




















































































































































































































































































































































































































magnetization of the abundant proton spin reservoir to the dilute carbon nuclei is carried out
coherently, while the Hartman-Hahn condition is satisfied in a spin-lock experiment (Fyfe, 1983a;
Garces et al., 1992). Carbon nuclei which are immediately adjacent to protons are amongst those
most efficiently coupled, however longer range couplings to quaternary carbons are still adequate
to boost signal intensities, provided there is enough contact time. As was shown in the present
case, the contact time employed was sufficiently long (2 ms) to make possible the observation of
amide carbonyl carbons. This in turn made it possible to superimpose the amide carbonyl carbon
peaks (peak 1) and observe the true extent of reaction of histidyl and methionyl groups. The
superimposition procedure was necessary for quantification purposes since naturally abundant
carbon signals (Figure 3.3.4, underlying spectrum) also appeared in the chemical shift region
spanning 20 - 40 ppm, and contributed to the total signal observed. While the appearance of
naturally abundant carbon signals may be a nuisance, it illustrates that solid state experiments
which use cross-polarization techniques are more quantitative for carbons with long relaxation
times and can have certain advantageous features over solution NMR techniques (Fyfe, 1983c).
Methyl groups of solids undergo rapid rotation and do not benefit from as efficient a dipolar
coupling. However, since methyl group resonances in proteins are clearly visible following
reaction (Figure 3.3.4, overlaid spectrum), the contact time again appears to have been adequate.
The fact remains that iodomethane was also observed (peak 5), despite repeated attempts to
remove this residual reagent in vacwo and the presence of this resonance (peak 5) was rationalized
on the basis that residual iodomethane is 100% “*C-enriched and tightly adsorbed to protein.
Liquids, which by definition are in rapid motion, are not observable by cross-polarization

techniques (Fyfe, 1983a,c). Such was the observation in these experiments. When octane or
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hexadecane were added to protein samples, additional peak resonances were not seen. This was
unusual in light of the fact that iodomethane appeared to be tightly associated to the matrix of
protein. It was expected that with these higher boiling-point compounds, traces would be even
more tightly associated than in the case of iodomethane. However, keeping in mind that
iodomethane was “C-enriched, the failure to observe octane or hexadecane could simply have
been a sensitivity problem.

The fact that octane and hexadecane were not observed led us to envisage a solid state,
time-course NMR experiment in which protein, and a solution of reagent (in this case,
[BC]iodomethane) in octane or hexadecane would be allowed to react in a sealed NMR tube,
such as the one illustrated in figure 3.2.2. While the iodomethane resonance would be observed in
the spectrum, it would not interfere with the experiment since its chemical shift position is very
much upfield of any other resonance (Figure 3.3.4, peak 5). Octane and hexadecane are
necessary to reduce the vapour pressure of iodomethane to safer levels, as the volume available
for expansion in an NMR tube is very limited in comparison to the volume of a typical reaction
vessel. The NMR tube may then be incubated in the probe directly and examined periodically by
NMR spectroscopy. In this manner, it should be possible to obtain several time-dependent
spectra very conveniently without ever disturbing the sample. In our case, a tube containing
iodomethane (15 pl) and hexadecane (15 pl) was placed in an oven at 100°C. The tube did not
rupture, thereby supporting the applicability of this technique.

To summarize, two nonaqueous modification procedures were investigated in this chapter.
Modification in organic solvent had the advantage that volatile and nonvolatile modifying reagents

could be used. With the in vacuo procedure, stirring was not required to maintain the protein in a

Chapter 3 123



dispersed state, the reaction temperature was not limited by the boiling point of the solvent,
recovery of unreacted reagent was much simpler, and no further manipulation of the modified
protein was required. Regardless of which nonaqueous procedure is used, significant advantages
were observed over aqueous modifications: (1) Water is not present as a competing reactant so
much smaller amounts of reagents are required which can be useful when expensive reagents are
used. In the present study, for example, 10 ul of [“Cliodomethane was used in the in vacuo
‘reaction at an approximate cost of $1 whereas the equivalent aqueous reaction required 250 ul at
a cost of $25. This is a substantial savings and would be even more substantial with costlier
reagents such as radiolabeled compounds. Trace labeling studies, in particular, could make use of
“C and *H-radiolabeled reagents of high specific activity, instead of resorting to other, more
dangerous nuclei. (2) Unreacted reagents can be recovered which again can add to the cost-
efficiency of the chemical modification. (3) Water insoluble reagents or gaseous reagents (e.g.
isobutylene) can be employed at high concentrations or pressures to increase their effectiveness as
modifying reagents. (4) Derivatized protein is easily isolatable and derivatizations can be conve-
niently monitored. (5) Derivatives which are unstable in water, such as activated carboxylic acids,

can be prepared as reactive intermediates. (6) Hydrolytic degradation of protein can be prevented.

3.5 Conclusions: Chemical modification of lyophilized proteins in nonaqueous environments
was feasible and practical. Reactions could be carried out by either dispersing protein in octane
and reacting with dissolved reagent, or reacting protein in vacuo with a volatile reagent. Under
aqueous and nonaqueous conditions, iodomethane N,N,N-trimethylated Ne-lysyl and Na-terminal
amino groups, N' N°-dimethylated histidyl imidazole functions, O-methylated tyrosyl hydroxyl

functions and S-methylated methionyl sulphide groups in protein. The first two in vitro chemical
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modifications were not reported for native proteins and the second and third modifications were
not reported previously as any protein modification. Nonaqueous reactions were achievable with
other reagents. Acid anhydrides acylated o and e-amino groups and formed mixed anhydrides
with side-chain carboxyl groups. All derivatives formed can potentially be used for novel
structure-function studies. Under nonaqueous conditions, protein hydrolytic breakdown was
prevented, smaller amounts of reagent could be used, unreacted reagent could be recovered, and
activated but water-labile carboxyl intermediates could be prepared as long-lived intermediates.
The extent of derivatization was directly related to the solution pH prior to lyophilization, and the
PK. and surface accessibility of the reacting functional group in the native protein. The physico-
chemical factors governing the reactivity of protein functional groups in nonaqueous envi-
ronments appeared to depend on the protein solution structure prior to lyophilization and opened

a door to novel structure-function studies using the nonaqueous approach of protein modification.
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Chapter 4: Microscale nonaqueous chemistry for the analysis of protein C-terminal
sequences

4.1 Introduction
4.1.1 Overview of C-terminal chemistry

Successfully identifying the C-terminal amino acid is an important criterion of protein
characterization and continues to be investigated by protein chemists, using a variety of modern
techniques. Protein primary structure is currently most often elucidated by inferring the amino
acid sequence from the corresponding gene nucleotide sequence. While this approach is much
simpler than direct protein sequencing, a major drawback is that it cannot account for changes in
primary structure that may arise due to post-translational processing events which precede the
formation of mature protein. Preproinsulin, for example, is enzymatically processed into a two-
chain peptide of approximately half the molecular weight. Reliable, quick and direct amino acid
sequence information is therefore often desired for (i) confirmation of protein primary structure,
(i1) characterization of in vivo or post-translational chemical modifications such as acetylation,
methylation, phosphorylation, sulphonation and glycosylation, (iii) characterization of proteolytic
processing, and (iv) protein identification. Methods of sequence analysis use N-terminal
Dansyl-Edman or phenyithiohydantoin chemistry, N and C-terminal enzymatic methods, various
C-terminal chemical degradation methods and several mass spectral methods (Ambler, 1972;
Callahan et al., 1972; Gray, 1972; Konigsberg, 1972; Light, 1972; Richards and Lovins, 1972;
Schroeder, 1972; Stark, 1972; Stryer, 1981, Winter, 1986a; Winter, 1986b; Waterfield er al.,
1986; Biemann and Scoble, 1987, Olivares et a/., 1987; Gibson ef al. 1988; Biemann, 1992; Tsuji
et al., 1992; Stults et al., 1993; Siudak, 1994; Caprioli and Suter, 1995). While N-terminal

sequencing methods are far more successful than C-terminal methods, each has specific limitations
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inherent to the procedure, making it necessary to use several strategies in order to obtain the
complete sequence of a protein. The C-terminus remains a region that is often not analyzed
because of the poor success of chemical and enzymatic methods, but the recent development of
procedures using carboxypeptidase Y degradation in tandem with matrix-assisted laser desorption
ionization mass spectrometry has narrowed this impasse (Patterson ez al., 1995). Among the
chemical methods, extensive work was carried out using hydrazinolysis (Akabori et al., 1952),
reduction (Fromageot ez al., 1950), and tritiation (Ward, 1986).

A general chemical method for the determination of protein C-terminal sequences was
developed by Duggleby and Kaplan (1975). Carboxyl groups of protein were labeled in aqueous
media. Following incubation with proteinases, the C-terminal fragments could be isolated using a
two-dimensional electrophoretic approach. This method has potential applications for the study of
proteins in general, and practical uses in assessing protein C-terminal homogeneity. In fact, this
procedure has all the desirable features to be the method of chioce, except that it lacks the

sensitivity required to analyze nanomolar quantities of protein.

4.1.2 Aqueous C-terminal chemistry

The C-terminal problem was readdressed with variations of the diagonal electrophoresis
approach of Duggleby and Kaplan (1975). Several aqueous methods were attempted, however,
each had shortcomings. Of the variations attempted by Taralp and Kaplan, the most successful
ones adopted a coupling of protein carboxyl groups to solubilizing molecules such as
ethanolamine and ethylenediamine. Special mention could be made of the fluorescent tag

N-1-[5-dimethylamino-l-naphthalenesulphonyl]-2-hydroxy-1,3-diaminopropane, which was easily
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synthesized and imparted very desirable properties to the derivatized protein - namely, solubility,
especially at low pH values, and a facile detection of the C-terminus by ultraviolet fluorescence.
The potential sensitivity of fluorescence detection is illustrated in figure 4.1.1, which depicts 1
mg of protein after derivatization and extensive dialysis. Dialysis following derivatization is an
integral part of these procedures since it is necessary
to remove urea, excess amine, and water soluble
carbodiimide. as well as other reaction byproducts
(Means and Feeney, 1971; Duggelby and Kaplan,

1975; Darbre, 1986). Failure to do so leads to

| S — problems at the separation step, where paper
Figure 4.1.1: Fluorescence incorpor-

ated into the carboxyl groups of | cjectrophoresis is required. Even small scale
o-chymotrypsin (1 mg) following

derivatization with the amine N-1-[5- | reactions contain enough charge carriers to cause
dimethylamino-1-naphthalenesulpho-

nyl]-g-hydroxytl,3-diaminopropane. irratic electrophoretic separations and only with the
Protein was dialyzed extensively at

room temperature against 100 mM | gmajlest scale reactions can the need for dialysis be
NaCl & 10 mM HCI, and finally

against HCI .

overlooked. Dialysis is also potentially detrimental in

microscale reactions because the adsorbtion of protein to membrane may lead to unacceptable
losses. While other strategies have been attempted to prevent protein loss, namely addition of
polyethylene glycol or succinnylated protein as carrier, the implementation of these steps are not
desirable since they can potentially lead to additional purification problems. Even in the best
case scenario, the approach would still lose its elegance if it relied on these additional steps.

The potential success of aqueous microscale derivatizations for the separaticn of C-termini

was hampered by low yields of carboxyl group derivatizations. In figure 4.1.2, a-chymotrypsin
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(650ug) is derivatized with fluorescent amine. Following dialysis and incubation with trypsin
and carboxypeptidase B (Darbre, 1986), the C-terminal peptides were separated by paper
electrophoresis at pH 6.5. a-Chymotrypsin has three separate C-termini (Duggleby and Kaplan,
1975), and therefore at least three basic peptide bands were expected. [n practice, for a protein of
this complexity, approximately ten bands could have been expected. However, only two peptide
bands (Figure 4.1.2; bands 2, 3) were seen, presumably due to incomplete coupling of fluorescent
amine to the C-termini.

The poor efficiency of coupling was also corroborated by attempts to couple ethanolamine to

Figure 4.1.2: activated carboxyl groups of protein (not

Fluorescently labeled
a-chymotrypsin peptides
separated by high
voltage paper
electrophoresis at

shown) using reported methods (Means and

Feeney, 1971; Darbre, 1986). Following

pH 6.5, following derivatization and digestion, no acidic
incubation of protein
with trypsin and peptides should have been observed by paper

carboxypeptidase B. The
marked positions under
ultraviolet light (302 nm)
are: (1) N-1-[5-dimethyl-
amino- 1 -naphthalenesul-
phonyl]-2-hydroxy-1,3-
diamino-propane; (2, 3)
two distinct C-terminal
peptides; (4) dansylsul-
phonic acid starting line;
(5) neutral band containg
most fluorescent peptides;
(6) origin; (7) fluorescent
peptides with free aspartic
and glutamic acid residues;
(8) dansylsulphonic acid.

electrophoresis at pH 6.5. However, the
ninhydrin colour yield (Darbre, 1986) of
peptides migrating to the anode was
substantial and estimated at 40% of the
control protein.

Another drawback of the aqueous
approach was that tile treatment of protein for

C-terminal analysis became very different at

the microscale (i.e. for <50 pl total reaction volume). Technical problems were an issue.
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Stirring was not possible and samples were agitated instead. The pH of reaction (pH 4.75) could
no longer be maintained with a pH-stat and pyridine hydrochloride buffering was implemented,
despite the fact that pyridine is known to catalyze the hydrolysis of activated acyl intermediates
(Winter, 1986b). Some investigators have avoided this problem by trapping the activated
carboxyl intermediate with N-hydroxysuccinimide (1 equivalent) followed by a secondary
coupling with amine (Bodansky and Bodansky, 1994; Hom et al, 1995). As mentioned
previously, problems of dialysis is also a matter to consider.

A last problem which was discouraging was the need to develop a reliable detection and
sequencing method that would not be limited by trace levels of contaminants and amine. It was
observed, for example, that after paper electrophoresis, residual amine produced a fluorescent
smear which could potentially frustrate detection and sequencing attempts. Even after dialysis,
free amines were often observable. The example of figure 4.1.2 was perhaps one of the
exceptional cases, where amine was removed effectively by dialysis and the fluorescent
background was not prevelant. Even in this example, however, it is easy to see that residual
amine could have been problematic if there had been a ten or one hundred fold decrease in the
amount of protein present.

The factors discussed above give the impression that even if an aqueous C-terminal method
should be developed for small amounts of protein, the approach would be limited and perhaps not
very elegant to carry out. It was desired, therefore, to develop a technique for derivatizing and
sequencing small amounts of protein that would be tolerant of impurities and could circumvent

these limitations.
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4.1.3 Focus of the present work

With the development of nonaqueous chemical modification procedures in our laboratory,
(Kaplan and Taralp, 1997; Taralp and Kaplan, 1997) attention was shifted to the employment of
nonaqueous media to address the C-terminal problem. With little direct experience to bias our
judgement, we sought a nonaqueous procedure which would address the C-terminal problem and
be specifically designed for use with minute quantities of protein. The derivatization protocols
were chosen to limit protein loss, obtain high yields of coupling, prevent or limit the accumulation
of salt or charge carriers while carrying out the procedure, and provide extreme sensitivity. It is
hoped that the procedure will prove simple to carry out and be cost effective and pertinent for use
with minute quantities of protein. The protease a-chymotrypsin served as the model protein
because it has three C-termini which is ideal for testing the generality of the protocol (Duggleby

and Kaplan, 1975).

Rationale

In this chemical approach, nonaqueous derivatization conditions are used to isolate and
sequence the C-terminal amino acids of proteins. Following a sequential series of derivatizations
with volatile reagents (Vath er al., 1988:; Knapp, 1990) and incubation with proteinase, peptide
derivatives are separated by two-dimensional high voltage paper electrophoresis (Leggett Bailey,
1962; Duggleby and Kaplan, 1975), purified by paper chromatography, detected by
autoradiography and sequenced by tandem mass spectroscopy. Unnecessary transfer of protein is
avoided in order to limit losses. Reagents are removed from reaction by evaporation, rather than

by other means. Manipulations such as dialysis and gel permeation chromatography are avoided.
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Using volatile nonionized reagents places a restriction on the kinds of reagents which are
available, but the scheme is nevertheless autractive since the reagents would preclude any need for
dialysis. It should also be pointed out that the chemistry employed is designed to make protein
derivatives particularly amenable for analysis by sensitive microspray mass spectral methods.
Figures 4.1.3 and 4.1.4 depict five variations (1 & 2 and 3, 4 & 5, respectively) of this theme.
Derivatization steps I and II (Figure 4.1.3) are common to experimental variations 1 through 5.

Variation 5 is identical to variation 4 but terminates following incubation with thermolysin.

Derivatization steps:

Lyophilization: step I. Protein is lyophilized out of aqueous solution in preparation for reaction
in organic media. Since the solubility of protein appears to increase with the lyophilization
volume, protein is lyophilized in the largest volume practical for a given amount of protein. The
lyophilized protein (1) is expected to have substantial solubility in methanol (Means and Feeney,

1971).

Carboxyl group activation: step II. Protein is esterified in anhydrous methanol containing a
small amount of hydrogen chloride. Methyl ester formation of protein (2) is usually quantitative
after 24 h under the employed reaction conditions (Chibnall er al., 1958; Means and Feeney,
1971). To convince ourselves, a time course esterification of model peptides was carried out
using the same acid concentration. Peptide esters were subsequently amidated with diamines.
The amidated peptides were analyzed by high voltage paper electrophoresis. It was deduced that
phenylalanyl-glycyl-glycine must have been substantially esterified after only 30 min, and

completely esterified after 9 h. Esterification did not proceed in the absence of acid.
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Figure 4.1.3: Nonaqueous C-terminal reaction scheme. Variations 1 and 2 are illustrated.
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Figure 4.1.4: Nonaqueous C-terminal reaction scheme (continued). Variations 3, 4 and 5 are illustrated.
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Esterification of protein was reported to occur with minor covalent modifications, one being
the methanolysis of glutamine and asparagine side-chains and the other being the N—O acyl
migration of serine or threonine residues of protein (Fraenkel-Conrat and Olcott, 1947; Phillips
and Baltzly, 1947; Frieden, 1956; Chibnall ez a/., 1958; Lenard and Hess, 1964; Iwai and Ando,
1967; Means and Feeney, 1971; Darbre, 1986). The methanolysis of glutamine and asparagine in
acidic methanol is not expected to be problematic. In the N—O acyl migration reaction, however,
the Na-amide bond of serine or threonine residues of protein may be broken by nucleophilic
attack of the serine or threonine hydroxyl group. The result is to transform the amide bond into
an ester bond. Ester linkages of protein have been cleaved by the action of piperidine (Darbre,
1986) and in the context of this investigation, cleavage by diamine (steps III and IV, vide infra)
would generate false C-termini and must be avoided. With due consideration to steps III and IV,
the esterified protein is incubated (optional) under basic conditions, namely, in anhydrous
pyridine, to promote an O—N reverse migration (Chibnall et a/., 1958; Means and Feeney, 1971;

Darbre, 1986) which should restore the intergrity of the primary structure.

Coupling of diamine to protein carboxyl groups via amide bond formation:
steps IIT or I'V.

Normally, unactivated methyl ester groups under homogeneous reaction conditions require
high concentrations of amine to effect displacement (March, 1985; Bodanszky and Bodanszky,
1994). It was observed that phenylalanyl-glycyl-glycyl-methyl ester was quantitatively amidated
at room temperature after 10 h, when dissolved in N,N-dimethylethylenediamine or

ethylenediamine. Amidation did not appear to damage the peptide bonds. In the context of
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protein reactions, the amidation is carried out in neat ethylene diamine or
N,N-dimethylethylenediamine to afford derivatives 3 and 4, respectively. The reaction is at least
partially homogeneous since it was observed that both diamines dissolve many proteins in a
relatively small volume. The ability of diamines to dissolve protein so effectively minimizes

interprotein contact and crosslinking, and is one key point of the experimental strategy.

