of “C-choline and '*C-taurine (30 pL) marker was

applied in the middle of the band in the same manner (to delineate the diagonal in the
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second dimension). The sample and markers were dried after each application with a
stream of warm air. The paper was folded along the origin and the whole paper was
wetted with pH 2.1 buffer, applied with a squeeze bottle carefully at equal distance on
cach side of the fold, so that the buffer front concentrates the sample evenly along the
origin line; a process known as “buffering-in”. Excess solvent was removed from the
paper by blotting until the paper was damp. The first dimension electrophoresis was
performed for 30 min at 2.5 kV (voltage gradient of 40V/cm) in the tank containing pH
2.1 electrode buffer, at approximately 25°C. The paper was then removed from the tank
with the aids of glass rods, and hanged to dry in a well-ventilated fumehood. When
dried, viewing the fluorescent dye marker Dns-Arg previously spotted on the paper under

UV light revealed the qualitative mobility of the sample band in the first dimension.

Second-dimension HVPE

With the aid of the fluorescent markers (Dns-Arg and Dns-Sulfonic), the sample
band was cut out as a strip of paper and subsequently sewn onto a second full size
chromatography paper aligning the strip along the origin of the new paper. The paper
behind the strip was carefully removed with a razor blade to allow the current to flow
through the sewn strip. The paper was then buffered-in with pH 4.4, in the same
procedure as described above. Electrophoresis was again performed for 30 min at 2.5 kV
(voltage gradient 40 V/cm) in the tank containing pH 4.4 electrode buffer. The paper was

removed and treated in the same manner as above.
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Autoradiography

The dried papers were marked with radioactive ink (prepared by the addition of
waste '*C isotopes to ink, ca. 1000 cpm/uL) to aid in the re-alignment of the developed
film, and autoradiographed by direct contact to the film for at least 48 hours. The films
were developed and fixed with Kodak fixing reagent, with a final rinse in distilled water

before drying.

Peptide recovery

The diagonal line delineated by '*C-taurine (origin) and *C-choline (extremity)
on the paper electrophoretogram, containing the radioactive C-terminal peptides, was cut
out. The cut out strips were eluted first with Varsol to remove any Varsol-soluble
contaminants from the tank, then with pH 2.1 buffer to recover the C-terminal peptides.

The buffer was subsequently removed by lyophilization.

Small HVPE apparatus

A small HVPE apparatus was designed using an Owl EasyCast™ horizontal
minigel electrophoresis system (see Figure 2-8) placed in an ice bath. 3MM Whatman
paper was cut to size (see Figure 2-9) and the wet paper was sandwiched between two
sheets of polyethylene (15 cm x 10 cm) with each ends submerged in electrophoretic
volatile buffer. A glass plate (16 cm x 10 cm) was placed on top followed by a

Styrofoam block, the acrylic insert (provided with the system for the setting of an agarose
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gel) and a 20kg (9 in. x 9 in. x 1.5 in.) lead weight (carefully). Electrophoresis was

performed at 200 V for 30 min.

Preparation of fluorescent markers for small HVPE

Fluorescent markers were prepared to delineate the diagonal instead of the
radiolabeled markers previously used. Ethanolamine was chosen for the neutral marker
and spermidine for a marker with a +2 charge after reacting them with 7-
methoxycoumarin-3-carboxylic succinimidyl ester in 2% TEA for 1 hour. Markers were
dried by Speed-Vac™, redissolved in pH 2.1 volatile buffer and quickly purified by
HVPE by spotting some (200 pL) over a full sheet (minus border) and eluting off
appropriate fluorescent band with pH 2.1 buffer to ca. 500 pL volume. Markers were

stored in -20°C freezer.

Carboxypeptidase digest of the peptide: H-SASAFA-OH

Stock solutions for CP B and CP Y were prepared in NH:HCO; (200 mM) pH 8.0,
as these were obtained as dry lyophilized powders, whereas carboxypeptidase A was
already in solution form. A stock mixture of CP A, B and Y was prepared by aliquoting
appropriate amounts of each stock solution to obtain approximately equal amounts of
activity for each enzyme based on the units per mg of protein given for each enzyme.
Digestion of H-Ser-Ala-Ser-Ala-Phe-Ala-OH (10nmol) with pronase and the
carboxypeptidases was carried out with the same carboxypeptidase stock as above with
pronase added for a final of carboxypeptidase to pronase weight ratic of 50 to 1. The
digestion was performed at ambient temperature (ca. 20°C) with an enzyme to peptide

substrate ratio of 1 to 10. Aliquots were removed at timed intervals for up to 2 hours,
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combined to 50 uL 1% TFA to stop the digest and dried under a vacuum using a Speed-

Vac™ apparatus.

In vacuo methylation of aCT with "*C-MeOH-HC¢

aCT (2 mg) was lyophilized from pH 2.1 buffer (2 mL) and methylated in vacuo
as previously described (Vakos ef al., 2001) with MC-MeOH-HC? (10:1) 50 pL (250
uCi/ml methanol and 4M HCY in dioxane). The methylated protein was digested with

pepsin as previously described (vide supra).
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Results and Discussion

C-termini peptides of proteins derived from enzymatic digests were successfully
separated and isolated by HVPE by the in vacuo reaction of lyophilized proteins with
iodomethane. A typical example is shown in Figure 2-4. This represents a substantial
improvement to the method previously described (Furka e al, 1970; Duggleby and
Kaplan, 1975; Furka e al., 1983).

A typical example of an autoradiogram of a diagonal 2D-HVPE is shown in
Figure 2-4. In this example, aCT (LpH 4.5) was trace methylated with “C-iodomethane
followed by “cold” methylation and digested with papain (50:1 substrate: enzyme ratio)
for 60 min. at 37°C. Radioactive markers taurine and choline are identified as spots at
the origin and extremity of diagonal, respectively.

The large C-terminal peptide fragments have low electrophoretic mobility, and
are indicated with solid arrows. The dashed line delineates the diagonal containing the
C-terminal peptides. The 2D-HVPE for methylated aCT digested with pepsin and papain

at various time intervals are shown in Figure 2-5 and Figure 2-6, respectively.

2-23



G P

| e el =
C-terminal peptide e .
pep R Choline
fragments L

e diagonal delineated
" e by taurine & choline
%’ \ g %%
S ar

2™ (pH 4.4)

Taurine

Fenzn O

Figure 2-4  Typical 2D-HVPE diagonal.

Papain digested '*C-methylated «CT (50:1 substrate: enzyme ratio) for 60
min. at 37°C. Radioactive markers taurine and choline are identified as
spots at the origin and extremity of diagonal, respectively. The large
C-terminal peptide fragments have low electrophoretic mobility, and are
indicated with solid arrows. Dashed line delineates the diagonal
containing the C-terminal peptides.

The dark spots observed on the X-ray film correspond to the radiolabelled
peptides and markers ("*C-taurine and "“C-choline) as described. For each digestion

times a diagonal is clearly visible. Both enzymes are suitable for producing peptide
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fragments from the methylated protein. The papain digest seems to be the better enzyme
in this case and a digest of 60 minutes seems sufficient in producing the most amount on-
diagonal peptides based on their intensity. The peptides with lower electrophoretic
mobility on the diagonal correspond to C-terminal peptide fragments of approximately 8
to 10 residues in length (with charge of +1). This length is more than enough to gain
sequence information for application to database searching and other characterization

requirements.

““C trace methylation was used for visualisation purposes only. An
autoradiogram of a papain digest of “cold” CH3/CD; methylated aCT is shown in Figure
2-7. The diagonal, delineated by choline and taurine, was cut out as a strip of paper and
the C-terminal peptides were eluted off with pH 2.1 buffer for ESI MS analysis.
Unfortunately no peaks could be found corresponding to the double labelled peptides.
This is most probably due to the impurities present in the Varsol used as insulator and
coolant in the electrophoresis apparatus. The elution of the diagonal peptides from the
paper was verified using the diagonal of the papain digested *C-aCT for 60 min. A first
elution with Varsol was tried to remove any Varsol-soluble materials that were
transferred onto the electrophoretic paper from the Varsol in the HVPE tank and the
peptides were then eluted with pH 2.1 buffer. Radioactivity count of the eluted solutions
confirmed that the elution step was efficient (Countyaso=33; Countyn 2,=7732) but an
HPLC of the eluted peptides showed many highly absorbing peaks not consistent with
peptides (data not shown) suggesting that Varsol is not an ideal solvent for eluting off

these impurities.
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Figure 2-5  Autoradiograms of 2D-HVPE of a pepsin digest of MC-methylated aCT.
Pepsin digest at 100:1 protein:enzyme ratio at 37°C. A) digestion for 15
min., B) 30 min., C) 60 min., D) 2 hr., and E) 24 hr.
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Figure 2-6  Autoradiograms of 2D-HVPE of a papain digest of YC-methylated aCT.
Papain digest at 50:1 protein:enzyme ratio at 37°C. A) digestion for 15
min., B) 30 min., C) 60 min., D) 2 hr., and E) 24 hr.
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Choline

Taurine

Figure 2-7  Autoradiogram of 2D-HVPE of CH3/CD; methylated aCT. Protein was
digested with papain for 30 minutes at 37°C (50:1 substrate:enzyme ratio).
C-terminal peptides are located on the diagonal delineated by the taurine
and choline markers.

The digestion of the aCT was carried out using two different proteases, namely,
pepsin and papain. The use of pepsin has two advantages: the enzyme is active at low
pH, so that prior denaturation of the substrate is rarely required, and also the disulphide
interchange reactions are very slow at low pH (Allen, 1981). Papain is a thiol protease,
and it is best reserved for the subfragmentation of peptides of up to 100 residues in length
(Allen, 1981). Under the same digesting condition, papain seemed to be more effective
than pepsin as indicated by the more intense and more defined spots on the
autoradiograms. The enzymatic digestions were also carried out for different times of
digestion with the objective of determining the optimal time interval for obtaining the
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largest C-terminal peptide fragments. At different durations of enzymatic digestion, the
positions of the on-diagonal peptides and their quantities were variable, indicating

multiple cleavage sites for the methylated protein by the enzyme.

Another notable advantage is that the current procedure can be carried out with
relatively small amount of proteins, with the isolation of C-terminal peptides requiring
about 0.5 mg of protein (e.g. 20 nmol for aCT). The autoradiograms revealed intense
spots, indicating that the current procedure can in fact be carried out on significantly less
material, but perhaps increasing the exposure time to the X-ray film for the detection of

the labelled peptides in order to maintain the same degree of sensitivity.

A smaller apparatus was designed out of an existing horizontal gel electrophoresis
system for agarose gel applications (see Figure 2-8) to overcome the problem with Varsol
and to miniaturize the procedure for smaller amounts of digested protein. Whatman

3MM paper was used and cut to size (see Figure 2-9).
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Figure 2-8  Diagram of small HVPE apparatus using an Owl EasyCast™ horizontal
minigel electrophoreslis system

To delineate the diagonal fluorescent markers were prepared to circumvent the
use of radioisotopes. The use of fluorescent markers was chosen for rapid determination
of a diagonal without the use of staining or radiolabelled markers. However, certain
criteria must be fulfilled for the successful choice of fluorescent markers. Many highly
fluorescent compounds are either salts or exhibit poor water solubility. Both of these
properties are not compatible with HVPE. Markers must also possess the same
electrophoretic mobility at both pHs employed to lie within the diagonal. Surprisingly
many fluorescent compounds possess a pK, near or below pH 4.4 (e.g. the pK, of the
dimethylamino group of Dns). It is for these reasons that the 7-methoxycoumarin-3-
carboxylic acid moiety was chosen. FEthanolamine was chosen to give the neutral
fluorescent marker as, although it is neutral, it demonstrated enough water solubility with
its hydroxyl group. Spermidine was chosen arbitrarily for the simple reason that the

coupling through one amine will result in a marker with a +2 net charge. The smalil
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HVPE system developed was subsequently found to be similar in design to a
commercially available apparatus sold under the name of the Hunter Thin Layer
Electrophoresis (HTLE) apparatus which uses polyester backed cellulose sheets instead
of the 3MM Whatman paper. This apparatus has been used for the separation of

phospho-peptides and phospho-amino acids (Boyle ef al., 1991).

pH 2.1

N

10 cm

11em
21 cm

/N
N

Vs
N

Figure 2-9  Dimensions of 3MM Whatman paper used in small HVPE apparatus

The apparatus performed well for a2 one dimension run and a typical result is
shown in Figure 2-10. A carboxypeptidase/pronase digest of the peptide H-SASAFA-OH
(as described in materials and methods) was run with Ser, Ala and Phe standards and
flanked by Dns-Arg. A 2D run was also successful on the tripeptide methyl ester
H-AAA-OCH; (see Figure 2-11) with the diagonal delineated by the coumarin markers

(visible under UV) and on the pepsin digest of in vacuo C trace methylated aCT with
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“C-MeOH-HCY (see Figure 2-12). The radiolabelled diagonal markers, choline and

taurine are clearly visible with peptides found on the diagonal.
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Figure 2-10 Ninhydrin stained small HVPE of carboxypeptidase digest of
H-SASAFA-OH with Ser, Ala and Phe standards and flanked by Dns-Arg
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Figure 2-11 Ninhydrin stained small 2D-HVPE diagonal of H-AAA-OCH;. Diagonal
delineated by coumarin markers.

e

0

Figure 2-12 Small 2D-HVPE autoradiogram of a pepsin digest of aCT methylated
in vacuo with "*C-MeOH-HCZ. Diagonal delineated by '*C-choline and
C-taurine markers.
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In summary, a proof of concept for the use of the in vacuo methylation procedure
to label the C-terminal end(s) of a protein for subsequent separation and isolation by a
“diagonal” electrophoretic method has been shown. This method demonstrates a
significant improvement over previous methods as, although relatively large amounts of
protein (mg) were used for visualization purposes, such large amounts are not necessary
with this method, and lends itself well to the analysis of small amounts of protein (sub-
ug). The in vacuo methodology surpasses the pre-existing aqueous approach as only a
small amount of reagent is needed, excess reagent can be re-used and is simply removed
by breaking the vacuum and further purification of the methylated protein is not required.
A high amount of radiolabelling was accomplished employing this method with a small
amount of reagent displaying the efficiency of the in vacuo chemical modification
approach. A miniature equivalent HVPE apparatus was developed and successfully used
to accomplish the separation of C-terminal peptides. This smaller apparatus provides a
faster and less labour intensive method as compared to the previous larger vertical
apparatus. With the use of fluorescent markers to delineate the diagonal, C-terminal
peptides can be eluted off the paper “blindly” for MS/MS analysis to gain sequence
information.  Although final analysis with MS of the peptides from the large
electrophoresis system was unsuccessful and no attempt was made for MS analysis of
peptides separated on the miniature system, a proof of concept was nevertheless
accomplished. The use of paper may also be avoided by using the polyester backed
cellulose sheets commonly used with the HTLE apparatus. Where the sequential
degradation methods have failed in the case of a blocked C-terminal, this approach has

shown to work effectively in the case of a protein either with unblocked C-terminal
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{(native chymotrypsin} or with blocked C-terminal (the methyl-ester derivative of
chymotrypsin). The approach taken therefore has a wider range than existing

methodologies in terms of applicability.
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Chapter 3 In vacuo methylation of imprinted lyophilized
o-chymotrypsin