Variations 1 and 2; protein methylation: step V. The derivatized protein (3, 4) is trace labeled
in vacuo with ["*Cliodomethane, followed by excess ['2CJiodomethane, to afford a chemically
homogeneous protein derivative (5) in which amino, imidazole, thiol, sulphide and possibly
phenolic hydroxyl groups are methylated to completion. The radiolabel need not be diluted with
non-radioactive label as would be the case of aqueous reactions, so the specific radioactivity

incorporated is expected to be very high (Kaplan and Taralp, 1997; Taralp and Kaplan, 1997).

Thermolysin digestion: step VI. Thermolysin is one of the few proteinases which cleave
substrates N-terminal to the recognition site (Matsubara and Feder, 1971; Darbre, 1986). This is
desirable since it precludes the accidental removal of the radioactive label at the C-terminus. The
enzyme is also extremely stable and is active for extended periods of time. The digestion is
carried out to produce two classes of peptides, 6 and 7. The C-terminal peptides (6) and the non
C-terminal peptides (7) are then ready for separation by paper electrophoresis according to

published procedures (Leggett Bailey, 1962; Duggleby and Kaplan, 1975).
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Variations 3, 4 and S: steps VII and VIIL. It was observed that protein chains of bovine serum
albumin are semi-specifically cleaved in vacuo at elevated temperatures by the action of
ethanolamine or ethylenediamine. The occurrence is presumably a consequence of
transamidation, in which the simple amine replaces the amino group moiety of the amide bond
which is cleaved. In this context, variations 3, 4 and S are subsequent refinements which were
introduced to address the unfortunate observation that protein amide bonds of esterified
a-chymotrypsin are cleaved during the methylation step of variations 1 and 2, by the action of
residual diamine.

The rationale of variations 3 and 4 is to eliminate the generation of false C-termini by
preventing transamidation. The obvious route, short of removing all residual diamine, is to block
the amino groups with another volatile reagent before methylation is carried out in vacuo at
elevated temperature (variation 3). To achieve this, protein derivative (4) is acetylated in pyridine
(step VII) and affords the desired protein derivative (8). Unfortunately, variation 3 (Figure 4.1.4)
is not the answer because unblocked amine was observed after two-dimensional chromatography
was performed. Either some N,N-dimethylethylenediamine is tightly adsorbed within the protein
core and is not accessible for acetylation, or perhaps, intramolecular participation of the
N,N-dimethylamino moiety and trace moisture is enough to unblock the adjacent N’-acetyl moiety
at elevated temperature. To alleviate any potential problems that may arise from either possibility,
acetylation is carried out only after digestion (Variation 4, step VIII) and methylation is carried
out at room temperature. The rationale is that all N,N-dimethylethylenediamine should be readily
accessible to acetic anhydride since peptides, unlike protein, should not harbour any diamine. The

methylation reaction is carried out at room temperature to minimize the risk of unblocking the
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acetylated diamine, and in N,N-dimethylformamide to promote reaction with iodomethane
(March, 1985). One drawback of adopting variation 4 is that mass spectrometry becomes the
only sequencing method available, since C-terminal peptides (9) are blocked at the N-terminus.

In variation 5, incubation with thermolysin and diagonal electrophoresis is carried out
immediately after coupling dimethylethylenediamine to protein. This is by far the simplest
derivatization procedure and can be carried out in one Eppendorf tube. The disadvantage of
variation 5 is that peptides are not radioactive and will not expose X-ray film. The diagonal can
be eluted using markers, but must be analyzed using a tandem mass spectrometer in series with a
high performance liquid chromatography delivery system. This sophistication may not be readily

available to researchers.

Diagonal paper electrophoresis for detection of C-terminal peptides. The protocol thusfar
affords C-terminal peptides, which are amidated at the a-~carboxyl group, and non C-terminal
peptides, which have free a-carboxyl groups. Over the pH range of 2.1-4.4, C-terminal peptides
have a constant charge, while non C-terminal peptides change their charge. Radioactive markers
with either neutral or constant positive charge are added to the peptides. The peptides are then
subjected to paper electrophoresis at pH 2.1, the paper is rotated 90°, and the peptides are
resubjected to electrophoresis at pH 4.4. The peptides may be located by autoradiography
(Duggleby and Kaplan, 1975). The constant charge marker, the neutral spot marker and the
C-terminal peptides should describe a diagonal line (Figure 4.1.3). Non C-terminal peptides do
not lie on this diagonal line. The diagonal line can be stitched onto another paper and the peptides

purified by chromatography if necessary (Leggett Bailey, 1962).
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C-terminal peptides describe a diagonal line
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Figure 4.1.3: Two-dimensional high voltage paper electrophoresis for
the isolation of C-terminal peptides.

Peptide detection using microspray volatilization and tandem mass spectral methods.
C-Terminal peptide derivatives, much like betaine, contain a positively charged group, namely the
trimethylammonium moiety. The liberation of trimethylamine from quaternary ammonium salts is
reported to occur under basic aqueous conditions (March, 1986). Provided that trimethylamine is
liberated under the conditions of mass analysis, C-terminal peptide derivatives are candidates for
sensitive and selective detection by tandem microspray mass spectrometry (Biemann and Scoble,
1987; McCloskey, 1990; Anderegg ef al., 1988). The method can be extended to the analysis of
peptides which liberate dimethylamine, as would be the case in variation 5. It is even conceivable
that with further developments, microspray ionization at pH values >10 can take advantage of the
trimethylammonium moiety to selectively analyze C-terminal peptides, since only these peptides
would retain a net positive charge that would enable their selective ionization. In principle, this
would even preclude the need for diagonal electrophoresis. Three modes of tandem MS/MS)

detection of C-terminal peptides are possible.
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Theory of tandem microspray methods. Microspray mass spectrometry is in itself useful for
the detection of minute amounts of peptides. It is at least an order of magnitude more sensitive
than established electrospray methods (Bateman et al., 1997; Kelly er al,, 1997). Microspray
analysis is usually configured to detect positively charged residues but is amenable to negatively
charged ions as well (Capriolli et al., 1995). Tandem mass spectrometry methods have been
extremely useful in the sequencing of peptides (Biemann and Scoble, 1987; McCloskey, 1990;
Biemann, 1992). With the tandem approach, a greatly simplified spectrum can be obtained which
is not as sensitive to the presence of contaminants at low analyte concentrations. The technique
uses two stages of mass analysis, one to preselect an ion and the other to analyze fragments
generated by collision-induced dissociation. With this technique, it is possible to select and
analyze a specific mass ion species out of a complex mixture of ions. One such instrument, the
triple quadrupole mass spectrometer, has been gaining favour due to its low cost, instrumental
simplicity, and ease of computer control.

The heart of the instrument is composed of two quadrupole mass filters (Q: and Q)
separated by an rf-only quadrupole (q), often termed the collision chamber (McCloskey, 1990;
Capriolli, 1995). The quadrupole mass filters are composed of two pairs of parallel rods arranged
so that the cross section roughly describes a square with concave sides. One pair of rods is fed a

dc and rf voltage. The other pair is fed the opposite potential. The voltage applied to opposite

Qi q Q, pairs of rods is expressed by
A — — —_— VAN
J— —k= - /77171 | U+ Vcosiot, where U is the dc voltage
ion
source detector and Vcostot is the time-dependent rf

Figure 4.1.4. Triple quadrupole tandem mass
spectrometer configuration.

voltage. At given values of U,V and
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10, only specific ions will have stable trajectories through the quadrupole. The mass/charge ratio
of any ion which passes to the detector can be calculated, since there is a relationship between the
applied potential and the ion mass/charge ratio. The remaining ions oscillate perpendicular to the
flight path with ever increasing amplitude until finally colliding with one of the four rods.

In the collision chamber, incoming precursor ions are fragmented by inert gas. While
fragmentation is desired, these ions are also scattered by the collision and must be redirected if
they are ever to reach the detector. To this end, the rf-only source of the collision chamber
refocuses the ions and promotes their efficient transfer to the third quadrupole. An off-axis ion
detector follows Q; and transduces the arrival of an ion into a potential signal. The detector only

functions to quantify the intensity of ions which pass Q,, but it cannot assign mass/charge ratios.

MS/MS detection modes. There are three tandem modes of operation, depending on whether
the mass/charge ratio of the precursor ion, product ion, or neutral fragment is fixed (McCloskey,
1990; Capriolli, 1995).

Mode 1. If the precursor ion filter (Q,) is set to allow one precursor (parent) ion into the
collision chamber, only fragments of that precursor ion are formed at q and are sequentially
passed through to the product ion filter (Q,). By sweeping the potential at Q,, every fragment of
varying mass/charge ratio which was formed at q can be made to sequentially pass through Q, to
the detector. The mass/charge ratio of fragments are quantified at Q, and produce a product ion
(daughter-ion) spectrum of the mass-selected precursor ion. This configuration of the instrument
is the most common and is typically used to provide structural information of a specific ion, such

as the primary sequence of a peptide ion. The method can be used in series with liquid
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chromatography methods for the separation and analysis of complex mixtures (Lee et al., 1989;
Treston et al., 1989).

Mode 2. Identifying a group of compounds who share a common moiety in a mixture of
unrelated compounds may be a complicated problem, however, advantage can be taken of
MS-MS techniques to greatly simplify the situation (McCloskey, 1990). If the desired analytes
liberate a common fragment ion at q of known mass/charge ratio, Q. can be set to only allow that

jon to pass. The parameters affecting the potential of Q, are varied instead. When the detector

observes the fragment ion passing through Q,, it is possible to calculate the mass/charge ratio of
the corresponding parent ion which passed through Q,, since the voltage parameters are known.
In this configuration, a precursor ion (parent-ion) spectrum is obtained which only shows ions that
liberated a certain fragment.

Microspray methods use low energy ionization techniques, and ions produced at the source
are generally limited to multiply charged species of the parent ion. Mode 2 is normally used to
determine the mass/charge ratio of a parent ion which liberates a certain moiety at q. Once this
parent ion is known, it may be sequenced by mode 1. Peptides do occasionally fragment,
however, before entering Q. This is a consequence of the internal energy acquired in the
ionization process. In such a case, the peptide and its fragments enter Q,, and the analysis will
produce a profile analogous to a mixture of related compounds who share a common moiety. In
the event that some initial fragmentation does occur, mode 2 can provide some sequence
information.

Mode 3. In a last MS-MS configuration, Q, and Q, voltages can be scanned synchronously

to allow for the identification of neutral fragments of a fixed mass. For example, if a compound
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or group of compounds is known to release a neutral fragment at q, the mass filters Q, and Q; can
be sweeped synchronously such that the mass/charge ratio of Q, is always less than Q: by an
amount which corresponds to the mass of the neutral species. A constant neutral loss spectrum

can be constructed from mass/charge data from either Q, or Q..

4.2 Materials and methods
Proteins. Thermolysin from Bacillus thermoproteolyticus and bovine pancreatic a-chymotrypsin

were purchased from Sigma Chemical Company.

Chemicals and Solvents. Leucyl-leucyl-leucyl-tyrosyl-methyl ester was purchased from
Bachem. ['’C]lodomethane and di-fert-butyldicarbonate were purchased from Sigma Chemical
Company. ["“Cliodomethane (1 mCi, 56mCi/mmole) was obtained from Amersham Canada Ltd.
Anhydrous methanol, anhydrous N,N-dimethylformamide, 4M hydrogen chloride in 1,4-dioxane,
acetic anhydride, ethylenediamine, N,N-dimethylethylenediamine and pyridine were obtained from
Aldrich Chemical Company. Molecular sieves (4A) were obtained from BDH and activated S d in
an oven at 160°C. Pyridine was distilled once over ninhydrin and stored, and redistilled and dried
over molecular sieves before use. Ethylenediamine and N,N-dimethylethylenediamine were
distilled before use. All other chemicals, reagents and solvents were high purity preparations

obtained from commercial sources.

Gel electrophoresis. Sodium dodecyl sulphate-polyacrylamide gels (15% crosslinking) were run
on a Biorad electrophoresis apparatus. Gels were stained with Coomassie blue dye. Samples

were prepared in buffer of the composition water/10%sodium dodecyl sulphate/glycerol
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/0.5%bromophenol blue/6N HCl/urea (6.5:2:1:0.5:0.09:10 by weight). Samples in buffer were
not heated before analysis.

Model peptides analyzed by conventional (MS) and tandem (MS/MS) methods were
prepared as follows:

Leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CHj),. Leucyl-leucyl-leucyl-tyrosyl-methyl ester
(10 mg) was incubated 12 h at room temperature in neat N,N-dimethylethylenediamine (50 pl).
The diamine was removed under reduced pressure and the peptide was subjected to high voltage
paper electrophoresis at pH 2.1 at a voltage gradient of 60 V/cm for 20 min. The position of the
peptide was located by staining the ends of the paper with ninhydrin. The band containing the
peptide was eluted and the peptide was subjected to high voltage paper electrophoresis at pH 4.4.
The purified peptide was eluted and analyzed by mass spectroscopy or served as starting material

for other standard peptides.

Acetyl-leucyl—leucyl-leucyl-tyrosyl(O-acetyl)-NHCHzCHgN*(CH;;); and leucyl-leucyl-leucyl-
tyrosyl-NHCH,CH,;N"(CHs);, Leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;), (1 mg) was
incubated 30 min in either a 1 % solution of acetic anhydride or di-tert-butyldicarbonate in
pyridine (50 pl). The solutions were dried in pyrex hydrolysis tubes and the peptides sealed in
vacuo with ['*Cliodomethane (20 pl). The tubes were incubated overnight at 100°C. The
acetylated peptide was analyzed without further treatment. The tert-butyloxycarbonyl peptide

was first incubated in trifluoroacetic acid (30 pl) for 30 min to liberate the amino terminus.

(CH;);N* -leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N'(CH;);  and (CH3);N-leucyl-leucyl-

leucyl-tyrosyl-NHCH,CH,N"(CH5);. Leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3), (1 mg)
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was transferred into a hydrolysis tube and sealed in vacuo with ["*Cliodomethane (20 pl). The

peptide was reacted overnight at 100°C.

MS and MS/MS analyses. Microspray mass analyses were carried out by Dr. Pierre Thibault of
the Institute for Biological Sciences, National Reasearch Council of Canada. A PE Sciex
API-300 triple quadrupole mass spectrometer was used for conventional and tandem mass
analyses. Samples were dissolved in 0.1 M formic acid. One hundred picomoles of standard was
injected per analysis.

In the case of variation 5, analytes were first separated using a Zorbax RXC18 2.1mm X 150
mm reverse phase high performance liquid chromatography columnn. The components were
eluted using a 5-95% acetonitrile gradient in an aqueous solution containing 0.1% trifluoroacetic
acid. The effluent was split 1:15 (v/v) and samples were fed into the API-300 instrument.
Tandem operation was configured to scan for parent ions losing the fragment ion,

N,N-dimethylethylenediamine (89 n/z).

Preparation of a-chymotrypsin derivatives for microspray analysis:

Protein lyophilization. A 50 pg/ml solution of protein was made at 4°C. Without delay, a
500 pl aliquot (25 pg protein) was transferred into an Eppendorf tube, flash frozen in liquid
nitrogen, and lyophilized. Protein was clearly visible as a very fine mesh after lyophilization.
Some protein was esterified and then amidated while others were incubated immediately with

diamine and served as control proteins.

Esterification. A 0.1 M solution (800 ul) of hydrogen chloride in anhydrous methanol (2.5%

dioxane) is delivered to the protein. The Eppendorf tubes are briefly sonicated and shaken 36 h
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at room temperature. The tubes are flash frozen, placed upright in a dessicator and the contents

removed in vacuo. The tubes are kept under vacuum for several hours thereafter.

Pyridine treatment. Esterified protein (variation 1 and 3 only) was sometimes
dissolved/suspended in anhydrous pyridine (500 pl) from 1 to 12 h. The tubes were flash frozen

and the solvent evaporated in a dessicator.

Protein amidation. Esterified protein was dissolved/suspended in either ethylenediamine or
N,N-dimethylethylenediamine (70 ul), briefly sonicated, and shaken 12 h at room temperature. In
the case of variations | and 2, protein was transferred into small pyrex tubes. All samples were
placed 24 h under vacuum. In the case of variation 4, the residual contents were suspended in

n-butanol (2 X 1 ml), sonicated, and spun down. Residual diamine, in n-butanol, was decanted.

Methylation: Variations 1 and 2. Amidated protein was methylated in vacuo for 12 h at 75°C
using neat ["*Cliodomethane (20 uCi) that was delivered as an octane solution (20 ul). The
reaction tube was opened and without further manipulation, slipped into a large pyrex tube. In
vacuo methylation was recommenced for 12 h using ['*Cliodomethane (25 pl). The reaction was

terminated, and the inner tube containing sample was placed under vacuum.

Protein acetylation and methylation: Variation 3. Amidated protein was dissolved/suspended

for 3 hiin a 1% solution (300 pl) of acetic anhydride in pyridine. The reaction was terminated by

addition of water (100pl). The entire contents were transferred into a small pyrex tube and the
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solution was removed /in vacuo. The protein was methylated in the same manner as variations 1

and 2.

Thermolysin digestion. Protein derivatives were dissolved/suspended and sonicated in 0.4%
ammonium bicarbonate solution, 1 mM in calcium chloride, and 50 ug of thermolysin was added,
dissolved in the same buffer solution (50 ul). The medium was adjusted to pH 7.8 if necessary
with dilute acetic acid (1 %) and the digestion was carried out at 37°C for 48 h. The contents

were lyophilized, water was added (200 pl) and the contents were relyophilized.

Peptide acetylation and methylation: Variation 4. Peptide derivatives were dissolved in 1%
acetic anhydride solution in pyridine (300 ul), sonicated, and incubated 3 h. The reaction was
terminated by addition of water (100ul) and the solution was removed in vacuo. The peptides
were taken up in a 1:10 (v/v) octane:N,N-dimethylformamide solution (200 pl), that contained
["*Cliodomethane (20 uCi). The peptide derivatives were incubated 48 h at room temperature
and then ['?Cliodomethane (20 ul) was introduced. The solution was left 8 h, removed in vacuo

and disposed of cautiously.