Introduction

The fact that lyophilized enzymes have substantial catalytic activity in anhydrous
organic soivents (Zaks and Klibanov, 1988; Chen and Sih, 1989; Klibanov, 1989,
Wescott and Klibanov, 1994; Koskinen and Klibanov, 1996) implies that a portion of the
active-sites retain an active conformation under nonagueous conditions. Active-site
titration data (Zaks and Klibanov, 1988; Wangikar er al., 1995) and solid-state NMR
(Burke et al., 1992) studies of lyophilized chymotrypsin indicate that the active-site of the
enzyme consists of a mixture of active and inactive conformations. The addition of
ligands to the aqueous solution prior to lyophilization has been shown to increase the
catalytic activity of the lyophilized enzyme in organic solvents (Russell and Klibanov,
1988; Dabulis and Klibanov, 1993; Triantafyllou et «l, 1997). In the case of
chymotrypsin, lyophilization in the presence of competitive inhibitors had a substantial
activation effect (Zaks and Klibanov, 1988). Other multifunctional ligands such as
sorbitol which are structurally unrelated to substrates also have an activating effect
(Dabulis and Klibanov, 1993; Triantafyllou et al, 1997) and appear to act as
lyoprotectants maintaining the conformational integrity of the active-site. It has been
postulated (Russell and Klibanov, 1988; Yennawar ef al., 1995; QGriebenow and
Klibanov, 1997) that the binding or association of such ligands imprints (Braco ef al,
1990; Staahl et al., 1991; Klibanov, 1995; Yennawar ef al., 1995; Mishra ef al., 1996) a

catalytically favourable conformation in the catalytic site of lyophilized enzymes. This
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hypothesis implies that the chemical properties of active-site functional groups are altered
in the imprinted enzyme. The following describes an approach in using the in vacuo
chemical modification of lyophilized proteins (Kaplan and Taralp, 1997; Taralp and
Kaplan, 1997) to mvestigate the chemical reactivity to iodomethane of the active-site
imidazole of His-57 of a-chymotrypsin (aCT) Iyophilized in the presence and absence of

imprinting ligands.

Materials and Methods

Bovine alCT (EC 3.4.21.1) (Iot#91H7195), 1odomethane, N-acetyl-L-tryptophan,
N-acetyl-D-tryptophan, indole, D-sorbitol and N-acetyl-L-tyrosine ethyl ester (ATEE)
were purchased from Sigma Chemical Co. Sodium citrate was obtained from Fisher
Scientific Co. All other reagents and chemicals were high purity preparations obtained

from commercial sources.

Sample preparation

Stock solutions (20 mM) of ligands were adjusted to pH 8.0 with dilute NaOH.
An aliquot (5.0 mL) of a ligand stock solution was added to 1.0 mL of a-chymotrypsin
(1.0 mg/mL) in dH,0 and the volume adjusted to 10.0 mL with dH,O to give a solution
containing oCT (100 pg/ml) and ligand (10.0 mM). Each aCT-ligand sclution was
adjusted to pH 8.0 with dilute NaOH, transferred in 1.0 mL aliguots to Pyrex® glass
hydrolysis tubes and lyophilized.

In vacuo reaction with iodomethane (25 uL) was carried out at 75°C as previously
described (Kaplan and Taralp, 1997; Taralp and Kaplan, 1997) with some minor
modifications to the method. The use of 2 side arm was not necessary as the
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iodomethane would freeze to the sides of the reaction vessel as it was introduced
preventing it from “wetting” the lyophilized protein. A general representation of the
method is described in Figure 0-1. A nitrogen line was not used, although this was added
to the procedure in later experiments to minimize the introduction and condensation of
water from the air. At various time points the reaction was stopped by trapping out the
iodomethane and breaking the vacuum by applying the tip of a white hot glass rod to the
scored reaction vessel. The samples were stored in vacuo over P,Os until they were

assayed.

Sample preparation of active site protected aCT for NMR analysis

aCT (20 mg) was dissolved with or without N-acetyl-L-tryptophan (10 mM), the
pH adjusted to 8.0 with the addition of 1M NaOH via micrometer-syringe and the final
volume adjusted to 200 mL. Samples were lyophilized in round bottom flasks (500 mL),
the lyophilized protein samples were transferred to large borosilicate hydrolysis tubes (25
x 200mm) and methylated in vacuo with iodomethane for 48 hours at 75°C as previously
described. The methylated protein samples were re-dissolved in ddH,0O (ca. 20 mL) and
dialyzed (MWCO 3500) against ddH,0 (4 x 4L). Samples were lyophilized, transferred
to borosilicate hydrolysis tubes and methylated in vacuo with °C iodomethane.

Protein samples were dissolved in a total of 1 mL (8M urea 80% D,0, 200 mM
NaH3;PO4 pH 7.5) with the addition of acetonitrile (30 pL) as internal standard. Spectra

were recorded on a Bruker XL 300 with a total of 6400 transitions.
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Quantification of enzymatic activity

Each sample was dissolved in pH 4.0 sodium formate (100 mM, 1.0 mL) buffer
prior to assay. Enzymatic activity was quantified using a pH stat (Titration 11/0Ole Dich
autotitrator assembly) set to pH 8.0 on éiiquots of samples (100 uL) by following the rate
of hydrolysis of ATEE (10.0 mM ATEE, 0.10 N KCY and 5% (v/v) acetonitrile, SmL).
Initial velocities were recorded as the reaction was stirred with a magnetic stir bar at

20°C under a nitrogen atmosphere with 0.100 M NaOH as titrant introduced via

micrometer glass Agla™ syringe.

3-4



Results and Discussion

oCT lyophilized at LpH 8.0 in the presence or absence of ligands retained full
activity after heating in vacuo for 12 h at 75°C (see Table 3-1). Under the same
conditions, the ligand—frée Iyophilized enzyme lost most of its catalytic activity after in
vacuo methylation for 12h with iodomethane (33% activity remaining).

Although lyophilization in the presence of ligands did not alter the thermal
stability of the enzyme, it did have significant effects on the inactivation by iodomethane.
The L and D isomers of N-acetyltryptophan effectively protected the lyophilized enzyme
from inactivation. Indole did not protect, but surprisingly accelerated the rate of
inactivation. Citrate and sorbitol which have no structural similarity to any substrate of
chymotrypsin had strikingly distinct but opposite effects. Citrate effectively prevented

inactivation whereas sorbitol dramatically accelerated the inactivation.

Table 3-1 Catalytic activity of a-chymotrypsin after in vacuo reaction with
iodomethane of the enzyme co-lyophilized with or without
ligand/excipient”

Heated Control Reaction with
lodomethane
Ligand/ Time (h) Time (h)
Excipient
10 mM 0 2 4 8 12 2 4 8 12
None 1.0 1.0 099 1.1 099 063 054 041 033

N-Ac-L-Trp 1.1 1.1 1.2 1.2 1.0 1.1 1.1 098 099

N-Ac-D-Trp 1.1 1.1 1.0 097 093] 1.0 1.1 1.0 095
Indole 090 0691 1.0 097 093 036 033 022 0.08
Citrate 1.0 055 097 1.0 1.0 1098 1.0 1.0 099
Sorbitol 099 094 098 0.87 090 | 0.13 0 0 0

® The activities are relative to unheated aCT lyophilized at pH 8.0. The values reported
are the average of two independent experiments. Mean deviations in all cases were less
than 10%.
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The histidine residues of lyophilized a-chymotrypsin are dimethylated by reaction
with iodomethane octane or in vacuo at LpH 8.0 (Taralp and Kaplan, 1§§7). Chemical
analysis and 13C-NMR spectra after reaction of proteins with BC-iodomethane for 24 h at
75°C shows complete reaction with imidazole side-chains and less than 20% reaction
with amino groups (Taralp and Kaplan, 1997). Acetylation of the e-amino groups does
not affect the enzymatic activity of chymotrypsin (Oppenheimer ef al, 1966) and,
similarly, reductive methylation, which retains the charge on the amino groups, has little
or no detectable effect on the catalytic properties of bovine trypsin (Rice et al., 1977).
Similarly, methylation of amino groups to their trimethylammonium derivatives is
expected not to significantly affect enzymatic activity. The observation that full activity
is retained after methylation in the presence of citrate or N-acetyltryptophan is consistent
with modification of amino groups not affecting the catalytic activity. It therefore
appears that the inactivation of the enzyme is entirely due to dimethylation of the
imidazole side-chain of the active-site histidine. Further evidence for this was obtained
by differential labelling in which chymotrypsin co-lyophilized with N-acetyl-L-
tryptophan (10 mM) was reacted with 2C-iodomethane at LpH 8.0 for 48 h, followed by
dialysis in water to remove the ligand. Subsequent reaction of the ligand-free
2C-methylated Iyophilized protein with BC-iodomethane gave the characteristic
BC.resonances of dimethylhistidine (Taralp and Kaplan, 1997) at 34.08 and 36.59 ppm
(see Figure 3-1) indicating that the imidazole of His-57 was protected by the bound

ligand.
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Figure 3-1

B3C NMR comparison of in vacuo methylated aCT co-lyophilized without
(A), or with (B) N-acetyl-L-tryptophan. Note the difference in intensity of
the dimethyl histidine peaks.

aCT was co-lyophilized with (B) N-acetyl-L-tryptophan or (A) without a
ligand and methylated in vacuo with 2C jodomethane. The ligand was
removed by dialysis and the protein was lyophilized and re-methylated in
vacuo with °C iodomethane.



The remarkable increased rate of inactivation of lyophilized aCT with bound
indole was unexpected. This must be due to the increased rate of methylation of a
catalytically essential functional group. NMR evidence from previous studies (Kaplan
and Taralp, 1997; Taralp and Kaplan, 1997) shows that the only group in the active-site
that is methylated in vacuo by iodomethane is the imidazole of His-57. From the data in
Table 3-1, it appears that the rate of inactivation of the ligand-free lyophilized
chymotrypsin is faster in the early stages of the reaction. This observation can be
explained by the existence of two populations of the enzyme active-site in the lyophilized

enzyme (Figure 3-2) in which iodomethane reacts more rapidly with one population.
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Figure 3-2  Schematic representation of the active site of lyophilized aCT in which
two conformational populations exist. In A the imidazole group of His-57
does not interact with the Asp-102 carboxylate group and is less reactive
than in B where the imidazole is hydrogen bonded to the carboxylate

group

Figure 3-3  Schematic representation of the effect of binding of N-acetyl-L-tryptophan
on the reactivity of the imidazole side-chain of His-57 in the active-site of

tyophtlized alCT
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The ligand-free Iyophilized enzyme consists of a mixture of the conformations A
and B, but when indole is bound to the Iyophilized enzyme a greater proportion of the
active-site groups are present in conformation B. The imidazole group is made more
nucleophilic by virtue of its interaction with the carboxyl group giving rise to a faster rate
of reaction with iodomethane and this is reflected in a faster rate of inactivation of the

enzyme.

N
H

Figure 3-4  Schematic representation of the effect of binding of indole on the
reactivity of the imidazole side-chain of His-57 in the active-site of

Iyophilized oCT
After 2h, the data fits a first order inactivation process (Figure 3-5), but clearly in
the initial stages the reaction is occurring by a more rapid process. Extrapolation of the
linear region to zero time gives an intersection of —0.35 on the y-axis, which corresponds
to 30% of the active sites in the lyophilized enzyme being present in the most reactive

form. These observations are consistent with active-site titrations (Zaks and Klibanov,

1988; Wangikar et al., 1995) which indicate that the active-sites of Iyophilized enzymes
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are & mixture of active and inactive conformations. In Figure 3-3, N-acetyl-L-tryptophan

binds and shields the imidazole of His-57 preventing inactivation.

In (relative activity)

0 2 4 8 8 10 12
Time (h)

Figure 3-5  First order plot for the inactivation of lyophilized aCT by in vacuo
methylation with iodomethane

The crystal structure of aCT indicates the active-site functional groups of
Asp-102, His-57 and Ser-195 are in position to form a hydrogen-bonded catalytic triad
(Tsukada and Blow, 1985). However, the crystal structure of y-chymotrypsin indicates
that this hydrogen-bonded system is altered at moderately alkaline pH values (Cohen e?
al., 1981) such as the pH used in this experiment. Nevertheless, it is generally agreed
that hydrogen bonding of the imidazole side-chain of His-57 with the carboxylate of
Asp-102 and the hydroxyl of Ser-195 is a crucial component of the catalytic process

(Blow er al., 1969; Fersht, 1985; Creighton, 1993). The fact that the imidazole of His-57
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reacts so readily with iodomethane in the absence of bound substrate provides further
evidence that the side chains of Ser-195 and His-57 are not strongly h'fdmgen bonded
(Steitz and Shulman, 1982). Therefore, one can propose that the catalytic triad of aCT at
LpH 8.0 is found as two or more hydrogen-bonded forms of the imidazole of His-57 with
the carboxylate of Asp-102, resulting in two different populations of lyophilized enzyme
(see Figure 3-2). Due to the conformational rigidity of the lyophilized protein (Rupley
and Careri, 1991; Broos er al, 1995, Xu and Klibanov, 1996; Klibanov, 1997),
conformations such és that depicted in Figure 3-2A where the imidazole of His-57 is not
positioned to interact optimally with carboxylate Asp-102 would be catalytically less
active or inactive. When lyophilized in the presence of a ligand which binds in the
active-site but not with the reactive functional groups of the active-site (e.g. indole), a
greater proportion of the active-sites in the lyophilized enzyme are maintained in a
catalytically active conformation (Figure 3-2B and Figure 3-4) where the imidazole
moiety is optimally hydrogen-bonded to the carboxylate of Asp-102. Such an interaction
would be expected to increase the nucleophilicity of the imidazole group and therefore
increase the rate of reaction with electrophilic reagents such as iodomethane. In fact, the
active-site imidazole of His-57 of aqueous chymotrypsin (Cruickshank and Kaplan,
1972) and chymotrypsinogen have been found to be super-reactive toward the
electrophilic reagent 1-fluoro-2,4-dinitrobenzene (Cruickshank and Kaplan, 1974).

These results provide further evidence for the existence of an imprinting
phenomenon which affects the structure of the active-site and are consistent with
hydrogen bonding between His-57 and Asp-102 as part of this process. It is possible that

N-acetyltryptophan also induces the formation of a hydrogen bond of the active-site
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imidazole with the hydroxyl of Ser-195, as has been proposed for substrates (Steitz and
Shulman, 1982), thereby preventing reaction with iodomethane (see Figure 3-3). The
other possibility is that the amino acid functionality simply shields the catalytic groups
and prevents reaction with iodomethane. Whichever explanation is correct, 1t is clear that
N-acetyltryptophan imprints the lyophilized enzyme by affecting the hydrogen bonding
of the catalytic triad.

The 'reason citrate prevented and sorbitol accelerated the inactivation is not
obvious. Both are multifunctional molecules that act as excipients and are believed to
interact, primarily through hydrogen bonding, with the protein during the Iyophilization
process to minimize protein-protein contacts (Costantino et al., 1995; Mishra ez al., 1996;
Griebenow and Klibanov, 1997). The present data indicates that the association of citrate
with the lyophilized enzyme shields the catalytic site and prevents methylation of His-57.
In contrast, it appears that sorbitol does not shield the active-site but does interact with
other regions of the molecule in such a manner as to maintain the active-site of the
lyophilized enzyme in a catalytically active conformation. Like indole, it does not
prevent methylation of His-57, but it imprints a-chymotrypsin with a higher proportion
of the active-sites in an active conformation (Figure 3-2B), and this is reflected in a more
rapid inactivation by iodomethane. Sorbitol has many interaction sites with the protein
that provide a much greater stabilization of the native structure and the active-site in the
Iyophilized state.

A significant difference between lyophilized protein and protein in solution is that
there are no dynamic conformational or protonic equilibria in the Iyophilized state. This

gives rise to two phenomena. One is “pH memory” (Zaks and Klibanov, 1988; Klibanov,
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1995; Xu and Klibanov, 1996; Klibanov, 1997) (vide supra) and the other is molecular
memory (Braco ef al., 1990; Staahl er «f., 1991, Klibanov, 1995; Yennawar et af., 1995;
Mishra et al., 1996) in which the protein “remembers” the conformation imprinted by a
ligand co-lyophilized with the protein. In the present study, we have taken advantage of
these phenomena to carry out a chemical reaction on chymotrypsin that could not be
performed in aqueous solution. Preparing the lyophilized protein at LpH 8.0 greatly
increased the selectivity towards modification of the imidazole groups since the majority
of the amino groups were protonated and therefore unreactive towards iodomethane. In
aqueous media, the L and D enantiomers of N-acetyltryptophan are relatively weakly
bound to chymotrypsin with association constants of the order of 10? (Barman, 1969). In
solution, they would offer little protection to chemical modification as a significant
portion of the free enzyme would be present in equilibrium with the enzyme-inhibitor
complex and, due to Le Chatelier’s principle, the active-sites would become completely
modified.