Diagonal electrophoresis and paper chromatography. Peptides were spotted over 3 cm on
Whatman 3 MM paper, wetted with pH 2.1 buffer of the composition formic acid/acetic
acid/water (1:4:45 by volume) and subjected to high voltage electrophoresis at a voltage gradient
of 20 V/cm for 90 min. The peptides were located using dansylsulphonic acid and dansylarginine

as fluorescent markers. The strip containing the peptides was cut out, rotated 90° and stitched
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onto another Whatman 3 MM paper. The paper underneath the strip was excised, the paper was
wetted with pH 4.4 buffer of the composition pyridine/acetic acid/water (6:10:1200 by volume)
and the peptides were subjected to electrophoresis at a voltage gradient of 30 V/cm for 60 min.
In the case of variations 1-4, peptides were located by autoradiography. There were enough
radioactive species in the sample to deliniate the neutral spot and diagonal positions without
having to resort to markers. In some cases, the diagonal strip was cut out, restitched onto either
3 MM or 1 MM paper and chromatographed overnight with butanol/acetic acid/water/pyridine
(15:3:12:10 by volume). In the case of variaton 5, dansylarginine was spotted onto the neutral
band before the second dimension was run. At pH 4.4, dansyl arginine has a relative mobility of
2.38 with respect to the neutral band, as measured from the origin. The diagonal line was
delineated using radioactive hexamethylethylenediamine obtained from another reaction. Peptides
of the diagonal strip were eluted with pH 2.1 buffer and sent for analysis by high performance

liquid chromatography and tandem mass spectral methods.
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4.3 Results

4.3.1 Mass analyses of standard peptides.

Ac-LLLY (OAc)NH-N(CH3)3, M:647, 25 nmoles/2500uL 0.1 M HCOOH

uspray, 300 mbar
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Figure 4.3.1. Microspray mass spectrum of acetyl-leucyl-leucyl-leucyl-tyrosyl(O-acetyl)-
NHCH,CH,N"(CH;);. 100 pmole was injected into a triple quadrupole instrument (Q,qQ>)
operated in single MS mode (qqQ). The 689.0 m/z ratio corresponds to the compound.
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Figure 4.3.2. Precursor ion-spectrum of standard peptide leucyl-leucyl-leucyl-tyrosyi-
NHCH,CH;N(CHj;); obtained by microspray MS/MS analysis. 100 pmole was injected into a
triple quadrupole instrument (Q,qQ,). The product-ion mass filter (Q:) was configured to pass
ions with an 89 mass/charge ratio, corresponding to the N,N-dimethylethylenediamine fragment.
Mass/charge ratios were measured at Q, for those ions which were detected. Mass/charge ratios
correspond to the following: 591.8, leucyl-leucyl-leucyl-tyrosyl-NHCH,CH-N(CH; )2, 478.6,
leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;),; 296.6, doubly charged leucyl-leucyl-leucyl-tyrosyl-
NHCH,CH->N(CHj;)s.
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Figure 4.3.3. Constant neutral loss spectrum of standard peptide leucyl-leucyl-leucyl-
tyrosy-NHCH,CH;N(CH3), obtained by microspray MS/MS analysis. 100 pmole was
injected into a triple quadrupole instrument (Q:qQ;). The precursor and product-ion mass filters
were sweeped such that a constant difference of 45 mass/charge units was maintained between
Qi and Q, corresponding to the dimethylamine fragment. Mass/charge ratios were measured at
Q: for those ions which were detected. Mass/charge ratios correspond to the following ion
peaks: 591.8: leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;),; 478.6, leucyl-leucyl-tyrosyl-
NHCH2CH;N(CHs)z; 365.2, leucyl-tyrosyl-NHCH>CH,;N(CHs),; 296.6, doubly charged leucyl-
leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3),.
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Figure 4.3.4. Product-ion spectrum of standard peptide leucyl-leucyl-leucyl-tyrosyl-
NHCH,CH;N(CHj;), obtained by microspray MS/MS analysis. 100 pmole was injected into
a triple quadrupole instrument (Q,qQ,). The precursor-ion mass filter Q, was configured to pass
parent ions with a 591.8 mass/charge ratio, corresponding to the peptide. Mass/charge ratios
were measured at Q, for parent and fragment ions which arrived at the detector. Mass/charge
ratios and their respective ions are indicated in table 4.3.1.
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Figures 4.3.1,4.3.2, 4.3.3 and 4.3.4 illustrate the mass spectra of some peptide standards. In
the case of acetyl-leucyl-leucyl-leucyl-tyrosyl(O-acetyl)-NHCH,CH,N"(CH;); (Figure 4.3.1), the
689 m/z peak corresponded to the expected mass/charge ratio. Neither trimethylamine, nor a
mass difference corresponding to trimethylamine was observed. Figure 4.3.2 depicts the
precursor-ion spectrum of leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3), with the instrument
configured to search for an N,N-dimethylethylenediamine fragment ion (89 m/z) in the product
‘mass filter. Peaks were found at 591.8 m/z, 478.6 m/z and 296.0 m/z. Figure 4.3.3 depicts the
constant neutral loss spectrum of leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;), with the
instrument configured to search for the loss of a neutral dimethylamine fragment (45 m/z). Peaks
were observed at 591.8 m/z, 478.6 m/z, 365.2 m/z and 296.0 m/z. Figure 4.3.4 and table 4.3.1
illustrates how successfully leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3), can be sequenced
using tandem analysis, with the instrument configured to analyze the fragmentation of a particular

parent ion.

Table 4.3.1. Selected mass/charge ratios observed in the product ion spectrum of leucyl-
leucyl-leucyl-tyrosyl-NHCH.CH,;N(CHs), by microspray MS/MS analysis. 100 pmole was
injected into a triple quadrupole instrument (Q,qQ.). The precursor mass filter (Q:) was set to
pass the parent ion of 591.8 mass/charge ratio. The product mass filter (Q2) was sweeped to allow
detection of all fragment ions. A difference of 45 m/z among two species corresponds to the loss
of neutral dimethylamine. All ions reported had strong signals in the spectrum.

mass/charge ratio | corresponding ion

591.8 leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CHs;),

546.2 leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3), with loss of dimethylamine
478.3 leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;),

4333 leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;), with loss of dimethylamine
365.1 leucyl-tyrosyl-NHCH,CH,N(CH3),

340.1 leucyl-leucyl-leucyl-C=0" acylium ion

320.0 leucyl-tyrosyl-NHCH,CH,N(CH;), with loss of dimethylamine

252.0 tyrosyl-NHCH2CH2N(CH3)z

227.2 leucyl-leucyl-C=0" acylium ion

207.1 tyrosyl-NHCH,CH,N(CH3), with loss of dimethylamine

89.1 N,N-dimethylethylenediamine
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4.3.2 Preparation and mass analysis of protein.

Figures 4.3.5, 4.3.6 and 4.3.7 show the integrity of protein at different stages of

derivatization. Suspending protein in methanol or acidified methanol did not appear to be

Figure 4.3.5. Esterification and
amidation of a-chymotrypsin. A
sodium dodecy! sulphate/15%
polyacrylamide gel stained with
Coomassie blue is shown. Lane 1,
protein in methanol; lane 2, protein
in HCV/methanol solution: lanes
3&4, protein incubated in pyridine
(1 h), then 3 h in ethylenediamine.

problematic (Figure 4.3.5, lanes 1&2; figure 4.3.7, lanes 5&8).
Incubation of protein and esterified protein with
ethylenediamine (Figure 4.3.5, lanes 3&4) cleaved protein
disulphide bonds. This was not observed when protein was
incubated with N,N-dimethylethylenediamine (Figure 4.3.7,
lanes 6&9). The molecular weight of amidated protein (Figure
4.3.5, lane 4; figure 4.3.7, lane 9) appears to increase with
respect to control protein incubated in diamine (Figure 4.3.5,
lane 3; figure 4.3.7, lane 8). /n vacuo methylation of protein
derivatized with ethylenediamine produced a smeared profile of
radioactive material (Figure 4.3.6, lane 2). The two peptide

chains observed in figure 4.3.5 (lane 4) were barely

1 2 Figure 4.3.6. In vacuo
[*C|methylation of
a-chymotrypsin
derivatized with There was also radioactivity located at the separating
ethylenediamine. A
sodium dodecyl : : :
sulphate/15% poly- and stacking gel interface and in the well.
acrylamide gel was
subjected 4 d to auto- Figures 4.3.8, 4.3.9, 4.3.10 and 4.3.11 show
radiography. Lane 1,
in vacuo [Cmethyl- | profiles of derivatized peptides that were separated
ated a-chymotrypsin
marker protein; lane 2,
in vacuo ['*C] and
[*Cmethylated

visible after methylation (Figure 4.3.6, lane 2).

by two-dimensional paper electrophoresis and paper

a-~chymotrypsin chromatography, and observed by autoradiography.

prederivatized with

ethylenediamine. Variation 4 is not shown since there was nothing to
Chapter 4 157



observe except for radioactive markers. The profile did show, however, that N,N-
dimethylethylenediamine was extremely pure following redistillation. Figure 4.3.12 shows how
the diagonal line of variation 5 was located.

The incorporation of radioactivity into protein was sufficient to enable easy detection, as
exemplified by figure 4.3.8 (Variation 1). Strong spots were obtained after exposing X-ray film
for only a short time. Diagonal line 1-2 (from 1 to 2) of each chromatogram (Figures 4.3.8 to
4.3.12) is presumed to contain the C-terminal peptides. The incorporation of radioactivity was
such that other diagonal lines were easily observed. Diagonal lines 1-3 (from 1 to 3) and 1-4
(from 1 to 4) presumably deliniate a related series of non C-terminal peptides, and diagonal line
1-5 (from 1 to 5) clearly describes neutral species at pH 4.4. Paper chromatography of diagonal
peptides indicated that a good separation was achievable for methylated proteins derivatized with
ethylenediamine (Figure 4.3.9) and N,N-dimethylethylenediamine (not shown).

The intense spot produced by the relative abundence of hexamethylethylenediamine (Figure
4.3.8; top of diagonal line 1-2) is clearly visible and shows that ethylenediamine is not removed
quantitatively under vacuum and is present while methylation is carried out. The apparent
smearing of protein (Figure 4.3.6) put to question if the C-terminal peptides described by line 1-2
was genuine or fabricated under the in vacuo methylation conditions of variation 1. Unfortunately,
a nonesterified control protein was not available for comparative purposes. In each of variations
2 to 5, a control protein was included in the analysis. In each variation, the profiles obtained
along diagonal lines 1-2 were identical for both the esterified and control protein (comparison not
shown, except for variation 3; figure 4.3.11, compare left and right chromatograms).

It was hoped that N,N-dimethylethylenediamine would be more easily removed under
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Figure 4.3.7. Esterification and amidation of a-chymetrypsin. A sodium
dodecyl sulphate/15% polyacrylamide gel stained with Coomassie blue is
shown. Lane 2, low molecular weight protein markers; lane 3, untreated
protein; lane 5. protein in methanol; lane 6, protein in methanol. then incubated
12 h in N.N-dimethylethylenediamine; lane 8, protein treated in HCl/methanol
solution; lane 9, protein treated in HCl/methanol solution, then incubated 12 h

in N.N-dimethylethylenediamine.
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Figure 4.3.8. Two-dimensional high voltage
paper electrophoresis of a-chymotrypsin
derivatized according to variation 1. Protein
was esterified and incubated with ethylene-
diamine, methylated in vacuo and digested.
Autoradiography was 4 d. Numbers are
included to assist discussion of the results in

Figure 4.3.9. Paper chromatography to
purify the diagonal peptides of variation 1.
The diagonal line described by numbers 1 to 2
in figure 4.3.8 was stitched onto another
Whatman 3 MM paper and chromatographed
overnight. Autoradiography was carried out
for 7 d. The spots to the right are different

the text:1) neutral spot; 2) hexamethylethylene- | methylation states of ethylenediamine. Faint
diamine and C-terminal peptides; 3&4) non | central spots were also observed.

C-terminal peptide series; S) neutral peptides.
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Figure 4.3.10. Two-dimensional high
voltage paper electrophoresis of
a-chymotrypsin derivatized accord-
ing to variation 2. Protein was
esterified and incubated with N,N-
dimethylethylenediamine, methylated
in vacuo and digested. Autoradio-
graphy was 4 d. Numbers are included
to assist discussion of the results in the
text: 1) neutral spot; 2) diagonal
markers and C-terminal peptides;
3&4) series of non C-terminal
peptides;  5) neutral peptides. The
profile of nonesterified protein was
identical.

(+) pH 4.4

1 5

1 pH21
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Figure 4.3.11. Two-dimensional high voltage paper electrophoresis
of a-chymetrypsin derivatized according to variation 3. Protein
was not esterified (leff) or esterified (right), treated with pyridine,
incubated in N,N-dimethylethylenediamine, acetylated, methylated in
vacuo and digested. Autoradiography was 4 d. Numbers are included to
assist discussion of the results in the text: 1) neutral spot; 2) diagonal
markers and C-terminal peptides; 3&4) non C-terminal peptide series;
5) neutral peptides. Esterified and nonesterified proteins that were not
treated with pyridine gave the same profiles as those that were treated.
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pH 4.4

(+)

6 === | Figure 4.3.12. Two-dimensional high voltage
paper electrophoresis of a-chymotrypsin
5 derivatized according to variation 5. Protein
was esterified, incubated in N,N-dimethyl-
ethylenediamine, and digested. ~ Numbering
corresponds to: 1) origin; 2) neutral spot; 3)
dansylarginine; 4) excised diagonal; 5) hexa-
methylethylenediamine; 6) N,N-dimethvlethyl-
enediamine. Esterified and nonesterified proteins
were treated identically and analyzed by mass
30 spectrometry. Position 2 was calculated,
compounds 3&6 were located under UV light,

2 and 5 was located after 1 d autoradiography.

(#} pH21 H

vacuum, however, this was not the observation. The profiles of variation 1 (Figure 4.3.9) and
variation 2 (Figure 4.3.10) indicated that diamine was present. Figure 4.3.11 (Variation 3) shows
that diagonal lines 1-3 and 1-4 are absent in the nonesterified control protein. The profiles were
otherwise identical. The diagonal chromatogram of variation § (Figure 4.3.12) was unusual in
that ethylenediamine (compound 6) and hexamethylethylenediamine (compound 5) did not lie
on the same diagonal line.

Figures 4.3.13 and 4.3.14 show the chromatographic and mass spectral profiles obtained for
standard peptide and protein analytes, respectively. Ultraviolet and conventional mass spectral
detection profiles of leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CHs), are very similar (Figure
4.3.13A and B), while the tandem mass spectral profile (Figure 4.3.13C) is missing one peak.
Conventional mass analysis (not shown), and tandem analysis (Figure 4.3.13D) of a certain parent

ion (Figure 4.3.13C; retention time = 14.43 min) indicated that the compound had a mass/charge
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ratio of 592 m/z. The other peak (Figure 4.3.13C; retention time = 20.15 min) also corresponded
to a mass/charge ratio of 591 m/z (not shown).
Unlike the profiles of figure 4.3.13, which were easily interpreted, profiles obtained of the

diagonal peptides of derivatized a-chymotrypsin (Figure 4.3.14) were complicated. The signal to
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Figure 4.3.13. High performance liquid chromatography and mass analysis of the standard
peptide leucyl-leucyl-leucyl-tyrosyl-NHCH,CH;N(CH;);. 1 nmole was injected into a reverse
phase column and chromatographed using a 5-95% acetonitrile gradient in an aqueous solution
of 0.1% trifluroacetic acid. A one-fifteenth fraction of the flow was delivered to a quadrupole
instrument for detection purposes. Detection modes used were (A) ultraviolet light (B)
conventional mass spectroscopy (C) tandem mass spectroscopy. Precursor ion spectra were
obtained for analytes losing N,N-dimethylethylenediamine (89 m/z). A precursor ion spectrum
(D) is shown for the peak of profile C with retention time = 14.43 minutes.

noise ratio was very poor. More importantly, ultraviolet and conventional mass spectral profiles
of nonesterified control protein were superimposable (not shown) to those of the amidated
protein (Figure 4.3.14A and B). Even the profile using tandem mass spectral detection of control
protein (not shown) and amidated protein (Figure 4.3.14C) suffered from weak signal intensity.
While potential peptides were observed in conventional mass detection mode (Figure 4.3.14B)

and tandem mass spectral mode (Figure 4.3.14C; retention time = 12.39 min), none of the peaks
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Figure 4.3.14. High performance liquid
chromatography of eluted diagonal peptides

of variation 5. 15% of total sample was injected into
a reverse phase column and chromatographed using a
5-95% acetonitrile gradient in an aqueous solution of
0.1% trifluroacetic acid. A one-fifteenth fraction of the
flow was delivered to a quadrupole instrument for
detection purposes. Detection modes used were (A)
ultraviolet light (B) conventional mass spectroscopy (C)
tandem mass spectroscopy. A potential C-terminal
ptide (C: retention time = 12.39 min) is indicated.

analyzed provided a qualifying mass/charge
ratio characteristic of a C-terminal peptide of

a-chymotrypsin (data not shown).

4.4 Discussion

An alternate nonaqueous approach for the
analysis of protein C-termini has been
presented for use with minute amounts of
protein. Unlike other methods which
sequentially degrade amino acid residues from
the C-terminus, this method simply attempts
to isolate the C-terminal peptide. While the
merit of the technique was not realized in the
given time, the derivatization of protein up to
and including the amidation step appeared to
be successful and quantitative. The approach

can potentially be used to compliment existing

methods once further refinements are made.

4.4.1 Mass spectral detection of peptides.

Triple quadrupole mass spectrometers

have four operating modes and can produce conventional (Figure 4.3.1), precursor-ion (Figure
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4.3.2), constant neutral loss (Figure 4.3.3), and product-ion (Figure 4.3.4) spectra. The
predominant peak of figure 4.3.1 (689 m/z) corresponds to the molecular weight of acetyl-leucyl-
leucyl-leucyl-tyrosyl(O-acetyl)-NHCH,CH,N"(CH;)s. There is one minor peak which
corresponds to unmethylated peptide (675.5 m/z), acetyl-leucyl-leucyl-leucyl-tyrosyl(O-acetyl)-
NHCH,CH;N(CH;),, and two very small peaks (661.4 m/z, 647.5 m/z) which represents the loss
of the acetyl group in each peptide standard. As noted, with microspray and quadrupole methods,
ionizations are relatively nondestructive and produce spectra which are predominantly composed
of parent ions (McCloskey, 1990; Biemann, 1992). It was hoped that the model peptides
examined would liberate fragments that could serve as qualifying indications of a C-terminal
peptide. In this context, the most useful fragments that could be formed in the peptide acetyl-
leucyl-leucyl-leucyl-tyrosyl(O-acetyl)-NHCH,CH,N'(CH;); are trimethylamine and N,N,N-
trimethylethylenediamine. Unfortunately, neither the fragments, nor loss of the fragments were
observed by conventional mass spectral methods (Figure 4.3.1). Similarly, leucyl-leucyl-leucyl-
tyrosyl-NHCH,CH,N(CHs), did not appear to lose dimethylamine or N,N-dimethylethylene-
diamine (data not shown). In contrast, leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;), (Figures
4.3.2, 433, 43.4 and table 4.3.1) and another model peptide, (CHs),N-leucyl-leucyl-leucyl-
tyrosyl-NHCH,CH,N"(CH;); (data not shown), did lose dimethylamine, N,N-dimethyl-
ethylenediamine and trimethylamine very easily under the conditions of tandem mass spectral
analysis. The fact these fragments were not observed in the conventional operating mode was
unexpected, and is presumed to be a consequence of the instrumental parameters chosen for
acquiring the data. Nevertheless, the observed loss of such characteristic groups was an

important finding and provided a potentially useful means to search for peptides of the
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C-terminus, especially when analyzing mixtures of peptides in the presence of impurities.
Potential problems associated with impurities is best illustrated in figure 4.3.1, where despite an
involved purification, even a standard peptide is seen to contain impurities.

Figure 4.3.2 is the precursor-ion spectrum of the peptide leucyl-leucyl-leucyl-tyrosyl-
NHCH:CH,N(CHs),. In this case, the second mass filter, Q,, is configured to allow only the N,N-
dimethylethylenediamine ion to pass. The first mass filter, Q,, was sweeped and the spectrum
shows only ions which liberated a charged fragment of 89 mass/charge units. There is another
fragment of 478.6 charge/mass units which corresponds to the peptide leucyl-leucyl-tyrosyl-
NHCH:CH,N(CHj3); and yet another fragment of 296.0 charge/mass units, which corresponds to
leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CHj),, but with a net double positive charge. The
remaining background is presumed to come from the matrix used for microspray ionization. As
suggested, the potential of tandem mass spectroscopy for detection of C-terminal peptides is
significant. The peak at 619.9 mass/charge units corresponds to a mass increase of two methylene
groups with respect to the analyte. The origin is uncertain.

Figure 4.3.3 is the constant neutral loss spectrum of the peptide leucyl-leucyl-leucyl-tyrosyl-
NHCH,CH,N(CH;),. The first and second mass filters are increased synchronously, such that a
mass/charge ratio difference of 45 mass/charge units is maintained at all mass/charge values. In
this operating mode, parent ions which liberate neutral dimethylamine in the collision chamber are
observed. Once again, the predominant peak (591.4 m/z) corresponds to the peptide ion and
another peak (296.8 m/z) is the doubly charged peptide ion. Two minor peaks (478.1 m/z and
3652 m/z) correspond to leucyl-leucyl-tyrosyl. NHCH,CH,N(CH;), and leucyl-tyrosyl-

NHCH,CH;N(CH),.
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Product-ion spectra show characteristic fragmentation patterns of particular parent ions in a
mixture of parent ions. These spectra are very often used to sequence individual peptides in a
mixture, however, the molecular weight of the analyte must be known so that the instrument can
be configured to allow the corresponding parent ion to pass through the first mass filter (Q,). It
was observed above that the precursor-ion and constant neutral loss spectra of figures 4.3.2 and
4.3.3 not only identified the mass/charge ratio of a model C-terminal peptide, but provided
extensive sequence information. The sequence information provided was a bonus, and was
presumed to be due to minor fragmentations which occurred during microspray ionization
(McCloskey, 1990; Biemann, 1992; Capriolli er a/., 1995). It would have been sufficient if these
spectra simply identified the mass/charge ratio of C-terminal peptides out of a mixture. With the
parent ions identified, the product-ion spectrum of each potential peptide could be obtained by
reanalyzing the sample. Figure 4.3.4 and table 4.3.1 shows the merit of this operating mode in
sequencing the peptide leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH;),. The fragmentations
reported are unmistakably characteristic of this peptide. For analytes which contain impurities
and peptides of unknown molecular weight (McCloskey, 1990), precursor-ion and constant
neutral loss spectra can first be acquired and used to determine the mass/charge ratio of potential

C-terminal peptides in the mixture.