The effect of indole and sorbitol in increasing the apparent rate of methylation of
the active-site histidine indicates that the imprinting phenomena are involved in orienting
the catalytic triad of chymotrypsin for optimal catalytic activity. Lyophilization in the
presence of some inorganic salts has also been reported to dramatically increase the
activity of enzymes in organic solvents (Khmelnitsky ef al., 1994), and presumably, they
affect the conformation of the active-site when co-lyophilized with the enzyme. It was
also found in preliminary investigations that the presence of various inorganic anions and
cations alters the rate of reaction of iodomethane with functional groups in Iyophilized

alT and other proteins, however their effects appear to be more complex than with
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organic ligands. In the presence of 5 mM phosphate, for example, N-acetyl-L-tryptophan
still protects olCT from inactivation (Taralp and Kaplan, 1997) by reaction with
iodomethane but the protection is not 100% as in the present investigation where no
anions or cations were added before lyophilization.

In summary, the results provide evidence, through chemical modification, that the
imprinting phenomenon (Braco ef al, 1990; Staahl er al., 1991; Klibanov, 1995;
Yennawar et al., 1995; Mishra er al., 1996) on lyophilized alCT affects the chemical
properties of the active-site by inducing a catalytically favourable orientation and
interaction of the active-site functional groups during lyophilization. The results we have
obtained so far suggest that ligands, which interact to stabilize the aqueous protein
structure upon lyophilization, either enhance or abolish the chemical reactivity of active-
site groups. Whether or not these observations turn out to be true generally, nonaqueous
chemical modification of proteins lyophilized in the presence of ligands should provide
the opportunity to determine the chemical properties of enzyme active-sites and to carry

out specific chemical modifications that could not be achieved in aqueous solution.
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Chapter 4 In vacuo glycation of lyophilized proteins

Introduction

Glycosylation of proteins plays an important role in the study of the theoretical
and practical aspects of protein structure-function relationships (Opdenakker et al., 1993;
Rudd and Dwek, 1997; Bertozzi and Kiessling, 2001). The term “glycosylation”, though
sometimes loosely applied to processes involving the attachment of carbohydrates to
other species, is more correctly confined to those cases where the linkage established is in
fact glycosidic. Glycoproteins are involved in a variety of biological functions including
antigen binding to antibody molecules, ligand binding by cellular adhesion molecules,
cryoprotection, enzymatic activity and immunogens; as such, can be used as diagnostic
reagents, and artificial vaccines. Most glycosylation in mammals occurs according to the
familiar route of glycosyltransferases operating on membrane-associated substrates in the
endoplasmic reticulum and Golgi apparatus and this type of enzyme-mediated
glycosylation is substrate specific leading to selective glycosylation. However, other
means of adding carbohydrates to proteins exist, which are not mediated by enzymes.
This nonenzymatic “glycosylation”, called glycation, involves the non-selective chemical
attachment of reducing sugars to lysine residues or N-termini of peptides. Over 90 years
ago, Louis Maillard reported that amino acids heated i the presence of reducing sugars
resulted in the formation of brown pigmenis: “melanoidins”. In this reaction an amine
reacts with a reducing sugar to form a glycosyl amine. This amine then rearranges via
the Amadori rearrangement to form 1-amino-2-keto sugar which tautomerizes and forms
coloured bodies (Maillard, 1912). These coloured bodies impart flavours and aromas to
food during cooking. Unfortunately, from a synthetic point of view, this reaction is not
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favourable as it initiates a complex biochemical cascade commonly known as the
Maillard reaction.

This reaction (see Scheme 4-1) involves, initially, the nucleophilic attack of the
protein’s o or £ free amino groups on the anomeric carbon of the open chain form of
glucose. A subsequent loss of water results in the formation of an aldimine derivative
(Schiff base) for which the equilibrium is unfavourable but the Schiff base slowly
undergoes Amadori rearrangement (Yaylayan and Huyghues-Despointes, 1994) to yield a
relatively stable derivative, commonly termed the keto-amine adduct (Neglia ef al., 1983;
Neglia e al., 1985; Watkins et al., 1985). Glycation in aqueous media proceeds via the
formation of a Schiff base between the reducing sugar and a suitable o or g-amino group
(see Scheme 4-1), which encompasses all possible reactions that generate ‘advanced
glycation end-products’ (AGEs) (Monnier et al., 1996) from the comparatively unstable
Schiff base. The accumulation of AGEs, due to age, in collagen and other long-lived
proteins has been implicated in a range of degenerative diseases including arteriosclerosis
(Vlassara, 1996), Alzheimer’s (Colaco er al., 1996; Thome et al., 1996; Munch et al,,
1997) and the progressive complications of diabetes mellitus (Nakamura ef al., 1993;
Bucala et al., 1994; Paul and Bailey, 1996). For example, glycation of collagen due to
diabetic hyperglycaemia affects the interaction between collagen and other proteins and
this in turn affects the flexibility and permeability of tissues. Additionally, structural
changes in giycated hemoglobin may contribute to hindered oxygen release under tissue

hypoxia (Watala et al., 1996).
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Scheme 4-1 Reaction scheme of solution glycation; the first step in the Maillard

reaction

Glycation has been observed to occur with lyophilized peptides (Tarelli e al.,

1994) and proteins (Li ef al., 1996; Quan et al, 1999; Yeboah ef al, 1999) when a

reducing sugar is in the formulation as an excipient for the stabilization of the dried

product. The synthetic addition of carbohydrates fo proteins has long been investigated

to alter the physical properties of proteins, for example “neoglycoproteins” from carp
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myofibrillar protein have been prepared for improved emulsion properties (Saeki, 1997;
Sato ef al, 2000) in food industry. It has been reported in the synthesis of
neoglycoproteins that heating a dry protein-sugar mixture at temperatures greater that
95°C results in glycation but with a significant amount of insoluble products { Boratynski
and Roy, 1998; Kanska and Boratynski, 2002).

A significant advantage of nonaqueou’s chemical modification is that lyophilized
proteins are stable at much higher temperatures than in water (Klibanov, 1995) and this
property can be used to directly enhance the rate of derivatization. With this knowledge,
it seemed worthwhile to investigate whether proteins would glycate under nonaqueous
conditions i.e. in vacuo, as this presents the possibility of a more rapid reaction with
fewer side products due to the absence of water or oxygen. Furthermore, the properties
of lyophilized proteins i.e. the retention of native-like, biologically active conformational
structure, known as “molecular memory” (Yennawar et al., 1995; Mishra et al., 1996)
and the “pH memory” can be taken advantage of for the potential to increase the
specificity of glycation while retaining biological activity simply by adjusting the pH
prior to lyophilization.

Glycation of proteins is an effective method for improving the functional
properties of proteins. Synthetic glycoproteins are termed “neoglycoproteins”, and many
different techniques are available for their preparation (Christopher er al., 1980; Saeki,
1997; Sato et al., 2000). There are an abundant number of methods for the synthesis of
such conjugates. As a general rule, the carbohydrate moiety and sometimes also the
carrier, have to be chemically converted into their reactive derivatives to facilitate the

formation of 2 covalent bond. In some cases, glycation can be achieved with the use of
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bifunctional cross-linking reagents or enzymatically by trans-glycosylation (Fan ef al,
1995). However, one of the greatest advantages of this method, in vacuo glycation of
lyophilized proteins, is that it precludes the need for prior derivatization.

This being 2 novel method for the glycation of proteins, several objectives were
set forth as a preliminary assessment. Appropriate conditions for the lyophilization of
proteins in the presence of excipient reducing sugars with respect to concentrations and
sugar to protein ratio were to be determined. The rate of reaction in vacuo of bound
sugars with lyophilized proteins and the extent of the in vacuo reaction of excipient
reducing sugars with proteins lyophilized under various conditions with respect to pH and
sugar to protein ratio were also to be determined. As well, the nature of the chemical
derivatives formed by reaction of reducing sugars with functional groups in the protein
was to be characterized. Finally, the determination of the effect of “pH memory” on the
specificity of the glycation of specific functional groups in lyophilized proteins was to be

assessed.



Miaterials and M
Proteins and reagents

Ribonuclease A (RNase) (EC 3.1.27.5) from bovine pancreas and human
hemoglobin (hHb) were purchased from Sigma Chemical Company.
C-[U]-D-Glucose (310 mCi/mmol), 50 uCi in 250 pL aqueous solution containing 3%
ethanol was purchased from Amersham Pharmacia Biotech. '*C;-D-Glucose, 99 atom %
BC and C,-D-glucose, 99 atom % °C, were purchased from Sigma Chemical Company.
All other chemicals, reagents and solvents used were high purity preparations obtained

from commercial sources.

In vacuo glycation of lyophilized proteins

Typically, the protein was added to a glucose solution for a final weight ratio of
10:1 protein: glucose. The pH of the solution was adjusted with 1M HC? or NaOH, via
micro-syringe, to the desired pH. Aliquots of the solution were transferred to borosilicate
test tubes, frozen by immersing in liquid nitrogen and lyophilized overnight. The tubes
were then narrowed, flame sealed under vacuum (ca. 50-70 mTorr), placed in an oven at

65°C and left to react for a controlled period of time.

Trace in vacuo glycation of RNase with **C-[U]-D-glucose

14C-[U]—D-Glucose (250 nCi) was added to an RNase solution (Img/mL final
concentration). The pH of the solution was adjusted with 1M NaOH viz micro-syringe,

to pH 6.5 or 10.0 and the final volume adjusted to 10 mL with ddH;0. Ir vacuo
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glycation was performed as above. Aliquots (50 uL) were transferred to scintillation
vials before and after dialysis, scintillation cocktail (5 mL) (Aquasol-2, DuPont) was
added and the samples were counted for 10 minutes on a Beckman LS 6500 multi-

purpose scintillation counter using the “C window.

Quantification of in vacuo glycation with "C-[u]-D-glucose

¥C-[Ul-D-Glucose was added to a protein glucose solution prepared as above for
a total of 375 nCi per 10 mg of protein. After reaction, samples were dissolved in 10%
(w/v) glucose solution to displace unreacted "*C-[U]-D-glucose and extensively dialyzed
(MWCO 3500) against dH,O (3 x 4L).

Aliquots (50 pL) were transferred to scintillation vials before and after dialysis,
scintillation cocktail (5 mL) (Aquasol-2, DuPont) was added and the samples were
counted for 10 minutes on a Beckman LS 6500 multi-purpose scintillation counter using
the '“C window. Protein amount was normalized by recording absorbance at 280nm on a

Pharmacia Biotech Ultraspec 2000 UV-Vis spectrophotometer with dH,O as blank.

NMR Spectroscopic Analysis

The P°C glycated RNase (50 mg) was extensively dialysed (MWCO 3500) against
dH,0 (3 x 4L), lyophilized and dissolved in D,O (99.9 atom % “H, Cambridge Isotope
Laboratories). The C-NMR spectrum was acquired using a Bruker spectrometer
operating at 9.4 Tesla (*C, 100.6 MHz) for 600 scans using the DEPT135 pulse sequence
{Sanders and Hunter, 1987). Solid state NMR was performed on a Bruker ASX-200

(**C; 50.313 MHz) spectrometer, with a magic angle spinning (MAS) rate of 5 kHz.
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Number of scans varied from 2079 to 72065 (overnight acquisition). The co-lyophilized
RNase *C glucose mixture (100 mg) was transferred and packed into the NMR rotor
under a nitrogen atmosphere using a glove bag (Aldrich Atmosbag™). To limit sample
loss in vacuo glycation was performed in the NMR rotor by placing the rotor in a glass
tube and sealing it under vacuum. [n vacuo glycation was performed for 18 hours as
described above. Prediction of °C solid state NMR chemical shifts was performed using
the ACD/CNMR Predictor™, Version 4.03 software (Advanced Chemistry Development

Inc., Toronto, ON, Canada).

Results and Discussion

Initially, the stability of the protein-glucose lyophilizate was determined by
varying protein-sugar ratios for the given reaction conditions. It was qualitatively
determined that a weight ratio of 5:1 protein: glucose resulted in the highest sugar content

allowed, without the noticeable collapse of the protein-glucose lyophilizate.

Glycation of proteins in water is known to require days to weeks (Neglia er al,
1983). Therefore, a time course using RNase was prepared and carried out in order to
compare the rate of glycation in vacuo with that of water. Initially, non-aqueous
glycation was attempted at two LpH’s with a trace amount of "C glucose (see Figure

4-1).
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Figure4-1  Time course and effect of LpH on the in vacuo glycation of RNase with a
trace of *C-[U]-D-glucose

The rates of RNase glycation were observed at LpH 6.5 and LpH 10.0. As the
results indicate (see Figure 4-1), a great increase in the rate of glycation (hours) was
observed as compared to aqueous glycation (days). This greatly increased rate can be
explained by the removal of water in the first step when reacting in vacuo (see Scheme
4-1) and the increased effective concentration of glucose by lyophilization. From the
“pH memory” of Iyophilized proteins it was expected that at LpH 6.5 only the a-amino
groups would be deprotonated and react thereby giving selective glycation of the
o-amino groups. It was observed that both the rate and relative extent of glycation were

similar for both LpH. Therefore, it seems that under these conditions there is no apparent



pH effect and as a consequence, no preferential selectivity for the a-amino groups over
the e-amino groups as anticipated. These results suggest that the protonated amino
groups are readily glycated and therefore the extent of glycation can be easily conirolled
by limiting the amount of reducing sugar in the protein solution prior to lyophilization.
Furthermore, since these results suggest pH independence, glycation can be achieved on
the native protein at a pH where the protein’s conformation is most stable. The removal
of water via lyophilization and by placing the lyophilizate in vacuo drives the equilibrium
towards the Schiff base, based on Le Chatelier’s principle. Surprisingly, glycation was
complete in just over 16 hours.

The generality of this non-aqueous glycation was also investigated using human
hemoglobin (hHb), one of the most thoroughly investigated glycated proteins (Bunn et
al., 1978). hHb was lyophilized from a dilute solution of glucose (88.8 mM), with a trace
of C-[U]-glucose, and lyophilized at pH’s 6.5 and 10.0. Although the sugar solution is

dilute, it still results in a 70 mole excess of ghucose over protein in the lyophilizate.

In sharp contrast to aqueous conditions (Neglia er al., 1983), it was found that
under these non-aqueous conditions complete glycation, relative to lysine side chains,
could be achieved (see Figure 4-2). All samples showed significant glycation within only
2 hours. Samples at LpH 8.5 were 80% glycated after only 2 hours of heating and the
extent of glycation increased to 100% by the 8 hour time point. Samples at LpH 6.5 were
just over 40% glycated after only 2 hours and the extent of glycation increased to 100%
by the 16 hour time point. Samples at LpH4 were 40% glycated after 2 hours and the

extent of glycation increased to over 50% by the 16 hour time point.
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Figure 4-2  Extent of glycation of lyophilized hHb heated in vacuo at 65°C, based on
48 possible glycation sites

At LpH 4.0 all amino groups are predicted to be protonated, based on pK, values
of protein amino groups, and also, at LpH 8.5 most of the g-amino groups are protonated.
These results suggest that the classical glycation mechanism in water to form a Schiff
base intermediate from the reaction of the un-protonated amino group with the open
chain form of the glucose may not occur in the formation of glycoconjugate in the

Iyophilized state.