4.4.2. Protein derivatives.

The true test of the merit of nonaqueous derivatization of carboxyl groups is not just
measured by product yield, but also in terms of convenience and simplicity. Performing the
experiment requires a certain degree of skill, but once acquired, the protocols attempted are rather

straightforward. While other reagents, namely carbodiimides, acid anhydrides and chlorides,
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pyrocarbonates and alkylchloroformates, are more effective activators (Bodanszky and
Bodanszky, 1994), there were problems associated with their use in nonaqueous media. First, the
amount of residual salt and charge carriers remaining after reaction was unacceptable. In
contrast, methanolic hydrogen chloride solution could be removed much more effectively in
vacuo at room temperature. Second, the activated carboxyl groups were sufficiently reactive that
proteins became crosslinked. It is believed that lyophilized proteins have interprotein salt bridges
joining amino and carboxyl groups. Once activated, the carboxyl group may form an amide bond
with the adjacent amino group, leading to crosslinked protein. The crosslinking phenomena can
also be mediated by inter-protein ester bond formation, since it was observed that N-trimethylated
proteins could still be made to crosslink using carboxyl group activating agents. In contrast, the
poor leaving ability of methyl esters and the protonation state of amino groups in the esterified
protein appeared to prevent crosslinking and improve shelf-life.

Figures 4.3.5, 4.3.6, and 4.3.7 show the integrity and yield of protein derivatizations as
observed by sodium dodecyl sulphate polyacrylamide gel electrophoresis. The esterification
(Figure 4.3.5, lane 2; figure 4.3.7, lane 8) proceeds without degradation of protein. The integrity
of backbone amide bonds appears intact following reaction but the possibility of having N—O
acyl migrations cannot be ruled out on this basis. The change of properties upon esterification is
notable, for example, the control proteins in methanol consistently migrate at a slower rate
(Figure 4.3.5, lane 1; figure 4.3.7, lane S) compared to esterified protein. Since none of the
samples were boiled or contained 2-mercaptoethanol, nothing can be said about the ratio of
sodium dodecyl sulphate bound to protein or the expected mobility of the protein (Hames and

Rickwood, 1990). The results at least suggest, however, that the structures are different. The
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treatment of protein with ethylenediamine results in cleavage of the disulphide bonds (Figure
4.3.5, lanes 3&4). This has been reported to occur in basic aqueous solution by abstraction of
one of the Ca protons of cystine (Darbre, 1986). It is suspected that the same mechanism
operates in this example. The rupture of disulphide bonds had no bearing on whether the protein
was previously esterified. While a-chymotrypsin has three chains, the smallest is only sixteen
amino acid residues and is not observed. Also notable is the fact that the amidated protein (lane
4), which originally migrated ahead of the control (lane 1) as esterified protein (lane 2), now lags
behind the corresponding control protein (lane 3) after treatment with ethylenediamine. The
difference in migration rates between the control (lane 3) and reacted protein (lane 4) is significant
enough to presume that amidation has occured. The fact that the amidated protein is observed as
two distinct bands, and not smears, indicates that the yields of esterification and amidation must
have been very good. As noted in the rationale section, treatment of the model peptide
phenylalanyl-glycyl-glycine under identical conditions led to quantitative amidation.

The pretreatment of protein with pyridine remains optional as there is no evidence from initial
investigations to suggest that protein amide bonds are being cleaved at serine or threonine ester
bonds by diamine under the reaction conditions employed. Proteins appeared to be intact, with
exception to the disulphide bonds, after treatment with ethylenediamine (Figure 4.3.5, lane 4).
Either the N»>O acyl migration is not occuring, or it is being reversed by the addition of pyridine
or diamine without incident. This second possibility is not unreasonable since diamine, with an
approximate concentration of 10 M, would be directly competing for the ester carbonyl carbon
against the No-amino group of serine or threonine, the latter attemipting a five-membered

intramolecular ring cyclization reaction with an effective concentration many orders of magnitude

Chapter 4 168



greater (Fersht, 1985; Creighton, 1993). Indeed, nonspecific transamidation and consequent
degradation of protein is not observed (Figure 4.3.5, lanes 3&4: figure 4.3.7, lanes 6&9)

Using N,N-dimethylethylenediamine to amidate esterified protein gave different results than
using ethylenediamine, however, they were no less encouraging. Most notable was the fact that
N,N-dimethylethylenediamine does not cleave the disulphide bonds of a-chymotrypsin
(Figure 4.3.7, lane 6&9). While it may appear as if the protein ester was never in contact with
N,N-dimethylethylenediamine, the high molecular weight material trapped between the stacking
and separating gels attests to the contrary and further suggests that minor crosslinking has
occurred (lane 9). The amidated protein (lane 9) did not lag behind the control protein (lane 6) as
was the case of protein derivatized with ethylenediamine (Figure 4.35, compare lanes 3&4).
However, the gel appeared to be highly crosslinked (> 15%) and the migration of either
a-chymotrypsin derivative was limited. It is difficult to conclude whether the amidated protein is
laging behind the control, or even if it should be, given the circumstances. Compared to the
esterified protein (Figure 4.3.7, lane 8) the amidated protein appears to have a different mobility.
Once again, however, since the esterfied protein in lane 8 was not treated with
N,N-dimethylethylenediamine, there may be a salt effect which perturbs the relative migrations of
the protein in lanes 8&9. The only concrete evidence showing that carboxyl groups of protein
were being amidated effectively with N,N-dimethylethylenediamine was from the diagonal
experiment of variation 3, which showed that N-acetylated protein could not incorporate
radioactivity into non C-terminal peptides (Figure 4.3.11; left) while N-acetylated and esterified

protein did incorporate radioactivity (Figure 4.3.11; right).
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The acrylamide gel (Figure 4.3.6) shows the profile of ethylenediamine derivatized protein
following in vacuc "*C-methylation. The results of the derivatization were difficult to interpret.
At first glance, it appeared that the protein had been nonspecifically cleaved, generating false
C-terminal peptides. This is supported by the fact that radioactivity is present along the entire
length of the gel. The profile with Coomassie staining (not shown) was also identical. However,
there is material trapped in the stacking gel and at the beginning of the separating gel which
.suggests that there are crosslinked protein fragments. If peptide bonds are being cleaved,
insolubilities would not be expected. Futhermore, various amines and even methylated
ethylenediamine are strongly stained with Coomasie blue and do not run off a gel as expected.
Diamines were usually observed at the bottom one-third of a gel as a long smear (not shown). In
some cases, amidated protein samples which were insufficiently evacuated and contained
excessive diamine produced very blue backgrounds and showed evidence of salt effects. It was
therefore necessary to look elsewhere in order to determine whether protein was being
nonspecifically cleaved.

If false C-termini were being generated by heat promoted transamidation reactions,
nonesterified control proteins, with free C-terminal carboxyl groups, should still have produced
diagonal peptides along the C-terminal diagonal line (1-2). Unfortunately, a two-dimensional
paper chromatogram had not been carried out for the control protein incubated with
ethylenediamine (Variation 1), and it was therefore difficult to conclude with absolute certainty if
any transamidation occured in the presence of residual ethylenediamine. While the success of the
esterification and amidation steps cannot be denied, the outcome of the methylation step is less

certain and it appears that residual diamine becomes problematic when protein is incubated at
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elevated temperatures. In hindsight, more volatile diamine analogues such as 1,1-dimethyl-
hydrazine and diaminomethane (Wang and Young, 1978) could potentially have been coupled
cleanly to protein carboxyl groups. Dimethylhydrazine has a low boiling range of 62-64°C
(Aldrich catalogue) and diaminomethane coexists in water with formaldehyde and 2 equivalents of
volatile ammonia. Formaldehyde polymerizes to form paraformaldehyde upon dehydration but

can still be removed using volatilizing conditions in which polymer and gaseous monomer coexist.

Peptide derivatives and two-dimensional paper electrophoresis.

Figures 4.3.8,4.3.10, 4.3.11 and 4.3.12 show the diagonal chromatograms of variations 1 to
4, respectively. Diagonal line 1-2 of variation 1 (Figure 4.3.8) is undeniably strong and contains
distinct peptides, however, as discussed previously, the peptides are likely to be false C-terminal
peptides. More interesting are the strong peptides which lie off this C-terminal diagonal line, and
which in themselves describe two other diagonal lines, 1-3 and 1-4. Such non C-terminal
diagonals were not observed before in aqueous derivatizations. The high specific activity which
can be incorporated into peptides by nonaqueous methods offers a unique opportunity to examine
other series of presumably related peptides. For example, diagonal line 1-3 may potentially
represent a series of peptides which lose a net one positive charge in going from pH 2.1 to
pH 4.4. If this is the case, the diagonal procedure would offer an incredibly powerful means of
specifically isolating these peptides. Further, by using appropriate reagents and isotopes, and by
controlling the LpH values of derivatization (chapter 3), it may be possible to investigate the
reaction of just one type of amino acid of a protein. For example, methylation of protein at LpH 6

(Iyophilized at pH 6) with excess [?Cliodomethane, followed by trace methylation of the protein
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at LpH 7.5 with ["*CJiodomethane may prove to be a way of specifically observing the reactivity
of exposed N-terminal amino groups of protein.

Diagonals 1-2, 1-3 and 1-4 were all subjected to paper chromatography. In each case, many
of the peptides were resolvable by this method. Figure 4.3.9 shows the many methylation states
of ethylenediamine (right side) and some faint spots in the more central areas. It is important to
note that the experiment was begun with 1 nmole of starting material. Despite this, spots were
observed, as in the case of figure 4.3.9, after only 1 week of autoradiography. This represents a
substantial time-savings with respect to aqueous methods of derivatization, where radiolabeled
reagents are normally diluted with regular reagent.

Variation 2 (Figure 4.3.10) was performed in the identical manner as variation 1, except that
N,N-dimethylethylenediamine replaced ethylenediamine. It was hoped that this reagent would
prove more easily removed under vacuum than its predecessor and pose less of a problem during
the methylation step. Unfortunately, a nonesterified control protein was subjected to the
remaining derivatization steps and produced a C-terminal diagonal line (1-2) that looked similar to
that of the esterified protein. This indicated that false C-terminal peptides were generated. As
observed, diamine was present during the methylation step. The very strong spot at one end of
the diagonal corresponded to a methylation product of N,N-dimethylethylenediamine (Figure
4.3.10, top of diagonal line 1-2). Non C-terminal diagonal lines (1-3 and 1-4) were also observed
in the chromatogram of esterified protein (Figure 4.3.10) and nonesterified protein (not shown).
Again, these other diagonal lines probably resulted from the reaction of iodomethane with any or
all of the histidyl, tyrosyl, methiony! and lysyl side-chains of protein, and the potential applications

of this finding should be further investigated.
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Thus far, the isolation of a C-terminal peptide could not be confirmed by paper
electrophoresis, due to the cleavage of protein chains by heat promoted transamidation reactions.
Variations 3 and 4 were implimented to remove any risk of generating false C-termini. To
achieve this, amino groups of the reaction mixture were acetylated prior to methylation.
However, the results of variation 3 again showed that unblocked N,N-dimethylethylenediamine
must have been present during the methylation step (Figure 4.3.11, diagonal line 1-2). The three
‘spots near the top are believed to represent various methylation states of N,N-
dimethylethylenediamine, while the intense spot at the mid-point of the diagonal is believed to
represent N,N,N-trimethyl-N’-acetylethylenediamine. The results suggest that either diamine is
adsorbed and protected by the protein prior to acetylation, or acetylated diamine is unblocked
under the conditions used for methylation. The profile of C-terminal diagonal lines (Figure
4.3.11; 1-2) for esterified (right) and nonesterified (left) protein are similar, again indicating that
C-terminal peptides are being falsely generated. Unlike variation 2, however, non C-terminal
diagonal lines (1-3 and 1-4) of the control protein (left) were absent. This is consistent with the
fact that protein lysyl residues should be acetylated and not capable of incorporating radioactivity.
If this is true, diagonal lines 1-3 and 1-4 probably represent two different series of peptides
containing amidated aspartic or glutamic acid residues. Further work is required to confirm this
claim.

The methylation reaction of variation 4 was carried out at room temperature to prevent any
possible generation of false C-terminal peptides. Furthermore, the protein was digested prior to
methylation so that all residual N ,N-dimethylethylenediamine would be acetylated.  Unlike

variations 1, 2 and 3, variation 4 had the advantage that the entire protocol could be conveniently
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carried out in one Eppendorf tube. Unfortunately, the paper chromatogram of variation 4 (not
shown) only appeared to contain a radioactive neutral spot and radioactive diagonal markers.
These markers produced spots that were at least as intense as those observed in previous
variations. With no apparent reason to explain the absence of radiolabeled peptides, it is believed
that the methylated protein derivative was not proteolyzed.

Variation 5 (Figure 4.3.12) is the shortened version of variation 4 and was introduced when it
was observed how easily leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N(CH3), could be sequenced by
tandem made spectrometry (Figure 4.3.4 and table 4.3.1). It was noted that the sensitivity of
detection of this peptide was approximately the same as that of the quaternized ammonium
analogue, leucyl-leucyl-leucyl-tyrosyl-NHCH,CH,N (CH;);. Furthermore, it was observed that
the N,N-dimethylethylenediamine ion could easily be formed in the collision chamber and that
dimethylamine was just as readily lost under the conditions of mass analysis as trimethylamine.
These revelations suggested that it may not be necessary to derivatize the peptide with
iodomethane. It was reasoned that variation 5 would avoid additional steps, allow the experiment
to be carried out in a single Eppendorf tube, and most importantly, prevent the heat induced
cleavage of protein by diamine. The disadvantage of this method was that individual peptides
would no longer be seen by autoradiography. The success of variation 5 therefore required that
the diagonal line be identified using markers, and the eluted peptides be separated by some other
means. This made it necessary to use high performance liquid chromatography in series with
tandem mass spectroscopy.

As observed, the chromatogram of variation 5 (Figure 4.3.12) had two apparent C-terminal

diagonal lines (1-5 and 1-6). The markers, namely hexamethylethylenediamine (5) and
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N,N-dimethylethylenediamine (6), did not describe the same line. Such anomalous mobility was
observed previously with the compound acetyl-valyl-arginyl-arginyl-7-amido-4-methylcoumarin,
of chapter 5 (not shown). In fact, no two of the three compounds described lay on a common
diagonal line. The correct choice of diagonal marker therefore required some reasoning. The
N,N-dimethylethylenediamine marker became very elipsoid when electrophoresed in the pH 4.4
direction. This immediately cast some doubt as to its reliability. Furthermore, it was shown that
the peptides which lay along diagonal line 1-2 of variations 1, 2 and 3 were false C-terminal
peptides, but peptides nonetheless. For this reason, it was safest and most consistent to choose
the hexamethylethylenediamine marker to deliniate the C-terminal diagonal line of variation 5
(Figure 4.3.12; 4, excised diagonal). The diagonal strip was eluted to recover the peptides. Mass
analyses of the contents of the diagonal strip (Figure 4.3.14) were inconclusive, in sharp contrast
to the unambiguous results obtained for the peptide standard leucyl-leucyl-leucyl-tyrosyl-
NHCH,CH,N(CH;), (Figure 4.3.13). The weak signals obtained (Figure 4.3.14) may be due to
some or all of the following reasons, but only the first explanation is likely: (i) The amount of
protein loaded was small in comparison to interferents normally coeluted from the Whatman
paper. (ii) The wrong diagonal marker was chosen to recover the C-terminal peptides.  (iii)
Amidation and/or proteolysis of a-chymotrypsin was unsuccessful. With respect to points (i), (ii)
and (iii), an internal standard containing a reactable carboxyl group could be introduced in the
beginning stages to monitor the course of derivatization. This is especially important since
verifying the presence of peptides on paper is not straightforward in variation S, unlike variations
1 to 4, which take advantage of radioactivity.

Quite clearly, the problems associated when analyzing such small amounts of protein in the

presence of trace interferents are still formidable. The success of microscale C-terminal analysis
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may require the exclusion of two-dimensional paper electrophoresis, or the implementation of a
post-chromatography purification protocol. This work has been continued by Frangois R.
Clairmont, who has modified the procedure for larger amounts of protein and has isolated the
C-terminal peptide of the insecticidal protein from Bacillus thuringiensis, an achievement which

attests to the merit of this procedure and encourages its continued development.

4.5. Conclusions

The investigation suggests that C-terminal peptides of protein can potentially be isolated by a
nonaqueous chemical approach. Attempts to label carboxyl groups of protein by aqueous
chemical methods had shortcomings when applied to very little amounts of material, however,
nonaqueous derivatization of protein carboxyl groups was elegant, technically simple and
applicable to minute amounts of protein. By avoiding chromatography or dialysis, product yields
were clearly improved. The chemicals and reagents chosen made the protocol feasible for even
small scale reactions. Esterification and subsequent amidation procedures were successfully
carried out without observing significant protein degradation and crosslinking. The diamine used
to label protein carboxyl groups fragmented predictably under the conditions of mass analysis, and
potentially provides a means of characterizing individual C-terminal peptide derivatives by tandem
mass spectral methods. Unfortunately, in vacuo methylation of protein could not be carried out
without suffering degradation. Two last variations in protocol attempted to ameliorate the
problem, however, the outcome was either inconclusive or indicated that more work was
required. The use of diagonal electrophoresis can be extended to specifically isolate any

derivatized protein functional group.
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Chapter S: Characterizing cathepsin B substrate specificity
5.1 Introduction

Lysosomal cathepsin B (EC 3.4.22.1), a cysteine proteinase normally active in protein turnover,
has been implicated in several pathological conditions, including arthritis, muscular dystrophy and
tumor metastasis (Mort et al., 1984; Gopalan ez al., 1987; Katunuma and Kominami, 1987; Lah et
al., 1989; van Noorden et al., 1989; Sloane, 1990; Sloane et al., 1990; Moin et al., 1992a; Moin
et al., 1992b; Buck et al, 1992; Sinha et al., 1993; Campo er al,, 1994; Cao et al., 1994;
Castiglioni et al., 1994; Emmert-Buck er al.,1994; Honn et al., 1994; Rempel et al., 1994;
Rozhin et al., 1994; Sloane e al., 1994a; Sloane et al., 1994b; Visscher et al., 1994; Berquin et
al., 1995; Calkins and Sloane, 1995; Mikkelsen et al., 1995; Ryan et al., 1995; Sinha et al.,
1995a; Sinha ef al., 1995b; Keppler and Sloane, 1996; Ren et al., 1996). It is unique among the
Cysteine proteinases in that it has both endopeptidase and exopeptidase activities, can accept basic
residues in a substrate at both the P, and P, positions and has complex pH dependencies (Barrett and
Kirschke, 1981; Willenbrock and Brocklehurst, 1985; Pohl ez al., 1987; Khouri er al., 1991). The
detailed analysis of the pH dependence of cathepsin B catalyzed hydrolyses has revealed that at least
seven groups which dissociate in the pH range of 3 to 9 can affect substrate binding and/or turnover
(Hasnain et al., 1992).