The acid-base solution stability of the glycation adducts was investigated at three
different pH’s and two different temperatures (see Figure 4-3 and Figure 4-4). The
ketoamine products under aqueous conditions both seem to be the most stable under

neutral conditions and degrade slowly at acidic and alkaline pH values. It also appears
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that higher temperatures consistently resulted in higher lability of the ketoamine. These
results can be explained by either a dissociation of glucose from the protein in the
presence of water as in theory an equilibrium can be re-established (see Scheme 1) or by
some ’extent of degradation of the protein itself. If an equilibrium is re-established, the
loss of glucose would be expected to be greater than that observed as the glucose is not in

EXCESS.

Reatlative Counts Remaining

Figure 4-3  Acid-base lability of LpH 6.5 glycated RNase. The “C glycated RNase
(LpH 6.5) was incubated in phosphate buffer (200 mM) at pH 2.0 (acid),
pH 7.0 (neutral), and pH 10.5 (base). One set was incubated at 23°C and
the other at 65°C and both were left to hydrolyze for a period of 24 hours
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Figure 4-4  Acid-base lability of LpH 10.0 glycated RNase. The 14C glycated RNase
(LpH 10) was incubated in phosphate buffer (200 mM) at pH 2.0 (acid),
pH 7.0 (neutral), and pH 10.5 (base). One set was incubated at 23°C and
the other at 65°C and both were left to hydrolyze for a period of 24 hours

RNase was glycated in vacuo with *C,-D-glucose in an attempt to gain insight as
to the type(s) of modification afforded. RNase was chosen as the model protein as its
glycation in aqueous solution has already been studied and characterized by B¢ solution
NMR (Neglia er al., 1983; Neglia et al., 1985). Solution BC-NMR of the glycated
lyophilized RNase with '*C;-D-glucose revealed that only one product is present after
dialysis. The single resonance peak, located at 53.2 ppm (see Figure 4-5), corresponds to
the cyclic form of the protonated ketoamine adduct (Neglia ef al,, 1983). This result
clearly demonstrates the highly selective nature of this novel approach for protein

glycation.
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Figure 4-5  Solution BC-NMR spectrum of in vacuo glycated RNase with
BC,-D-glucose

The exact mechanism of in vacuo glycation is not clear. In the aqueous reaction
(see Scheme 4-1), the open chain form of the reducing sugar is needed to form the Schiff
base. The accepted mechanism for glycation in water involves the nucleophilic attack of
a protein’s amino groups on the open chain form of the reducing sugar, forming a Schiff
base intermediate, which then undergoes Amadori rearrangement to the keto-amine
product (Neglia et al., 1983). Therefore, very little glycation was expected below LpH 7
since the bulk of the amino groups of the protein are in the protonated state. Surprisingly,
the results from the in vacuo glycation strongly suggest that the mechanism does not
necessarily involve the formation of a Schiff base and that glycation can gccur with the

protonated amino groups.
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In solution, ketoses are known to undergo intramolecular nucleophilic attack by
the C-5 or C-6 hydroxyl groups on the carbonyl carbon, producing five- or six-membered
cyclic hemiketals. This process converts an achiral carbonyl carbon into a chiral
hemiketal and produces two isomers that are termed anomers, designated o and (.
Therefore 2 solution of a ketose at equilibrium contains a mixture of o and B furanoses
and a mixture of o and B pyranoses in addition to the acyclic form (El Khadem, 1988).
The amount of the acyclic form of the reducing sugar ( ~0.4%) is a rate-limiting step in
the aqueous glycation reaction (Roy ef al., 1984). The acyclic to cyclic ratio of the
reducing sugar is not expected to be different in the lyophilizate, therefore two possible
mechanisms are proposed for in vacuo glycation. The first proposed mechanism is that
the reaction proceeds via the cyclic form of the reducing sugar (see Scheme 4-2) with a
proton transfer analogous to one of the reaction mechanisms proposed for the in vacuo
reaction of iodomethane with peptides (vide supra), followed by the loss of water vapour
to the vacuum. The second is that the cyclic anomers are in equilibrium through the
acyclic form, as in solution, and as the acyclic conformation is formed it reacts (see
Scheme 4-1).

The proposed glycation mechanism may be substantiated by an increased
effective concentration of glucose and its close proximity to the protonated amino groups
in the lyophilized state. This phenomenon appears to be protein dependent as observed
when comparing RNase to hemoglobin. RNase in solution is found as a monomer
whereas hemoglobin is found as a tetramer. This structural difference may directly affect
the accessibility of the amino groups to the reducing sugar and the extent of glycation.

Studies on other proteins are required to clarify this point.
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Scheme 4-2 Hypothesized in vacuo glycation of proteins with D-glucose

Cross polarization magic angle spinning (CPMAS) solid state NMR was also used
in hopes to further elucidate the reaction mechanism of in vacuo glycation. The solid
state *C-NMR spectrum of RNase and B3¢ -glucose co-lyophilized from an aqueous
solution at pH 8.0 was recorded prior to heating in vacuo (see Figure 4-6). The
resonances attributed to the natural abundance C from the protein are clearly visible.
Aliphatic carbons are in the region of 10 to 70 ppm and the carbonyl carbons make up the
band centered at 172.7 ppm. The strongest peaks arise from the « and B anomeric

positions of the B¢, of glucose at 97.2 and 93.1 ppm, respectively. From this spectrum it
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1s clear that no appreciable amount of glycation occurs during the Iyophilization process.

The two peaks from the anomeric carbon are narrower due to the fact that this is a small

molecule.
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Figure 4-6 CPMAS C-NMR spectrum of RNase co-lyophilized with °C;-D-glucose

The solid state ’C-NMR spectrum of glycated RNase with ">C;-D-glucose is
shown in Figure 4-7. The resonances of the o and §§ anomeric carbon nearly disappear
with the emergence of two peaks; one at 54.8 ppm, which would correspond to the
predicted protonated ketoamine and one at 25.0 ppm, with narrower line width suggesting
a small molecule. The presence of a Schiff base is not evident, which implies it to be an
intermediate formed after the initial loss of water, similar to the aqueous reaction. A
glycosyl amine with a predicted chemical shift of ca. 89 ppm (M.C. King, PhD thesis) is
also not observed.
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Figure 4-7 CPMAS BC-NMR spectrum of in vacuo glycated RNase with
13C1-D-g,lucose

To further investigate the nature of the unknown resonances a dipolar dephasing
(DD) experiment was employed to suppress the signals of protonated carbons. The DD
experiment uses differences in the strength of C-H dipolar coupling to enable the
distinction between protonated and non-protonated carbons, and molecularly mobile and
rigid carboﬁs. The strongest spin interaction for most carbons is dipolar coupling t’o
protons. The 3C-H dipolar interaction has a 1/r* dependence, where 1 is the internuclear
distance; therefore, the coupling is much greater for carbons bonded to protons
(r =1.1 A) compared with those carbons with protons only on the neighbour carbons
(r>2.0A). In a DD experiment, the high power proton decoupler is tumed off for a
short period (the dephasing delay) between polarization and detection, during which time
3C signal is lost through T, broadening. The rate of signal loss is dependent on the
strength of C-H dipolar coupling, which is primarily determined by the. proximity of
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nearest proton neighbours. Carbons with directly attached protons generally dephase
rapidly, with liitle signal left after 40-60 us, whereas non-protonated carbons dephase
more slowly (Opella and Frey, 1979; Opella ef al., 1979). This can be used to
differentiate between the two types of carbons although the precise number of attached
protons cannot be identified from the DD C solid-state spectra. A complication can
arise with this experiment from carbons possessing high molecular motion. Methyl
groups dephase slowly despite the presence of three attached protons due to rapid rotation

which greatly diminishes the strength of coupling.

Figure 4-8 shows the CPMAS-DD "»C-NMR spectrum of in vacuo glycated

RNase with *C-D-glucose.

ppm
173.0
25.1

200 175 180 125 100 75 50 25 O
ppm
® 1 . -+ .
Figure 4-8 CPMAS-DD C-NMR spectrum of in vacuo glycated RNase with

B C;-D-glucose
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The narrow peak at 25.1 ppm remains, along with some resonances below 25 ppm
shouldering this peak and resonances centred at 173.0 ppm corresponding to the natural
abundance C quaternary carbonyl carbons of the protein.