Kinetic analyses with N-terminal protected monopeptidyl and dipeptidyl substrates or various
irreversible inhibitors demonstrated that the S, subsite prefers positively charged or straight chained
aliphatic amino acids but exhibits a very poor affinity for negatively charged or bulky aromatic and
branched aliphatic amino acids (Barrett and Kirschke, 1981; Crawford e al., 1988; Wikstrom et al.,

1989; Krantz er al., 1991; Pliura et al., 1992). The S, subsite was shown to exhibit a preference for
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phenylalanine and arginine (Figure 5.1.1, top), although the specificity constant, ke/Ka, is seven-fold
higher for the former (Hasnain ef al., 1992). Interpretation of pH activity profile data, obtained with
substrates containing an arginine at P, and either an arginine or phenylalanine at P,, suggested the
presence of carboxyl groups in the S, and S; subsites with pX, values of 5.4 and 5.1 respectively
(Hasnain et al., 1992). The identity of the group with the pK; of 5.1 was confirmed to be Glu?** by
kinetic characterization of site-directed mutants, Glu**-GIn?* and Glu>*-Ala®* (Hasnain ef al., 1993).
In contrast to the understanding of the S; and S, subsite specificities, Ss specificity remains largely
uncharacterized Brémme et al. (1987) have shown that the binding of a series of N-terminal
succinylated alanine-containing peptide substrates could be improved by increasing the length of the
peptide chain  When comparing tripeptide and dipeptide alanine substrates, the former demonstrated a
two-fold increase in the specificity constant ./K, In addition, the S; subsite was shown to accept
proline, unlike subsites S, or S, (Bromme et al., 1987). Bromme e al. (1989) also examined S; and
Ss specificity using six tripeptide and tetrapeptide coumaryl substrates. For two of the substrates with
valine and phenylalanine as the P; residue, they found no significant difference in binding energy.
However, since the N-terminal blocking groups were not the same for the substrates and the P;
residues selected did not have a sufficiently wide range of physico-chemical properties, the optimal
specificity of the S; subsite remained unresolved. In a different approach, Koga et. al. (1991) digested
soluble denatured proteins with cathepsin B. Fragments arising from endopeptidase activity were
analyzed and interpretation of the results suggested a preference for the amino acids glycine,
tryptophan, alanine, lysine, isoleucine and proline at the P; position of the substrate. Although only
qualitative, the results, excluding the observation of lysine at P;, supported the possibility of a

hydrophobic pocket at the S; subsite.

Chapter § 182



Pz Pl P 1 ’
I i I
ARG & Y | LEAVING
QCH2 M W PHE _L_ﬂ_ ARG GROUP
S2 Si Sy’
CuT
P, P, P, 1 LG T AMC
(o] o]
| | o

[} (o]
cHi—op—~ Y —-'clz-y—- ARG —!l:-ﬂ— ARG —c—p—@
9 s

S3 Sz Si N

X— GLY, VAL, GLU, TYR, ARG

oLy Vzle GIU TYR ARG

SN = SO - T - S
|

COOH CHz

NH

c

OH
HoN™ SNH

Figure 5.1.1: Schematic representation of the binding mode of substrates to cathepsin B. (10p)
Benzyloxycarbony! dipeptidy! substrates with either arginine or phenylalanine bound to the S, pocket
were previously shown to be good substrates of cathepsin B; (bottom) Acetyl tripeptidyl substrates
with glycine, valine, glutamic acid, tyrosine or arginine were used to help define S; specificity.

Leaving group (LG) = 7-amino-4-methvlcoumarin (AMC)

Focus of the present research
In this chapter we describe the kinetic analysis of substrates of the type acetyl-X-Arg-Arg-AMC

(where X is Gly, Glu, Arg, Val, or Tyr and where AMC represents 7-amido-4-methylcoumarin). The
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side-chain residue of each substrate was chosen to help define specificity at the S; subsite (Figure 5.1.1,
bottom). In addition, the difference in free energy change of binding (AAG values) for these substrates
was calculated to obtain the relative strengths of binding of the different P; side chains in the S; subsite.
Finally, molecular modeling studies were carried out for tripeptide substrates containing Glu (in its
protonated and deprotonated states), Arg and Tyr in the P; position in order to further clarify these

enzyme-substrate interactions.

5.2 Materials and Methods

S.2.1 Enzyme expression and purification. The cDNA for rat cathepsin B was expressed in
Saccharomyces cerevisiae as an a—factor fusion construct (Rowan et al., 1992). Yeast starter cultures
were grown in synthetic medium and then were grown in four litre shake flasks as reported before
(Roowan et al, 1992; Emst, 1986). The recombinant enzyme was harvested and purified as

previously described (Hasnain ef al., 1992).

5.2.2 Enzyme assays for the determination of kinetic constants. Prior to kinetic analysis, the
enzyme concentration was determined by active site thiol titration (Figure 5.2.1) using the cysteine
proteinase  inhibitor = E-64 (N-[N~(L-3-trans-carboxyoxiran-2-carbonyl)-L-leucyl]-agmatine)
(Boehringer Mannheim Canada) according to the methodology of Barrett and Kirschke (1981).

Just before conducting experiments for the determination of kinetic constants, the enzyme, in 50
mM sodium phosphate buffer, pH 6.0, 1 mM ethylenediamine tetraacetic acid, was activated for one
hour by the addition of dithiothreitol to a final concentration of 10 mM, and then kept on ice (Hasnain

etal.,, 1992). The active enzyme concentration was shown to be unchanged for the duration of the
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experiments Michaelis-Menten kinetic parameters for the coumaryl substrates were determined at
24°C by continuous fluorescence spectrophotometry (Figure 5.2.2), using an SLM Aminco DW2000
spectrophotometer equipped with the Total Fluorescence Accessory (Hasnain ef al., 1992). All data
were fitted by the nonlinear regression data analysis program Enzfitter, of Leatherbarrow, supplied by
Elsevier-Biosoft.

Assays were performed in 25 mM sodium phosphate buffer, 250 mM NaCl, 1 mM
ethylenediamine tetraacetic acid, 3% dimethyl sulphoxide, pH 6.0 or 7.7, and in 25 mM sodium citrate
buffer, 250 mM NaCl, 1 mM ethylenediamine tetraacetic acid, 3% dimethyl sulphoxide, pH 4.0. The
PH activity profiles were determined for two substrates, acetyl-Val-Arg-Arg-AMC and acetyl-Arg-
Arg-Arg-AMC. These pH activity profiles were determined over the pH range 3.2-8.4 by measuring
keay/Ke at 0.1 pH unit intervals, using the relationship kea/Kei=v/([E][S]) when [S]<<K, Assay samples
were monitored to ensure that pH was stable over the course of the reaction Over the pH range
3.2-6.0, the reaction buffer consisted of 25 mM sodium citrate, 250 mM NaCl, | mM ethylenediamine
tetraacetic acid, and 3% dimethyl sulphoxide. In the pH range 5.7-7.7, the reaction buffer was 25 mM
sodium phosphate, 250 mM NaCl, 1 mM ethylenediamine tetraacetic acid and 3% dimethyl sulphoxide,
and in the pH range of 7.7-8.4, the reaction buffer was 25 mM sodium borate, 250 mM NaCl, 1 mM
ethylenediamine tetraacetic acid and 3% dimethyl sulphoxide.

The citrate buffer consistently afforded lower activity measurements when compared to the
phosphate buffer through the pH range 5.7-6.0, and for this reason, there was a break in the continuity
of the data of the pH activity profile. Similar results were observed by Hasnain et al. (1992) for the
substrates benzyloxycarbonyl-Arg-Arg-X (where X is 7-amido-4-methylcoumarin or p-nitroanilide).

The data in citrate buffer were corrected by a factor determined from measurements in phosphate
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Figure 5.2.2: Sample enzyme assay using acetyl-Val-Arg-Arg-AMC as substrate at pH 6.0.
(top) Initial rate data acquired using different substrate concentrations: (1) 0.177mM (2) 0.355mM
(3) 0.710mM (4) 1.06mM (5) 1.42mM (6) 1.77mM. Aexcirasion=3 70nm. (bottom leff) Michaelis-Menten
kinetics profile with rate (v) plotted against substrate concentration. (bottom right) Hanes-Woolfe plot
for extraplotating the value of S/v.

buffer at four separate pH intervals (5.7-6.0) where citrate and phosphate buffers overlapped, as
described by Hasnain et al. (1992). For the tripeptide substrates in this investigation, a similar effect
was evident at pH 7.7, where borate and phosphate buffers overlapped, with greater activity in borate
buffer. It was previously determined (Hasnain et al., 1992) that pH 7.7 was the only value in the pH
range where both phosphate and borate buffers could be made to overlap under the ionic strength con-
ditions used in the experiment. Therefore, the following strategy was used to correct for this buffer
effect The enzyme activity measurements at pH 7.7 for the substrate acetyl-Val-Arg-Arg-AMC in

each buffer system were carefully repeated in triplicate and were shown to be highly reproducible. By
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averaging the enzyme activities in each buffer system at pH 7.7 and by calculating the ratio of these
averaged activities for both buffer systems, a normalizing factor with small standard deviation was
determined.  Graphical analysis of the corrected data for two independent experiments using the
substrate acetyl-Val-Arg-Arg-AMC and for one experiment using the substrate acetyl-Arg-Arg-Arg-
AMC demonstrated that the prcfiles gave a best fit to the four proton ionization model of Hasnain et
al. (1992), where dipeptide AMC substrates with an arginyl residue in the P, position were employed.

‘The agreement with previous work supported the validity of this correction for the borate buffer.

S.2.2 Substrate synthesis. Substrates were provided by Isidoros Vlattas and coworkers of Ciba-
Geigy Corporation. While many blocking groups and coupling reagents were available (March, 1985;
Atherton and Sheppard, 1989; Bodanszky and Bodanszky, 1994) two approaches were decided upon.
The peptides acetyl-Arg-Arg-Arg and acetyl-Val-Arg-Arg were synthesized on a Sasrin resin solid
support by the employment of standard 9-fluorenylmethoxycarbonyl group methodology. The side
chain functionality of Na-(9-fluorenylmethoxycarbonyl)-arginine was blocked with the 2,2,5,7,8-
pentamethylchroman-6-sulphonyl group. Amino acids were coupled using 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate in N-methyl pyrrolidone. After being cleaved from
the resin with 1% trifluoroacetic acid in dichloromethane, the peptides were coupled to AMC with
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide ~ hydrochloride in N,N-dimethylformamide and
dichloromethane, once again in the presence of 1-hydroxybenzotriazole. Substrates were deblocked by
treating with 95% trifluoroacetic acid and 5% water.

The substrates acetyl-Arg-Arg-AMC, acetyl-Gly-Arg-Arg-AMC, acetyl-Glu-Arg-Arg-AMC and
acetyl-Tyr-Arg-Arg-AMC were prepared in solution by the employment of Na-fert-butoxycarbonyl

amino acids. In contrast to the solid support method, the initial syntheses of these substrates began
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with the making of Arg-AMC and the coupling reaction was carried out in pyridine with
dicyclohexylcarbodiimide. The side chain functionalities of Arg, Tyr and Glu were protected as
p-toluenesulphonyl, 2-bromobenzyloxycarbonyl, and benzyl derivatives, respectively. Peptide coupling
reactions with dicyclohexylcarbodiimide were generally achieved in a double solvent system. Typically,
dichloromethane was used to dissolve the ferr-butoxycarbonyl amino acid and coupling agent. To this
was combined the growing AMC peptide, previously dissolved in N N-dimethylformamide.
Racemization was minimized by the employment of 1-hydroxybenzotriazole. Sequential removal of
the fert-butoxycarbonyl group required treatment with 50% trifluoroacetic acid in dichloromethane at
room temperature.  Substrates were subsequently acetylated with acetic anhydride in pyridine
Deprotection of the side groups was effected by treatment with a 9:1 (v/v) mixture of hydrofluoric
acid/anisole.

All substrates were purified by reverse phase high performance liquid chromatography using
varied linear gradients between 0 and 60% acetonitrile, in 0.1% (v/v) trifluoroacetic acid (F igure 5.2.2).
Substrate composition and purity were verified by amino acid, mass spectral and ['HJNMR spectral

analyses (Figures 5.2.3, 5.2.4 and 5.2.5).

5.2.3 Evidence supporting exclusive hydrolysis of substrates at the AMC peptide bond.
Exclusive hydrolysis of substrates at the AMC peptide bond was established by using high voltage
paper electrophoresis to separate the products after incubation of substrates with cathepsin B (Figure
5.2.6). Since 7-amino-4-methylcoumarin is ninhydrin negative, the basic premise of this strategy was
that cleavage at any site, other than the AMC peptide bond, would generate a free a-amino group
which would yield a ninhydrin positive peptide. Substrates were incubated with cathepsin B in pH 6.5

buffer of the composition acetic acid:pyridine:water (3:100:1800 by volume). Reaction completion
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Figure 5.2.2: Final purification of the substrate
acetyl-Val-Arg-Arg-AMC by reverse phase high
performance liquid chromatography. The com-
pound (retention time = 28.61 min) was collected and
examined as indicated in the text.

Figure 5.2.3: Amino acid analysis of the substrate
acetyl-Val-Arg-Arg-AMC. An aliquot was dissolved
in 6N HCI and hydrolyzed. Amino acid analysis was
carried out with ninhydrin detection. Valine and
arginine were observed in the ratio 1:2.
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time of flight detection. The predominant (M+H)" ion at 628.5m/z corresponds to the substrate.
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Figure 5.2.6: Schematic representation of the chromatogram obtained for acetyl-Val-Arg-Arg-
AMC before and after incubation with cathepsin B. The coumaryl substrate, visible under
ultraviolet light, migrates towards the cathode. In contrast, only one fluorescent neutral band is
observed following incubation with catherpsin B, indicating that there is one coumaryl species. The
migration of aminomethylcoumarin (AMC) is consistent with this band, indicating that cathepsin B has
complelely cleaved the coumaryl bond. No other fluorescent or ninhydrin positive products were
observed. In particular bond A, if cleaved,would be accompanied with concomitant production of the
ninhydrin positive peptide Arg-AMC.
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was verified spectrophotometrically, whereupon the digests were applied to 3MM Whatman paper and
subjected to electrophoresis in pH 6.5 buffer (3:100:900 by volume) at a voltage gradient of 60
volts’cm for 30 minutes. All substrate digests yielded products that tested ninhydrin negative,
demonstrating that cleavage occurs only at the AMC peptide bond. After spraying the chromatogram
with the modified Sakaguchi reagent (Acher and Crocker, 1952), arginine residues were identified as a
single red band, indicating there was only one product containing arginine. The final position of this
fragment and its lack of fluorescence under ultraviolet light was consistent with the expected behaviour
of each substrate after cleavage at the AMC peptide bond. The absence of other Sakaguchi positive
material also ruled out other possible cleavage reactions. Standards of unwanted cleavage products
were employed at predetermined concentrations and demonstrated that undesirable digest fragments

would have been detected at the one mole percent level.

5.2.4 Molecular modeling of enzyme-substrate interactions. Modeling studies were carried out by
Regine Bohacek at Ciba-Geigy Corporation for the tripeptide substrates containing a P; Tyr, Arg, or
Glu, the latter in the protonated and deprotonated forms. Each substrate was constructed using, as a
starting point, the X-ray structure of the inhibitor, Pro-Phe-Arg-chloromethylketone, bound to
cathepsin B (Huber et al., manuscript in prep). The MACROMODEL molecular modeling package
(Mohamadi er al., 1990) was used for this operation. The substrate was covalently attached to the
enzyme simulating a tetrahedral intermediate by forming a covalent bond between the active site
thiolate of Cys® and the P, carbonyl carbon of the substrate.

To refine these enzyme/substrate complexes, low energy conformers were generated using

simulating annealing followed by energy minimization. Each complex was subjected to 20 simulated
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annealing experiments. In each experiment, the complex was subjected to a dynamics simulation
during which the temperature (°C) varied from 300 degrees to 30 degrees over a period of 3 pico
seconds. The time step was 3 femto seconds These procedures were carried out using the QXP
program developed at Ciba-Geigy (McMartin and Bohacek, 1995) with parameters from the AMBER
force field (Weiner et al., 1984). Comparison of the positions of the enzyme atoms from the X-ray
structures of cathepsin B complexed with several different inhibitors showed that the positions of most
of the enzyme atoms did not change significantly with binding of different inhibitors (Jia ef al., 1995;
Huber, unpublished data). Therefore, most of the enzyme atoms were held stationary during energy

minimization Residues that were allowed to move were Gln®, Cys”, Asp”, Glu'® and Glu**,

5.3 Results and Discussion

5.3.1 Michaelis-Menten constants. Table 5.3.1 lists the substrates and the kinetic constants for
their hydrolysis by cathepsin B. At pH 6.0, ke/K. for the substrate acetyl-Arg-Arg-AMC was
four-fold less than benzyloxycarbonyl-Arg-Arg-AMC. The difference appears largely due to an
increase in K, which can be attributed to the substitution of the benzyloxycarbonyl group by the
acetyl group. This is consistent with the fact that the X-ray structure of the inhibitor,
benzyloxycarbonyl-Arg-Ser(O-benzyl)—chloromethylketone, in a covalent complex with cathepsin
B, reveals a favourable interaction between the N-terminal benzyl group and the phenyl ring of
Tyr” (Jia et al., 1995). This X-ray structure also suggests that, if the binding of the acetyl group
were analogous to the position of the oxycarbonyl moiety in the inhibitor's benzyloxycarbonyl
group, the N-terminal acetyl group, in acetyl-Arg-Arg-AMC, would not make any significant

contacts with the enzyme. Due to the fact that the highest substrate concentration used in the
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experiments with acetyl-Arg-Arg-AMC was almost ten times less than the reported K, a significant
error can be expected in the value of the Michaelis constant. With due consideration of the limitated
substrate concentration, the experimental data showed an increase in the K, value for acetyl-Arg-Arg-

AMC when compared to the value for benzyloxycarbonyl-Arg-Arg-AMC.

Table 5.3.1: Kinetic constants for recombinant cathepsin B expressed in yeast.

Enzyme was preactivated as described The reaction buffers contained 3% dimethylsulphoxide and were 25 mM
in sodium phosphate, | mM in ethylenediamine tetraacetic acid, pH 6.0 and 7.7, or 25 mM in sodium citrate, 1
mM in ethylenediamine tetraacetic acid, pH 4.0. The kinetic data and standard deviations were calculated from
at least three separate determinations unless otherwise indicated The range of substate concentration used was
0.097 to 0.969 mM with acetyl-Arg-Arg-AMC, 0.086 to 0.860 mM with P;=Glu, 0.080 to 0.800 mM with
P;=Gly, 0.081 t0 0.810 mM with Py=Arg, 0.090 to 0.900 mM with P;=Val, and 0.062 to 0.624 mM with Py=Tyr.

Substrate ket (s7) K (mM) | kea/Km (M'sh)
H 6.0
benzyloxycarbonyl-Arg-Arg-AMC* 51.4+5.45 1.11x0.17 46400£3260
acetyl-Arg-Arg-AMC 98.9+14.6 8.67£1.63 115001080
acetyl-Glu-Arg-Arg-AMC -- >10 8730+£660
acetyl-Gly-Arg-Arg-AMC 69.2+4.84 4.60+0.75 15200+1500
acetyl-Arg-Arg-Arg-AMC 120+23.7 2.00£0.35 59600+4360
acetyl-Val-Arg-Arg-AMC 108+6.20 1.35+0.05 80300+4680
acetyl-Tyr-Arg-Arg-AMC 175+12.5 0.92+0.09 1900008600
pH 4.0
acetyl-Glu-Arg-Arg-AMC 15.0£2.20 2.15+0.21 7000+£360
acetyl-Arg-Arg-Arg-AMC 3.94+2 45 1.24+0.83 3260+230
acetyl-Val-Arg-Arg-AMC 10.1+0.81 1.94+0.41 5290+730
acetyl-Tyr-Arg-Arg-AMC® (17.7+3.80) (1.56+0.40) (11500£570)
pH 7.7
acetyl-Arg-Arg-Arg-AMC* 123.0+14.1 1.65+0.09 74700£4500
acetyl-Val-Arg-Arg-AMC 86.8+5.00 0.69+0.07 12600010400

*Data from Hasnain ez al. (1992).

"Data from a single experiment, shown with standard errors.
“Data from a duplicate run, with the averages of the two runs reported.