The peak at 54.8 ppm is predicted to be from the protonated ketoamine, based on
its chemical shift (Yaylayan and Huyghues-Despointes, 1994). This peak totally
disappears during DD, suggesting that the carbon giving rise to this resonance has
protons attached to it. Indeed, the C-1 carbon of the ketoamine has two protons. The
peak at 25.1 ppm cannot be a quaternary carbon as the chemical shift i1s too high and
actually falls into the aliphatic resonance region and therefore is suspected to be a mobile
methyl carbon. The fact that it is a narrow peak also suggests that it may be a small
molecule. The origin of the peak at 25.1 ppm is not clear and a similar experiment using
B¢, D-glucose was performed to perhaps elucidate the origin of this peak. The solid state

BC-NMR spectrum of glycated RNase with 13¢C,-D-glucose is shown in Figure 4-9.
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Figure 4-9 CPMAS BC-NMR spectrum -of RNase glycated in vacuo with
13 C,-D-glucose

Unfortunately the spectrum prior to heating in vacuo was not recorded but it is
expected that, similar to the 13C] experiment, no observable glycation occurred during the
lyophilization step and all of the glucose reacts with the protein. The natural abundance
BC resonances from the protein are clearly seen, as previously observed, with the
addition of three strong peaks at 179.8, 98.5 and 73.9 ppm. The peak at 98.5 ppm would
correspond with the hemiacetal C-2 carbon of the ketoamine as it remains in the
CPMAS-DD C-NMR spectrum (see Figure 4-10). The peak at ca.180 ppm also
remains suggesting that it is possesses no protons whereas the peak at 73.9 ppm totally
disappears, again suggesting a carbon with protons. The origin of these resonance signals
is not clear but they may arise from the intermediate(s) or side products described earlier,

as their chemical shifts do not correspond with that of the ketoamine product.
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Figure 4-10 CPMAS-DD C-NMR spectrum of RNase glycated in vacuo with
13C2—D-g1ucose

Reinvestigation of the *C;-glucose solid state NMR spectrum (Figure 4-7) a peak
at the carbonyl region (ca. 173ppm) stated to originate from the protein’s carbonyl
carbons may also harbour a carbonyl signal from another side product as it has gained
some intensity as compared to the un-heated control. This suggests the possibility of one
or two small side products or unstable intermediates formed during iz vacuo glycation as
the solution NMR spectrum (Figure 4-5) clearly shows that only the ketoamine remains
after dialysis. The exact nature of these side products cannot be determined from the
spectra. The methyl group suspected in the DD spectrum could originate from a
secondary dehydration step, perhaps facilitated by the in vacuo environment. The side

product, as described by Yaylayan and Huyghues-Despointe, is proposed to originate
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from the ortho elimination of the cyclic form of the Amadori product in the presence of

an acid is presented in Scheme 4-3 (Yaylayan and Huyghues-Despointes, 1994).
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Scheme 4-3  Proposed ortho-elimination from the ketoamine as a potential product
observed in the solid state NMR

This could be explained in terms of the lyophilization process increasing the
effective concentration of glucose and its close proximity to a proton donor or acceptor.
If this is a possibility the enolization of glucose itself cannot be ruled out. In light of the
results a complete glycation scheme is presented (see Scheme 4-4) with the enolization of
glucose shown as a possible side reaction during in vacuo glycation. The proton in the
initial step may come from the protonated ammonium group of the protein or some other

acidic source.
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Scheme 4-4 Complete glycation scheme with the enolization of glucose shown as a
possible side reaction during iz vacuo glycation
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Another possible side reaction occurring to give resonances similar in chemical
shift to those observed would be the retro-aldol reaction of the ketoamine followed by the
(-elimination of water, again perhaps facilitated by the vacuum, to give the diketone
products as shown in Scheme 4-5. Unfortunately diketones are quite reactive towards
amino groups and especially reactive towards quanidino groups (i.e. arginine) (Biemel ef
al., 2002) and may elicit the formation of other AGE’s. These types of AGEs have been

shown to be involved in the creation of cross links through arginine residues (Munch et

al., 1999).
/NHR
—_— NHR O H
=4
—OH
CH,OH CH,OH
~—~—QOH
CH,OH
-H,0
CH,
0]
—Q

Scheme 4-5 Retro-aldol and B-elimination of water as another potential route to the
product observed in the solid state NMR from the Amadori product

One can speculate as to the nature of the intermediates or side products formed
but the fact remains that the in vacuo glycation proceeds by the protonated amino groups
of proteins. Although the glycation of a protonated amino group is unusual it is not
unprecedented. An example of glycation occurring in the dry state via the protonated

amine has been found with the case of Wirth ef @/, It was found that lactose and a
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secondary amine; fluoxetine-HCZ (Prozac™), reacted to form coloured pigments via the
Maillard reaction (Wirth et al, 1998). Prior to this example it was thought that the
hydrochloride salts of amines could not react with reducing sugars. The reaction was
explained to perhaps occur with the initial loss of HCZ gas from the hydrochloride salt.
The results obtained describe a novel approach for the synthesis of
neoglycoconjugates. The results show that reducing sugars covalently bind to proteins
after they are lyophilized together to dryness and then left to react in vacuo.
Optimization of conditions resulted in a protocol for the simple production of highly, yet
selectively, substituted glycoproteins. This method allows for the direct attachment of
carbohydrate moieties to the protein without any prior modification or chemical

activation.

The realization of non-aqueous glycation owes much credit to the process of
lyophilization. This method imparts two very important and advantageous characteristics
on the given system. First, much higher temperatures can now be used without risk of
denaturing the protein (Klibanov, 1997). Second, there is an increase in the effective
concentration of the solution. This increase in effective concentration brings the
molecules closer together and believed to play a leading role in the high incorporation of

glucose that was achieved.

In summary, in vacuo glycation proceeds much more rapidly than in water via the
protonated amino groups of proteins to give one predominant adduct: the cyclic Amadori
ketoamine. This method shows much promise for the selective glycation of proteins to

modify the physical properties and in turn function of the protein.
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Chapter 5 Future endeavours

The unique property of the trimethylammonium derivative of amino groups of
peptides and the significant increased sensitivity in MALDI MS makes this an attractive
tool for characterization purposes. This permanent positive charge can be used for the
isolation of N-terminal peptides by a “diagonal” electrophoretic method (similar to the
C-terminal method described herein) with the use of MALDI MS, either for
quantification or as a means of peptide mapping for comparative studies. This is
currently being pursued in Dr. Kaplan’s laboratory during the writing of this thesis by a
PhD. student Pham Van Thong

In vacuo glycation of other amino containing molecules, such as peptides, solid
supports and dendrimers by simple co-lyophilization with glucose should also be
investigated. The application of other reducing sugars and molecules containing one or
more reducing ends should be explored as a potential synthetic route to immobilization of
proteins or protein cross linking. This has been investigated by Mary King, PhD. and

submitted as a patent.
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Todomethane was reacted with Iyophilized peptides and proteins in vacuo 10
produce a trimethylammonium derivative of their amino groups for a
significant increase in MALDI detection.

In vacuo methylation of a lyophilized enzyme, o-chymotrypsin, in the
presence and absence of imprinting ligands to probe the enzyme’s active site.
Preserving the activity of an enzyme from inactivation by iodomethane by the
co-lyophilization with imprinting ligands.

The application of the in vacuo methylation procedure for the isolation of
C-terminal peptides derived from an enzymatic digest of a protein.

A miniature high voltage paper electrophoresis apparatus was designed and
successfully employed to separate C-terminal peptides from enzymatic digest
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Extensive glycation of proteins with a reducing sugar by heating a
co-lyophilized mixture of a protein and glucose in vacuo.

The predominant formation of the cyclic ketoamine as the product from the

derivatization of amino groups of proteins by in vacuo glycation.