For the tripeptide substrates at pH 6.0, specificity increased in the order Glu < Gly < Arg <
Val < Tyr, with a 21-fold difference between the glutamate- and tyrosine-containing substrates.
For the two substrates containing either arginine or valine at Ps, kinetic analysis at pH 7.7 showed

that their second-order rate constants (k../Kw) increased only slightly when compared to their
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values at pH 6.0. However, at pH 4.0, the second-order rate constants were significantly lower
than the respective values at pH 6.0. The kc./Kn values of the tripeptide substrates at pH 4.0
were generally fifteen to twenty-fold lower than at pH 6.0, the only exception being the result for
acetyl-Glu-Arg-Arg-AMC. This major dependency of k./K. on pH has been observed
previously for dipeptide substrates of cathepsin B which contained a P, arginine (Hasnain et al.,
1992; Hasnain ez al., 1993). The pcor specificity observed for the substrate acetyl-Glu-Arg-Arg-
AMC at pH 6.0 is best illustrated by a K., value that is too large (estimated at greater than 10
mM) to measure. At pH 4.0, however, under which condition the side chain carboxyl group of
the P; glutamy! could be more than 50 % protonated (assuming a pK, of 4.5) (Fersht, 1985), there
was a marked improvement in binding affinity as suggested by the drop in Kn compared to the
value at pH 6.0. As a result k. /K., values for this substrate were very similar at pH 4.0 and pH
6.0. For all other tripeptide substrates in this investigation (Table 5.3.1), as well as for the
substrate benzyloxycarbonyl-Arg-Arg-AMC (Hasnain er al., 1992), the approximately twenty-fold
decrease in the value of k../K,, at pH 4.0, when compared with pH 6.0, is, to a large extent, due
to the protonation state of the Glu*** side chain in the S, subsite of cathepsin B (Hasnain ef al.,
1993). It was concluded from the investigation of site-directed mutants that the side-chain
carboxylate of the S; Glu**® forms a salt bridge with the guanidinium cation of a P, arginine in
dipeptide substrates, such as benzyloxycarbonyl-Arg-Arg-p-nitroanilide. The strength of this
interaction, which appears to stabilize the transition state complex, was shown to be weakened by
1.2 kcal/mol upon protonation of the of the Glu®** side-chain carboxylate (Hasnain et al., 1993).

This P, Arg-S; Glu** interaction has recently been confirmed by the determination of the X-ray
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structure of cathepsin B complexed with the inhibitor benzyloxycarbonyl-Arg-Ser(O-benzyl)-
chloromethylketone (Jia er al., 1995).

For the tripeptide substrates in this investigation, with the exception of acetyl-Glu-Arg-Arg-
AMC, the observed drop in the value of k.. and k./Kn. at pH 4.0, compared with pH 6.0,
(Table 5.3.1) may similarly be explained by a weakening of the P,-S, interaction upon the

¥ side-chain carboxylate. Any drop in ke/K, that may have been expected

protonation of the Glu
for acetyl-Glu-Arg-Arg-AMC at pH 4.0 relative to pH 6.0, due to the decreased P,-S; interaction,
appears to have been compensated for by an improved Ps-S; interaction. Indeed, if the data are
normalized to account for the twenty-fold drop normally observed at pH 4.0 relative to pH 6.0 for
substrates with a P, Arg and a neutral Ps, there is an approximate twenty-fold increase in affinity
for the protonated side-chain carboxyl of the P; Glu when compared with the deprotonated form.
Quantifying the constants K, and ke, (Table 5.3.1) was more difficult than kw/K., especially at pH
4.0, where product inhibition was generally strongest. Due to the limited amounts of substrate
available, most assays were performed with substrate concentrations below the K value and at best
equal to it. In this concentration range, precise data was required to obtain estimates of the constants
ke and K. Furthermore, at pH 4.0, the determination of accurate initial rates of the two substrates
acetyl-Arg-Arg-Arg-AMC and acetyl-Val-Arg-Arg-AMC was hampered by strong product inhibition.
Figure 5.3.1 illustrates a typical Hanes-Woolfe plot of assays with each of the tripeptide substrates. The

small amount of scattering of the data points shows the precision of the data used to estimate values for

Knand k.
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Figure 5.3.1: Hanes-Woolfe plots obtained by assaying recombinant cathepsin B at pH 6.0 with
five novel tripeptide substrates. The substrates are acetyl-Tyr-Arg-Arg-AMC (0O), acetyl-Val-Arg-
Arg-AMC (x), acetyl-Arg-Arg-Arg-AMC (a), acetyl-Gly-Arg-Arg-AMC (+) and acetyl-Glu-Arg-Arg-

AMC (©). Robust and proportional weighting were used when fitting the data sets.

It is apparent from this data in Table 5.3.1 that the differences in specificity constants, key/Kn,
among these substrates is due to changes in K, and k... At pH 6.0, the trend in binding affinities (1/K,,)
(obtained from the Michaelis constants of Table 5.3.1) for tripeptide substrates with various residues at
P3 can be ranked in the order Glu < Gly < Arg < Val < Tyr. This order parallels the trend in k./Kn
values and suggests that variations in specificity from subtrate to substrate are affected in part by

changes in K. Changes in k., may also have a contributing effect on specificity. There appears to be an
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increase in the value of ke, (Table 5.3.1) as hydrophobic side-groups are introduced into the P; position

of the substrate, with the same trend as that observed for specificity.

5.3.2 Analysis of pH activity profiles for the substrates acetyl-Arg-Arg-Arg-AMC and
acetyl-Val-Arg-Arg-AMC. The data for the pH activity profiles (Figure 5.3.2) were best fitted
to a model describing two dissociation events in the ascending limb and two dissociation events in
the descending limb as described before for the dipeptide substrate benzyloxycarbonyl-Arg-Arg-

AMC (Hasnain ez al., 1992). E£H, and £ are inactive forms of the enzyme.

pK, pK; pK; pKs
EH, == FH; == FEH, == FH =<— E
ft ft f
k ks ky

Data were fitted to this model according to the equation of Hasnain et al. (1992):

kaos™ Ry imid ([H VK + 14K/ [H |+ KoK [H KKK/ [HT)
ez imid (T TIK Ko [H Y Kot 14K/ [H T+KGKSTHTT)

+es it/ (T TIK KoK+ H TR K+ [H YK+ 1+K/[HT])

where kg, was the experimentally observed kw/Ki, and k; limit, %2 timx and ks mi Were the highest

theoretically obtainable k../K. values for each respective dissociation event.
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Figure 5.3.2: The pH activity profiles of recombinant cathepsin B. The substrates are acetyl-

Arg-Arg-Arg-AMC (+) and acetyl-Val-Arg-Arg-AMC (©). The lines through the data points
represent the best fit using equations described in the text. A comparison to the substrate
benzyloxycarbonyl-Arg-Arg-AMC (---) (Hasnain et al., 1992) is shown.

The pH dependence of cathepsin B catalyzed hydrolysis of the substrates acetyl-Arg-Arg-
Arg-AMC and acetyl-Val-Arg-Arg-AMC (Figure 5.3.2) was very similar to that obtained

previously for the substrate benzyloxycarbonyl-Arg-Arg-AMC (Hasnain er al., 1992). The pK,
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values for the former tripeptide substrates were in close agreement with the values for the

dipeptide substrate (Table 5.3.2). The greater uncertainty in the values for pK.2 and pK,3

Table 5.3.2: Ionization constants and K./K, limit values of dissociable groups that are
important for substrate binding and catalysis obtained from pH activity profiles using the

substrates acetyl-Arg-Arg-Arg-AMC and acetyl-Vai-Arg-Arg-AMC. One experiment for the
substrate acetyl-Arg-Arg-Arg-AMC and two separate experiments for the substrate acetyl-Val-Arg-Arg-AMC were
performed. The data for one of the determinations of the latter substrate are reported along with the standard errors.
The pKa value 8.55+0.02 was previously determined with the substrate benzyloxycarbonyl-Phe-Arg-p-nitroanilide at
4°C, where kinetic analyses could be extended up to pH 9.4 (Hasnain ef al., 1992). This value represented the last
dissociation event before all activity was lost. As this pK, value affected catalysis, it was presumed that a similar final
dissociation event should be observed in the kinetic profiles of coumaryl substrates of this investigation. The premise
was supported, in that the profile of the substrate benzyloxycarbonyl-Arg-Arg-AMC could be fitted to a model which
has a fourth dissociation event with a pK, of 8.55 (Hasnain ef a., 1992). Since the present analyses were not carried
through to sufficiently high pH values, the kinetic profiles could not be used to correctly define pK.3 and pK.4. To
overcome this difficulty, the value of 8.55 was again used as a constant for pK.,4 in fitting the data for these two new
substrates. The ease of which the last dissociation event could have been overlooked is best illustrated by the fact that
the shape of the curve could be modeled incorrectly (not shown) with only one dissociation step in the decending limb
in which the apparent pK,3 value is actually a composite PK. value that is intermediate to that of pK,3 and pK,4.

Substrate benzyloxycarbonyl acetyl-Arg-Arg- acetyl-Val-
-Arg-Arg-AMC* Arg-AMC Arg-AMC

pK,1 5.07+£0.03 5.06+0.02 4.98+0.02
pK.2 6.95+0.09 6.90+0.10 6.9320.04
pK.3 7.71+£0.12 7.69+0.17 7.98+0.08
pK.4 (8.55+0.02) (8.55+0.02) (8.55+0.02)
k1 timit 496001350 64700+1270 65900£1100
k2 timit 111000+5730 111000+3970 160000£3600
k3 timit 46600+4790 78300+5010 630007500

‘Data taken from Hasnain et al. (1992).

were due, in part, to the difficulty of obtaining accurate initial rates above pH 7.9, due to the pH

instability of cathepsin B in that pH range. These data suggest that the interaction of the P; Arg

in the S; subsite is not to any significant degree due to a charge-charge interaction, although a

weak interaction cannot be ruled out.

S.3.3 Nature of the S;-P; interaction. Table 5.3.3 reports the change in apparent binding

energies among the dipeptide and tripeptide substrates at pH 6.0. Results are summarized as

follows:
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(i) Apparent binding energies for the dipeptide substrates acetyl-Arg-Arg-AMC and
benzyloxycarbonyl-Arg-Arg-AMC. The change in apparent binding energy for the substrate
acetyl-Arg-Arg-AMC relative to benzyloxycarbonyl-Arg-Arg-AMC was calculated to be 0.82
kcal/mol, suggesting that the benzyloxycarbonyl group interacts with the enzyme as a pseudo-P;
residue. As mentioned previously, this finding is supported by the X-ray structure of a cathepsin
B-inhibitor complex (Jia et al., 1995). In this complex, the benzyl ring of the N-terminal
benzyloxycarbonyl group of the inhibitor, benzyloxycarbonyl-Arg-Ser(O-Bzl)-CMK, makes a
direct contact with the enzyme, forming an aromatic-aromatic interaction with Tyr”, with the

shortest distance of about 3.71 A

(ii) Binding energies of various P; side chains. The glycyl containing substrate served as
the reference for the calculation of apparent binding energies of the P; side chains of the other
tripeptide substrates (Table 5.3.3). At pH 6.0, the only P; side chain that demonstrated a weaker
binding energy relative to glycyl was glutamyl, with a AAG of +0.33 kcal/mol. The other three
tripeptide substrates, with either Arg, Val or Tyr at P, exhibited an improved binding in that
order. While the substrate containing a P; arginyl has an increased binding energy compared to
glycyl, by about 0.81 kcal/mol, this enhancement cannot be to any large degree due to a charge-
charge interaction at the S; subsite. First, a four-fold effect arising from an ionic interaction
between the P; guanidinium group and a negatively charged group in the S; subsite should have
been manifested in the pH activity profile. As shown in Figure 5.3.2 and Table 5.3.2, the pH
activity profile data for the tripeptide, acetyl-Arg-Arg-Arg-AMC, could be fitted by the same
equation used to fit the data for the dipeptide, benzyloxycarbonyl-Arg-Arg-AMC, and the

substrate with a neutral P;, acetyl-Val-Arg-Arg-AMC. Furthermore, the dissociation constants
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derived from these data were virtually identical. In fact, the ratios of k./K,, of acetyl-Arg-Arg-
Arg-AMC and acetyl-Val-Arg-Arg-AMC are similar at pH 6.0 and 4.0. This is also true for the
ratios of ke./Kn of acetyl-Arg-Arg-Arg-AMC and the tripeptide substrates with either glycyl or
tyrosyl side chains at P;, which suggests that the P; arginyl side-chain binding is not to any
significant extent stabilized by an ionic interaction. The X-ray structure of the complex of
cathepsin B and the inhibitor benzyloxycarbonyl-Arg-Ser(O-Bzl)-CMK suggests a relatively
hydrophobic S; pocket defined by Tyr”’, Ca of Gly”, CB of Asn™ and Ca of Asp® (Jia et al.,
1995). Therefore one may suggest that the improved binding of arginine over glycine at P; may
be largely due to hydrophobic interactions of the methylene groups in the arginine side chain with
the relatively hydrophobic S; subsite. An interaction between the Asp®® side-chain carboxylate
and the P; guanidinium cannot be entirely ruled out. However, if it occurs, this interaction does
not contribute very significantly to substrate binding (see below for further discussion).

At pH 6.0, a comparison of the specificity constants for the substrates acetyl-Arg-Arg-AMC
and acetyl-Gly-Arg-Arg-AMC (Table 5.3.1) shows virtually no difference. It appears, therefore,
that the acetyl methyl and the atoms forming the adjacent amide bond in the tripeptide substrate
make no significant contribution to binding. In addition, the X-ray structure of the cathepsin B-
inhibitor complex reveals that the oxycarbonyl moiety between the pseudo-P; N-terminal benzyl
group and the P; residue does not make any contact with the enzyme (Jia et al., 1995). As such,
the values for the change in free energy of binding (Table 5.3.3) for different tripeptide substrates
also serve to define the incremental increase in binding energy of the P; residue when compared

with the dipeptide substrate, acetyl-Arg-Arg-AMC.
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Table 5.3.3: Change of free energy of binding (AAG) between (i) the substrates
benzyloxycarbonyl-Arg-Arg-AMC and acetyl-Arg-Arg-AMC and (ii) tripeptide substrates
with amino acid substitutions at P; and the reference substrate acetyl-Gly-Arg-Arg-AMC.
The ratios were averages calculated from ku/Kr, values obtained from at least three determinations at pH
6.0. The substrate benzyloxycarbonyl-Arg-Arg-AMC (k../K, = 46400 M's™"), borrowed from Hasnain er
al. (1992), served as a reference for the dipeptide acetyl-Arg-Arg-AMC, and the substrate acetyl-Gly-Arg-
Arg-AMC (ko/Kn= 15200 M''s™") served as a reference for the tripeptides. AAG was determined using the
relationship AAG = -RTIn { (kea/Ken™™) /(kead/ Kin™ 1)} .

Substrate [ ko K™ ) (leoa K<) AAG (kcal/mole)
acetyl-Arg-Arg-AMC 0.248 0.82
acetyl-Glu-Arg-Arg-AMC 0.574 0.33
acetyl-Arg-Arg-Arg-AMC 3.92 -0.81
acetyl-Val-Arg-Arg-AMC 5.28 -0.98
acetyl-Tyr-Arg-Arg-AMC 12.5 -1.50

(iii) Evidence supporting a predominantly hydrophobic pocket at S;. From the
specificity constants reported in Table 5.3.1 and changes in binding energy in Table 5.3.3, the
nature of the S; subsite of cathepsin B can be deduced. The S; subsite shows a general preference
for both aromatic and aliphatic groups. At pH 6.0, the substrate with the Ps glutamyl is least
favoured, while at pH 4.0 it is preferred over the arginyl and valyl side chains. Therefore, it
appears that a negative charge at P; disrupts binding at the S; subsite. This may be due to a
charge-charge repulsion involving Asp® as well as unfavourable hydrophobic interactions.

If the Asp® carboxylate is responsible for destabilizing the binding of a P; negative charge, it
is surprising that the four-fold increase in specificity of the arginyl side chain compared to glycyl
does not appear to result from a charge-charge attraction with Asp®. A possible explanation for
the four-fold increase in specificity of the Arg side chain compared to Gly is the possible van der
Waals interaction of one or more of the arginyl side-chain methylene carbons with Tyr".

The two-fold increase in specificity of the P; tyrosyl side chain, relative to the P; valyl, and

the four-fold increase in specificity of the P tyrosyl, relative to the benzyl ring of the substrate
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benzyloxycarbonyl-Arg-Arg-AMC, may result from an improved interaction of the phenyl ring of
the substrate tyrosyl and Tyr” in the S; subsite of the enzyme. In the X-ray structure of the
cathepsin B-inhibitor complex, the benzyl ring of the benzyloxycarbonyl moiety is about 3.7 A
from the Tyr” phenyl ring.  The kinetic data suggest that both the valyl and tyrosyl side chains in
the respective substrates make energetically more favourable contacts with Tyr”® than the benzyl

ring of the benzyloxycarbonyl moiety.

5.3.4 Modeling tripeptide substrates containing Tyr, Glu or Arg at P;. On the basis of
supporting X-ray and kinetic evidence, residues Glu?, Asp®, Glu'2, GIn® and Cys® are believed
to play either binding or catalytic roles in the hydrolysis of the tripeptide substrates. For this
reason, Gluw, Asp”, Glum, GIn® and the tetrahedral intermediate formed at Cys29 were allowed
to move. As part of the study, it was important to investigate whether the final position of these
residues were consistent with X-ray data of inhibitor complexes. In each case, the minimum
energy positions of Glu?*, Glu'2, GIn® and Cys® corroborated X-ray structures and are not
discussed further. The residue Asp® was anticipated to interact with the guanidino group of the
P3 Arg substrate, however, this was not predicted by the modeling study. Instead, there was an

unexpected repulsion shown between Asp® and the P; Glu residue.
The modeling study with the substrate containing a P; Tyr (Figure 5.3.3) revealed that the

phenyl ring of the substrate is partly stacked on the phenyl of Tyr” of the enzyme, with the

shortest distance between Ce of the substrate Tyr and Cg of Tyr” of 3.4 A In the model, the
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substrate tyrosyl hydroxyl forms a hydrogen bond with Asp®. Another potential contact in the S;
pocket is between the substrate Tyr CB and Ca of Gly”™ (3.6 A). The improved contact of the P;
tyrosyl in the S; subsite, as suggested by the model, relative to the position of the pseudo-P;
benzyl group of the dipeptide inhibitor observed in the X-ray structure (Jia et al., 1995), is
consistent with the kinetic data showing a four-fold increase in specificity for the P; Tyr compared
to the N-terminal benzyloxycarbonyl group. A study by Serrano er al. (1991) revealed that
aromatic-aromatic interactions in protein structures can contribute between 0.6 and 1.3 kcal/mol
to protein stability. This effect is due to a quadrupole-quadrupole interaction between the
aromatic rings, for which there is an associated potential energy that varies as 1/r° (where r is the
quadrupole separation distance) (Burley and Petsko, 1989). Therefore, any binding energy which
is contributed by aromatic side chains of substrates or inhibitors interacting with aromatics on
enzymes would be very sensitive to the distance between the groups.

The P; Arg modeling study (Figure 5.3.4) reveals that the methylene groups of the arginyl
side chain are somewhat further from Gly™ (4.3 A) and Tyr” (4.4 A) than the other modeled
substrates, suggesting that a van der Waals interaction is unlikely. The guanidinium group of the
P; Arg appears to form hydrogen bonds with the hydroxyl of Tyr”® (3.0 A) and the carboxyl
oxygen of Asp‘s9 (2.7 A) and, possibly, a weak hydrogen bond with the backbone carbonyl oxygen
of Asn” (3.4 A). As discussed before, the kinetic data suggest that, if there is an interaction
between the guanidinium moiety of the P; Arg and the carboxylate of Asp®, there is no significant
net gain in binding energy. Considering the fact that there would be a significant energy cost
involved in desolvating the guanidinium cation and that this interaction would be completely

solvent-exposed, it may be reasonable to expect that there may not be any significant gain in
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binding energy for this charge-charge interaction. Therefore, the four-fold increase in specificity

observed for a P; Arg, relative to Gly, may be due instead to the charge-neutral hydrogen bonds

involving the substrate guanidinium and the hydroxyl of Tyr” and possibly the carbonyl of Asn’>.

Figure 5.3.3: Possible binding mode of the substrate acetyl-Tyr-Arg-Arg-AMC. A possible
binding mode of the substrate acetyl-Tyr-Arg-Arg-AMC to cathepsin B was determined by
docking the substrate into a computer model of the active site obtained from the crystal structure
of cathepsin B. The substrate was energy minimized as described in the text, using the Amber
force field as implemented by the MACROMODEL software package.
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Figure 5.3.4: Possible binding mode of the substrate acetyl-Arg-Arg-Arg-AMC. A possible
binding mode of the substrate acetyl-Arg-Arg-Arg-AMC to cathepsin B was determined as
described in Figure 5.3.3.
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Figure 5.3.5: Possible binding mode of the substrate acetyl-Glu-Arg-Arg-AMC. A possible
binding mode of the substrate acetyl-Glu-Arg-Arg-AMC to cathepsin B, where the Glu side-chain
carboxyl is deprotonated, was determined as described in Figure 5.3.3.

Chapter 4




Figure 5.3.6: Possible binding mode of the substrate acetyl-Glu-Arg-Arg-AMC. A possible
binding mode of the substrate acetyl-Glu-Arg-Arg-AMC to cathepsin B, where the Glu side-
chain carboxyl is protonated, was determined as described in Figure 5.3.3.

The modeling study for the substrates containing either a protonated or deprotonated Glu

(Figures 5.3.5 and 5.3.6) show that the side-chain methylene carbons of Glu make van der Waals

contacts with the Ca of Gly” (3.2 A) and the phenyl ring of Tyr”” (3.6 A). The kinetic data show
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that ke./Kn drops 20-fold when the P; Glu deprotonates. One possible explanation of this
significant destabilization of binding may be a charge-charge repulsion between Asp®® and the P;
side-chain carboxylate, which are about 4.4 A apart. Since the potential energy of charge-charge
interactions varies as 1/r, where r is the charge separation, they can be manifested over relatively
large distances. In fact, the modeling study with the deprotonated Glu shows the Asp® side chain
moving away from the P; carboxylate relative to the Asp® side-chain position in the modeling
studies with the other substrates (Unlike the long Arg side-chain, perhaps the P; Glu carboxylate
is not as solvent accessible so that a significant charge interaction can be formed with Asp®).
Another possible explanation, however, may be that there is a repulsion between the r-electron
cloud of Tyr”® and the negative charge on the substrate side chain (Burley and Petsko, 1989). To
summarize, evidence consistent with a hydrophobic pocket at the S; subsite of cathepsin B is
presented. The interactions which promote and favour the binding of one substrate over another are
derived from steric factors at S; but may also involve some hydrogen bonding. The substrate binding
in the S; subsite of cathepsin B is largely due to contacts with the phenyl ring of Tyr” and to a
lesser extent may involve the Ca of Gly™. Additionally, hydrogen bonds involving the Tyr”
hydroxyl and the main-chain carbonyl oxygen of Asn™ may also make a contribution to substrate
stabilization. Additional experiments are required to support or rule out the latter possibility. The best
substrate among the tripeptides tested has tyrosine at P;, which in comparison to the reference
substrate containing glycine, has an increase in binding energy of 1.5 kcal/mol. This preference of
cathepsin B for tyrosine at S; suggests a possible role for aromatic residues as specificity determinants
for inhibitors. While these findings are significant for inhibitor design strategies, it may be useful to

examine further the S; specificity of cathepsin B with substrates containing residues such as
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tryptophan, phenylalanine, proline, methionine, leucine and isoleucine at the P; position. The
study of these additional residues would provide a more complete understanding of the S; pocket

and will contribute additional information for the design of more specific inhibitors.

S.4 Conclusions

Five synthetic substrates containing different amino acid residues at the P; position (namely,
acetyl-X-Arg-Arg-AMC, where X is Gly, Glu, Arg, Val and Tyr) were used to better define the S;
subsite specificity of cathepsin B. At pH 6.0, the specificity constant, k../K, for tripeptide substrate
hydrolysis was observed to increase in the order Glu < Gly < Arg < Val < Tyr. Molecular modeling
studies of substrates containing a P; Glu, Arg or Tyr covalently bound as the tetrahedral intermediate
to the enzyme suggested that the specificity for a P; Tyr is due to a favourable aromatic-aromatic
interaction with Tyr” on the enzyme as well as a possible hydrogen bond joining the P; Tyr hydroxyl

function and the side-chain carboxyl group of Asp®.
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Chapter 6: [*C]lodomethane for the investigation of protein amino groups by ["*'NJNMR

6.1 Introduction

Successfully adapting NMR techniques for use in the area of protein characterization is an
ongoing theme in protein chemistry. The use of [“NINMR spectroscopy to observe Na and Ne
amino groups in proteins and amino acids is one potential extention of current protein NMR
techniques. Despite the natural isotopic abundance of “N (99.6%) (Witanowski and Webb,
1972a) and the general wealth of amino groups in proteins, very little work has been carried out
on protein systems using [*N]JNMR as a structure-function probe (vide infra). "N nuclei have
average receptivity, low resonance frequencies and very short relaxation times compared to N
nuclei as a result of the large quadrupole moment (Witanowski and Webb, 1972a). Consequently,
["'NJNMR resonances are generally broad but much easier to observe than "*N which has a very
low natural abundance.

The broad lines obtained in "*N-spectra is certainly one reason which may have removed any
incentive to use [“*N]NMR for the study of biologically relevant compounds. Of those reported,
studies generally focus on the variability of linewidths and not chemical shift measurements
(Witanoski et al., 1977a; Mann, B. E., 1978a). The "“N-linewidths of several amino acids, related
molecules, and amino groups of protein have been studied as a function of pH (Jenks, 1971,
Tzalmona and Loewenthal, 1974; Cohen er al., 1975; Richards and Thomas, 1975; Zhang er al.,
1994). Protonation states and proton exchange processes in aqueous solution were shown to
affect substantially the '*N lineshapes and chemical shift values (Cooper et al., 1973; Tzalmona

and Loewenthal, 1974; Cohen er al., 1975; Blomberg er al., 1976; Sheinblatt and Gutowsky,
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1976). In the case of glycine, the transverse relaxation times and linewidths at low pH were
affected by proton exchange, while at pH values greater than 6, the relaxation times and
linewidths were a weighted average corresponding to the proportion of zwitterionic and anionic
species at a given pH value (Tzalmona and Loewenthal, 1974). Linebroadening was greatest at
either pH extreme. Chemical shift positions of quaternary nitrogens of bioactive peptides were
studied in more isolated cases (Gerothanassis ef al., 1987; Karayannis et al., 1990). Karayannis in
particular, used ['“NJNMR spectroscopy to study the conformation of enkephalins. As NMR
relaxation processes are sensitive to molecular motions (Berglund et al., 1995), there is the
potential of applying NMR spectroscopy to probe protein structure. Proteins tumble slowly in
solution, but their side-chain residues are characterized by fast local motions (Breitmaier and
Voelter, 1987a). Technical advances have made it possible to implement relaxation measurements
which separate these dynamic components and allow for the study of internal dynamics of proteins
and other large molecules (Berglund et al., 1995). Motional studies have normally made use of
C, N and 2H nuclei (Fersht, 1985; Li er al., 1996) but not *N nuclei, due to the problem of
broad resonance lines. In one case, however, dynamic ["*N]JNMR experiments were successfully
carried out to probe the microenvironment of an Ne-trimethyllysyl residue in calmodulin (Zhang et
al., 1994). Galanter and Labotka (1991) also studied the binding of ["*N]nitrate to a transport
protein by measuring the increase of linewidth upon association.

Of the above examples, Galanter and Labotka (1991), and Zhang et al. (1994) successfully
applied [“NJNMR techniques to study proteins. With respect to this chapter, however, the work
of Zhang ef al. (1994) was particularly relevant. The proteins they investigated contained many

amino groups which were observable as broad lines. Extensive broadening of nitrogen resonances
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of amino groups has been attributed to the effects of deprotonation (Gerothanassis et al., 1987;
Tzalmona and Loewenthal, 1974; Cohen et al., 1975). As expected, these lines broadened in
increasingly alkaline solutions. Broad lines would normally have limited the scope of the
investigation, however, the proteins they used, namely cytochrome ¢ and calmodulin, were
exceptional in that both had one Ne-trimethylated lysyl residue present as a post-translational
modification. As expected, and unlike the other nitrogen resonances, the linewidth corresponding
to the trimethyllysyl resonance did not show any pH dependency. Similar results were obtained
with the [“N]JNMR analysis of free amino acid analogues, namely lysine, Ne-methyllysine,
Ne-dimethyllysine, and Ne-trimethyllysine. More importantly, the trimethyllysyl residues of
calmodulin and cytochrome ¢ were observed as narrow resonance lines which made motional
NMR studies of the region surrounding the lysyl residue possible. While Zhang and coworkers
demonstrated that trimethylammonium groups and [“NJNMR spectroscopy could be used to
study protein dynamics, the protocol was not generally applicable since it required that proteins be
post-biosynthetically trimethylated.

Ir: chapter 3 a nonaqueous chemical modification procedure was presented for trimethylating
amino groups in proteins with iodomethane. As in the case of reductive  methylation,
trimethylation of amino groups proceeds with retention of structure and bioactivity under
appropriate reaction conditions. Nonaqueous protein methylations were carried out for up to
12 h at 75°C (Taralp and Kaplan, 1997) and even higher temperatures, with no indication of
peptide bond cleavage by ['*C]NMR analysis. In fact, in vacuo methylated a-chymotrypsin was
fully active when steps were taken to protect the active site prior to reaction with iodomethane

(Taralp and Kaplan, 1997). Previous evidence also supports that enzymes retain structure and

Chapter 6 220



activity in nonaqueous environments, at temperatures as high as 100°C (Zaks and Klibanov, 1984;
Zaks and Klibanov, 1988). By retention of structure, it is implied that once protein is derivatized,
the trimethylammonium groups which are formed have the potential to faithfully report on the
microenvironment of the corresponding amino groups from which they were prepared. This is
significant since the study of trimethylammonium groups by NMR spectroscopy need not be
limited to chemical shift measurements of sharp lines but opens the door to motional studies such
as those conducted by Zhang (1994) or studies of local environment such as those conducted by
Galanter and Labotka (1991), and can in principle be applied to any protein system. It follows,
therefore, that advantage can be taken of iodomethane to: (1) monitor the reaction of amino
functional groups in proteins using ["*N]NMR spectroscopy: (ii) characterize derivatized N and
Ne amino acid residues by [“NJNMR spectroscopy and (iii) obtain information on the local
dynamics and microenvironment of the amino group from which the trimethyl ammonium

derivative was originally prepared, using conventional NMR techniques.

Focus of the present study

From the purely analytical viewpoint, trimethylated ammonium derivatives should enable the
identification of N« and Ne amino groups by a very facile procedure. The methylation approach is
therefore likely to demonstrate some merit, and while [PCINMR spectroscopy has been similarly
applied (Taralp and Kaplan, 1997) using costlier [*Cliodomethane, the much larger chemical shift
dispersion but similar linewidth of nitrogen nuclei (Mann, 1978a) compared to carbon nuclei in
trimethylamino acids suggests that an easier resolution should be possible using [“NJNMR

spectroscopy. The potential use of this procedure is best illustrated by virtue of example. In a
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particular case of chapter 2, an N-terminal trimethylammonium “C-resonance, apparently
common to four different methylated proteins, could not be identified by [*C]NMR spectroscopy.
Quite clearly then, the ability to exploit two different nuclei to identify amino acids by NMR
spectroscopy has a better chance of success.

The immediate focus of this initial investigation was to study the reaction of iodomethane
with amino acids and amino groups of protein by [“NJNMR spectroscopy, and identify the
reacted amino groups. The test proteins presented are bovine insulin, a-chymotrypsin, chicken

lysozyme and horse cytochrome c.

Rationale

Proteins can be reacted with ['*Cliodomethane in vacuo to form distinct acid stable trimethyl
ammonium derivatives of No and Ne amino groups of amino acid residues. As previously shown
by Zhang ez al. (1994), these derivatized amino acid residues should be observable by [“NJNMR
spectroscopy as sharp resonance lines. As the focus of the investigation is to identify various
amino acids of protein by the ["“NJNMR chemical shift of their trimethylated amino groups, very
sharp peak resonances are desired to maximize the chances of success. The linewidths obtained
for in vacuo derivatized protein are expected to be comparable to that measured by Zhang and
coworkers for calmodulin (23 Hz). While this may be narrow enough to carry out the experiment
successfully, Zhang ez al. (1994) had also noted that the free Ne-trimethylated amino acid
derivative of lysine had even sharper lines (3 Hz). Since it is so crucial that different peak
resonances do not superimpose for this approach to succeed, an acid hydrolysis of the protein

following methylation will be undertaken to liberate the derivatized amino acid residues. The free
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trimethylated amino acids are then analyzed by ["*NJNMR spectroscopy and assigned by the aid
of trimethylated standard amino acids. A last requirement is that the NMR spectra be acquired at
high pH values. This is necessary since other amino group resonances, which are broad and
present in large excess following hydrolysis, may complicate the spectrum. At high pH values,
however, these additional resonances become too broad to be observed and disappear into the

noise, leaving only the sharp resonance lines of the trimethylated amino acids.

[“NINMR background information

The "N resonance position distinguishing the environment of NH;" from NO; in the
compound NH.NO, was one of the first chemical shift differences to be reported (Proctor and Yu,
1950). Since then, "N nuclei have generally been used in chemical shift studies on natural
abundance samples or quadrupolar relaxation studies to obtain structural information (Witanowski
et al., 1977a) and information on molecular dynamics (Mann, 1978a). The NMR properties of
the "N nucleus have been reviewed (Mann, 1978a; Witanowski and Webb, 1972a; Mooney and
Winson, 1969). With a natural abundance of 99.63 % and a relative gyromagnetic ratio of
7.22 x 107 with respect to the proton, "*N nuclei have a relative sensitivity of 10~ with respect to
the proton and 5.69 with respect to naturally abundent *C nuclei (Witanowski and Webb, 1972a).
Although “N signals are easily detected using modern pulse NMR techniques, the observed

linewidths are often large.

(i) Electric field gradients. All spin >1/2 nuclei have (i) an electric quadrupole moment and

associated electric field gradient at the nuclear site, which originates from electrical asymmetries
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in the molecule, and (ii) a magnetic dipole moment which is found in spin 1/2 nuclei (Reisse,
1982; Harris, 1983a; Drago, 1992d). Consequently, nuclear spins of quadrupolar nuclei interact
with magnetic fields to give rise to quadrupolar and Zeeman energy terms, respectively (Harris,
1983a). Electric field gradients vary in magnitude as the inverse cube of the distance from a
charge and therefore, those gradients which impinge on atomic nuclei must originate from charge
density variations that are near the nucleus (Akitt, 1972). For the reason that electric field
gradients fall off rapidly with distance, the only two factors which should normally influence the
electric field gradient about a particular nucleus are the arrangement of neighbouring bonds and
the electron density associated with each bond near the nucleus. A case in point is the
tetramethylammonium ion versus benzyltrimethylammonium ion example, where both ions have
similar electronic distributions and electric field gradients near the nitrogen center, as evidenced

by the reported linewidths of 7 and 12 Hz, respectively (Akitt, 1972)

(ii) Quadrupolar relaxation and linewidths. The quadrupole moment interacts with the
electric field gradient to provide a torque on the nucleus, and this has an associated energy term.
Due to molecular motion, the electric field gradient fluctuates as a function of time and this
induces energy transitions within the nucleus, leading to efficient relaxation (Reisse, 1982). N
nuclei have a spin quantum number (I) of 1 and a fairly large quadrupole moment compared to
deuterium (Witanowski and Webb, 1972a). Consequently, relaxation is rapid and "*N linewidths
(Aviz) are generally on the order of 100 Hz to 1000 Hz, depending on the electronic symmetry

about the nitrogen nucleus. The chemical shift range of a given class of nitrogen compounds is
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usually only on the order of 50 ppm, and as such, broad lines in close proximity are often
unresolvable (Mann, 1978a).

A simplified expression (1) that incorporates the extreme narrowing condition (i.e. T << l/wo)
can be used to describe the expected linewidth (where Av,, = I/T 20) of quadrupolar nuclei of
relatively small molecules in nonviscous liquids and in the absence of line-broadening
contributions due to chemical exchange phenomena (Harris, 1983a). The linewidth (Aviz in
radians), spin-spin relaxation time (Ta), spin-lattice relaxation time (T.q), statistically averaged
molecular correlation time (t.), electric field gradient (eq) and its deviation from axial symmetry
(n), and nuclear quadrupole moment (eQ) are all related as shown below (Witanowski and Webb,

1972b; Gerothanassis ef al., 1987).

I/Tie= [ Avia =UTs = 3n/2(1 + n¥3) (eqeQmY' t. 1 ]

The linewidth (Aviz) is a function of the nuclear quadrupole moment, electric field gradient,
and correlation time. The rotational contribution (i.e. T.) to linewidth is normally the least
important consideration since "N nuclear relaxation is usually dominated by the quadrupolar
coupling constant term (eqeQ/h) (Drago, 1992a). In the case of tetraalkylammonium salts with

narrow lines, such is not the case.

(iii) Narrow lines. "N relaxation times are typically no greater than 100 ms and this explains
why the linewidth, being inversely related to Taq, I1s often quite broad (Mann, 1978b). However,
there are known examples of extremely narrow lines. It is apparent from expression 1 that if the

electric field gradient (eq) is very small, as in the case of extreme electronic symmetry around a
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nucleus, relaxation times become extremely long and linewidths extremely short. Some examples
include trigonal planar (nitromethane and NO;) (Witanowski and Webb, 1972c¢) and tetrahedral
(R.N") (Mann, 1978b; Witanowski and Webb, 1972d) nitrogen compounds. While nitromethane
and nitrate do not appear to have three dimensional symmetry, they must have electronic
symmetry in order to give rise to such narrow lines upon observation. The ease of which
electronic symmetry can be distorted is evident by the fact that ion pairing of tetraalkyl ammonium
salts is enough to broaden lines (Harris, 1983a). This sensitivity to environment is the basis for

the nitrate binding experiments which were carried out by Galanter and Labotka (1991).

(iv) Other relaxation mechanisms. In the absence of a strong electric field gradient,
quadrupolar relaxation is not efficient and participates very little in the overall relaxation process.
Other relaxation processes, which are less efficient and normally associated with spin one-half
nuclei, become the principle factors which define the linewidth (Witanowski er al., 1977b). As
with spin 1/2 nuclei, dipole-dipole interactions are therefore another possible mechanism of
relaxation. Every nuclear spin generates a local magnetic field upon molecular motion. The
interaction of another local magnetic field with the magnetic dipole of '*N has an associated
energy term. Molecular motion fluctuates the local magnetic field and this promotes nuclear
energy transitions and leads to the relaxation of the nucleus (Breitmaier and Voelter, 1987b). This
process is most efficient when the fluctuations occur at w,, the Larmor frequency (in radians).
The relaxation of ND,; CI" below 220 K, for example, was dominated by intramolecular N-D
dipole-dipole interactions. The example serves to illustrate that even two quadrupolar nuclei can

have dipolar coupling interactions. In aqueous solutions, intermolecular dipole-dipole interactions
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relax nitrogen nuclei of ammonium salts by the reorientation of water dipoles and their associated
local magnetic fields (Witanowski er al., 1977b). Both inter and intramolecular dipolar

mechanisms can contribute to the relaxation of tetraalkylammonium salts.

(v) Correlation times and line broadening in proteins. The correlation time (tc) is used to
model the bulk loss of rotational correlation (i.e. the randomization of the ensemble) due to
' Brownian motion, as a function of time (Abragam, 1983). Analytically, T is a constant which is
used to model the auto-correlation and spectral density functions, as defined by a statistical
treatment of the loss of correlation by the ensemble of nuclear spins (Harris, 1983b). These
functions have been used to calculate Zeeman level transition probabilities of nuclei and determine
the dependence of various relaxation processes on correlation time () (and hence, molecular
tumbling) (Reisse, 1982; Drago, 1992b). All relaxation processes have a dependency on
correlation time. In addition, the efficiency of longitudinal relaxation (the T, process) is affected
by the external magnetic field strength (Reisse, 1982; Harris, 1983b). While not apparent from
equation 1, T, is most efficient when 1. = 1/w,. The longitudinal relaxation rate in the rotating
frame (T,,) also passes through a maximum at a larger correlation time (<) than the T, process.
In contrast, transverse relaxation (T,), which affects the linewidth, becomes increasingly efficient
as correlation times (1) (and hence, molecular weights) increase so that large molecules tend to
give broader lines. For example, in the case of free trimethylysine (Zhang er al., 1994), the
average tumbling rate was too fast to promote efficient relaxation, and the linewidths were

narrow. In contrast, the same trimethyllysyl derivative in much larger and slower tumbling
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macromolecules such as cytochrome ¢ and calmodulin gave linewidths that were an order of

magnitude greater. These biomolecules had much longer correlation times.

6.2 Materials and Methods
Proteins. Bovine insulin, a-chymotrypsin, chicken lysozyme and horse cytochrome ¢ were

purchased from Sigma Chemical Company.

Chemicals and solvents. [?C]lodomethane was purchased from Sigma Chemical Company. All
other chemicals, reagents and solvents were high purity preparations obtained from commercial

sources.

Trimethyl amino acid standards. Trimethylglycine (betaine) was purchased from BDH
chemicals. Precursors of amino acid standards were purchased from Sigma Chemical Company.
Phenylalanine, polylysine hydrobromide, isoleucine, alanine, cystine, lysine, threonine and valine
were dissolved (50mg) in distilled water (3 ml) and the pH was adjusted to 10-11 with 5N NaOH.
[**C)Iodomethane (50 ml) was added and the tightly capped tube was shaken at 37°C for 48 h.
Base was added periodically to maintain the pH value in the range of 10-11. In the case of
polylysine, methylation was followed by dialysis. The polylysyl derivative was dissolved in 6N

HCI and subjected to acid hydrolysis at 110°C for 24 h.

In vacuo methylation of proteins. Lysozyme, insulin or cytochrome ¢ (20 mg) were dissolved

in 40 mM sodium metaborate (Iml) and adjusted to pH 9.2, 9.2 and10, respectively, with SN
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NaOH. Chymotrypsin (100 mg) was dissolved in water (3 ml), cooled, and the pH quickly
adjusted to 10.8 with SN NaOH. Each solution was made up in a single-compartment pyrex
reaction vessel, followed by flash freezing and lyophilization. The tubes were narrowed by flame
at the mid-point and ['*Cliodomethane (25 ml; 100 ml for chymotrypsin) was transferred into the
tube. The top of the reaction vessel was closed with a screw cap and the bottom half was
submersed in liquid nitrogen. The screw cap was removed, the end of the tube was fitted with a
vacuum hose and the vessel was sealed in vacuo. The reaction vessel was incubated in a block
heater at 75°C for 24h. At the end of the reaction, the tubes were scored. Prior to opening the
vessel, a rubber septum with a hole cut through the rubber was fitted onto the top of the vessel
and the unreacted iodomethane was frozen onto the glass at the top by pouring liquid nitrogen

into the cavity (chapter 3). The vacuum seal was broken and the modified protein was removed.

Acid hydrolysis of proteins. The protein derivatives were transferred into another pyrex
hydrolysis tube and 6N HCI (1 ml) was added. The resultant suspension was frozen, degassed
and sealed in vacuo by flame. The tubes were incubated at 110°C for 24 h, opened, and the

contents removed under vacuum in a dessicator containing sodium hydroxide pellets.

NMR spectra. ["“N]NMR spectra were obtained using a Varian XL-300 MHz spectrometer. A
nonmagnetic, 200 picofarad capacitor was inserted to lower the tuning range of the probe to
accomodate the “N-resonance condition (21.7 MHz). Methylated amino acid samples and
protein hydrolysates were analyzed in D,O with sufficient SN NaOH added to give a pH meter

reading of 11. Unless otherwise stated, 512 scans were acquired for the analysis of standards. A
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1 Hz exponential linebroadening function was applied to the free induction decay prior to Fourier
transformation. A 0.8 s acquisition time, 90° pulse (36 us) and O s relaxation delay were used.
Observed linewidths (Avizes = Avy, + 1 Hz) were measured directly from the spectra. The
spectral window was 12000 Hz. Only proton decoupled spectra were obtained.
Tetramethylammonium chloride (3 mg) served as internal standard and was positioned at O ppm.
Tetramethylammonium chloride is 333.5 ppm upfield of neat nitromethane, the most accepted
' standard (Witanowski and Webb, 1972d). One spectrum of methylated and hydrolyzed lysozyme
was acquired at p’H 1 in the absence of tetramethylammonium chloride. The spectrum of

ethylenediamine was obtained at p’H 2.

6.3 Results.

The linewidths of trimethylammonium derivatives at p’H 11 (Table 6.3.1) were an order of
magnitude narrower than the measured linewidth of ethylenediamine at p’H 2. Still narrower, was
the linewidth of tetramethylammonium chloride. Of the handful of amino acid derivatives,
linewidths were narrowest for those with small alkyl side-chain residues. The measured
linewidths were greater for amino acid derivatives with bulkier alkyl side-chains such as isoleucine
and valine, and greater still for side-chains with more complicated functional groups such as
threonine and phenylalanine. Cystine, with two amino groups, had the broadest lines. It should
be pointed out that in every case, the linewidth of tetramethylammonium chloride served to verify
that shimming among samples was uniform. Of the protein hydrolysates analyzed by NMR
spectroscopy (Table 6.3.1 and all figures), each spectrum appeared to have a chemical shift value

characteristic of Ne-trimethyllysine.  Apart from the reference signal, there were no other
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Table 6.3.1: [*N]chemical shifts (in ppm) and linewidths (in Hertz) of trimethylammonium
derivatives of amino acid standards, tetramethylammonium chloride and ethylenediamine;
Chemical shifts of methylated cytochrome c, insulin, lysozyme and a-chymotrypsin.

[14N] Standard Chemical  shifts (left) and Chemical shifts observed in
linewidths (right) of standard | Cytochromec  Insulin Lysozyme a-Chymotrypsin
compounds trimethylamino ~ acids, tetra- [ ‘reacted at reacted at  reacted at reacted at
methylammonium chloride and LpH 10 LpH9.2 LpH 9.2 LpH 10.8
ethylenediamine
5 (ppm) Avip (Hertz)
Me3N*-Cys-S-]; (14.70, 9.98) 15.2, 8.0 - - - NO
Me3N*-val 11.41 43 - - R N
Me3N*-lle 11.27 4.2 - - - 11.28
Me;N*-Phe (9.70) 8.0 - (10.24) - -
Me;N*-Ala 9.12 3.0 - - - 9.145
Me;N*-Thr 9.09 (7.6) - - . .
H,N-Lys(e-*NMe;) 5.77 2.7 5.77 5.75 5.77 5.76
Me3N*-Lys(e-"NMe3) 9.25 (3) - - NO -
Me3N*-Lys(g.+NMe3) 5.75 3.2 - - NR .
Me;N*-Gly 4.62 2.8 - 4.61 - 4.577
MeyN* 0.00 1.8 0 0 0 0
H3N"CH.CH."NH, - 42!
$measured at p°H 2; NO = expected but not observed; NR = not resolved.
linewidths were measured directly from each spectrum without removing the 1 Hz linebroadening function.
parenthesis indicate values may be inaccurate; hyphens indicate the measurement is noi applicable.
1
]
T T T T e SRS AR seama
Figure 6.3.1: 21.7 MHz [“N|NMR spectrum of cytochrome c following methylation at LpH 10 and acid
hydrolysis. 10000 scans were acquired. Peak resonance 1 corresponds to HZN-L_\'s(s-+NMe3).

Chapter 6 231



40 30 20 10 Q -3Q -20 -30 ~40 Pow -50

Figure 6.3.2: 21.7 MHz ["N]NMR spectrum of a-chymotrypsin following methylation at LpH 10.8 and acid
hydrolysis. 62000 scans were acquired. Peak resonances tentatively correspond to the following methylated
amino acids: 1 - Me3N"-Ile; 2 - Me3N*-Ala; 3 - HyN-Lys(e-*NMe3); 4 - Me;N*-Gly.
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Figure 6.3.3: 21.7 MHz ["‘N]NMR spectrum of insulin following methylation at LpH 9.2 and acid hydrolysis.
45000 scans were acquired. Peak resonances tentatively correspond to the following methylated amino acids:
1 - Me3N*-Phe; 2 - H)N-Lys(e-*NMej3); 3 - Me3N*-Gly.
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Figure 6.3.4: 21.7 MHz ["“N]NMR spectrum of lysozyme following methylation at LpH 9.2 and acid
hydrolysis. 43500 scans were acquired. Peak resonance | corresponds to HyN-Lys(e-"NMes).
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Figure 6.3.5: 21.7 MHz [“N]NMR spectrum of lysozyme following methylation at LpH 9.2 and acid
hydrolysis. 43500 scans were acquired at p’H 1. Peak resonances tentatively correspond to the following:

1 - H;N™- Lys(e-"NMes); 2.3 - D;N*-amino acid resonances: 4 - D,NTCI-.

resonance peaks observed for the hydrosylate of either cytochrome ¢ (Figure 6.3.1) or lysozyme
(Figure 6.3.4). The hydrosylate of a-chymotrypsin (Figure 6.3.2) gave four peak resonances
while insulin (Figure 6.3.3) gave two distinct peak resonances and one broad resonance in the
region presumably occupied by trimethylamino acids (peak 1). Broad underlying resonances
were observed, particularly in the case of a-chymotrypsin (Figure 6.3.2), but the distortion of the
spectrum was not problematic. As shown in Figure 6.3.5, the spectrum of lysozyme, when

deliberately acquired under acidic conditions, was significantly more difficult to interpret.

6.4 Discussion.

6.4.1 Standards

The ammonium ion (H;N*, not shown) is one exceptional example of a nitrogen nucleus
with sharp lines, typically on the order of 20 Hz at neutral pH values (Zhang et al., 1994). This

is possible because protonation forces a near perfect symmetrical electronic geometry about the
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nitrogen nucleus and greatly reduces the efficiency of the quadrupolar relaxation mechanism. The
principle is supported by ['HJNMR spectroscopy measurements at low pH values (not shown)
where amino protons, which are not normally coupled to nitrogen, appear as triplets with intensity
I:1:1. Another reason the nitrogen resonance is so sharp is because the ammonium ion is very
small, tumbles rapidly, and has an extremely short correlation time (see theory). The predominant
mechanism of relaxation in this example is unclear. Normally the quadrupolar mechanism is the
only determinant of linewidth, however, in the case of narrow nitrogen resonances the linewidths
are probably determined by minor contributions from several factors. Proton exchange (Drago,
1992c) may cause minor distortions of tetrahedral symmetry. With the temporary loss of
symmetry, an electric field gradient could be established and this would allow for some
quadrupolar relaxation to take place (Reisse, 1982). An intramolecular dipole-dipole relaxation
mechanism is probably another major process, where a locally fluctuating magnetic field of a
bound proton directly interacts with the nuclear magnetic moment of nitrogen to promote
relaxation (Breitmaier and Voelter, 1987b). Last is the intermolecular dipole-dipole mechanism
which involves the reorientation of water dipoles.

The trimethylation procedure made possible the observation of exceptionally sharp
[”N]NMR resonances. Ethylene diamine (Table 6.3.1) was chosen as a comparative model to
emphasize the significance of quaternization of amino groups for obtaining sharp lines.
Ethylenediamine is close to the average molecular weight of amino acids, and it is therefore
expected that there will be a similar contribution of the molecular correlation time () to the
linewidths in both ethylenediamine and the amino acids. When acquired at p’H 2 where amines

exist almost exclusively as the ammonium ion, the measured linewidth was 42 Hz. At higher p’H
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values, where the resonance is a composite and weighted average of acidic and basic species, the
linewidth would be expected to be much greater. In the case of the trimethylamino acids,
however, the nitrogen atom was quaternized using nondissociable methyl groups, thus eliminating
the possibility of deuterium ion exchange at all p?H values, and the loss of tetrahedral symmetry at
high p’H values. The latter characteristic is important since it makes possible the observation of
sharp lines at p’H values where all other amino groups are in the base form. The loss of
tetrahedral symmetry which accompanies the removal of the deuterium ion from nonquaternary
alkylamino groups promotes very efficient quadrupolar relaxation (see theory) so these lines are
generally too broad to be observed.

Looking to Table 6.3.1, in which spectra were acquired at p*H 11, the sharpest line
corresponded to the resonance of tetramethylammonium chloride, which, due to its near perfect
symmetry, relative small size, and nondissociating groups had a linewidth of 1.8 Hz. The
predominant relaxation mechanism is presumably of a dipole-dipole nature. The interaction of a
local fluctuating magnetic field with the nitrogen magnetic moment can be intramolecular, namely,
between proton and nitrogen, or intermolecular, between water dipoles and nitrogen.
Trimethylglycine, trimethyllysine and trimethylalanine also produced very sharp lines of 2.8, 2.7
and 3.0 Hz, respectively. The two lines for hexamethyllysine were sharp as well. These lines are
broader than that observed of tetramethylammonium chloride (1.8 Hz) since the perfect electronic
symmetry is distorted by the adjacent alkyl moiety. The next broadest lines corresponded to
trimethylisoleucine and trimethylvaline with linewidths of 4.2 and 4.3 Hz. The presence of a
bulkier side-chain appears to disrupt the electronic symmetry more effectively, however it is

difficult to comment on whether the observed difference in linewidth is significant.  Still broader
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lines corresponded to trimethylthreonine and trimethylphenylalanine, with linewidths of 7.8 and
8.0 Hz, respectively. It is noteworthy to point out that while trimethylthreonine is isosteric with
trimethylvaline, the former linewidth is double. The largest linewidths corresponded to the
methylated cystine standard. Two resonances were observed in the spectrum. Without additional
evidence, it was difficult to be certain, however, it is believed that one of the resonance peaks
corresponds to N-trimethylicystine while the other corresponds to N,N’-hexamethylcystine. This
interpretation is consistent with the observation that the resonances were too narrow at high p’H
values to be anything other than trimethylammonium groups, and is in keeping with the tendency
of nitrogen nucleophiles to quaternize by reaction with iodomethane (March, 1985).

While it is difficult to comment on the reasons for the observed differences in linewidth, the
line width in each case is ultimately a reflection of the degree of electronic symmetry about the
nitrogen nucleus. The linewidth dependence may also have something to do with the local
correlation time for rotation of the trimethylammonium moiety. The line width differences are
probably not due to (i) differences in the overall correlation time for molecular tumbling, since the
compounds have very similar molecular weights, or (ii) conformational changes in the molecule
which give rise to multiple "N lines that happen to exchange slowly with one another. Ionizable
groups, such as the hydroxyl group of threonine, are also not likely to explain the results since at
pH 11, the equilibrium would highly favour one of the species and the other species would not
give rise to a resonance. In the case of cystine, conformational exchange may be a factor which
gives rise to broad lines (Harris, 1983c). If rotation of two cysteine units about the cystine
disulphide bond is moderately fast on the NMR time scale, the observed peak will be a composite

of at least two semi-resolved conformations. In principle, this would place the exchange
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phenomena in the near-fast exchange region (Drago, 1992f). While this hypothesis was not
verified, it could have been easily tested by varying the acquisition temperature or magnetic field
strength. An increase of temperature would be expected to sharpen the lines since the exchange
rate would increase, while the separation of different conformations, in Hertz, would be
unchanged. Conversely, an increase of magnetic field strength would increase the separation (in
Hertz) between different conformations, but would not affect the exchange rate. The exchange
process would become even less averaged, and the peak would be expected to broaden

(Breitmaier and Voelter, 1987c¢).

The chemical shift values (Table 6.3.1) of each of the trimethylamino acid standards were
distinct, and with few exceptions, quite dispersed. It is interesting to note that while
tetramethylammonium chloride is most upfield with respect to the trimethylamino acids, the trend
is reversed in *C-spectra (chapter 2). The wider *N-chemical shift dispersion of trimethylamino
acids with respect to ">C analogues appears to be due to the inherently greater sensitivity of the
nitrogen nucleus to environmental effects. The fact that nitrogen is one atom closer than its
methyl groups to the side-chain residues may play a role, but the relationship is probably not
straightforward. Nevertheless, the results suggest that when combined with the use of [*CJNMR
spectroscopy (chapter 2), it is almost certain that iodomethane can be used for analytical
purposes. It was noted above that the linewidths of various trimethylamino acid derivatives were
variable. This is significant since it suggests that amino acids can be identified on the basis of both
chemical shift and linewidth measurements. This rationale was applied to various test proteins
(vide infra), and although an acid hydrolysis was necessarily carried out in order to obtain sharp

resonance lines, the procedure was not any more laborious with respect to the ¥C-approach, as
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acid hydrolysis was eventually incorporated into the "C-protocol to promote the analysis of
unknown amino termini of insulin (chapter 2). For all proteins tested (vide infra), peak
assignments were only tentative and require confirmation. The list of trimethylamino acid
standards is incomplete so there is always the danger that other trimethylamino acid derivatives of
protein, or for that matter, ammonium derivatives in general, could be misassigned as one of the

trimethylamino acid standards currently available.

6.4.2 Model protein hydrosylates analyzed by ['*"N]NMR spectroscopy

The chemical shift resonances of methylated and hydrolyzed proteins correlated very well, in
the majority of cases, to trimethylamino acid standards representing the expected functional
groups (Table 6.3.1). Cytochrome c (Figure 6.3.1) has a blocked Na-terminus and therefore only
one resonance, namely the superimposed peaks of many Ne-trimethyllysine derivatives, was
expected (peak 1). While sensitivity of the method may have prevented the observation of a less
abundent trimethylammonium derivative, such as a reacted N-terminus, there were, nevertheless,
no other resonances observed. The poorer sensitivity of the ['*'NJNMR protocol with respect to
the ["CINMR protocol was obvious from the 10000 scans required to obtain a good spectrum.
Indeed, when an equal amount of cytochrome ¢ was analyzed by [*CJNMR spectroscopy, there
were, in fact, minor impurities observed in the Na amino group region of the spectrum. This was
readily seen after only 1024 scans.

In the case of a-chymotrypsin, 100 mg of protein was derivatized to assure that N-termini
would be observed. The protein was lyophilized without buffering in order to minimize the

amount of salt present, since it was observed that other samples became quite warm during the
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NMR acquisition. While additional buffer has previously led to shimming problems, it was
observed following analysis (Figure 6.3.2) that in its absence, the reaction did not proceed to
completion as evidenced by the weak signals obtained for the amount of protein used. Another
observation which suggested that the reaction was incomplete was the very large relative
abundance of broad nitrogen resonances, which produced a distortion of the baseline at p’H 11.
Such a pronounced distortion should not have been observed had the trimethylamino acid signals
been more intense. a-Chymotrypsin has three N-termini which commence with alanine, isoleucine
and a half cystine residue. Four trimethylamino acid resonances were observed. The standards
for the isoleucyl (peak 1), alanyl (peak 2) and lysyl (peak 3) derivatives were all very close to
observed peaks of the protein sample (Table 6.3.1). The last resonance (peak 4) appeared to have
a weaker correlation to the glycyl standard. While glycine is not found at the N-terminus of
a-chymotrypsin, contamination or proteolytic processing cannot be ruled out. This explanation is
reasonable since the protein was not dialyzed after methylation. Furthermore, since the cystine
standards were broad, it is likely that the resonance peak corresponding to it in the protein sample
was too broad to be observed. It is weakly possible, however, that the cystine standard was
improperly interpreted, and that the observed resonance (peak 4) at a chemical shift value close to
that of trimethylglycine was in fact the cystine chemical shift. This would be consistent with the
fact that chemical shift values of sulphur containing standards were often difficult to interpret by
[*CINMR spectroscopy (chapter 2).

The results obtained for insulin (Table 6.3.1 and figure 6.3.3) were quite conclusive since the
spectrum obtained was consistent with the expected chemical shifts and relative linewidths of

trimethylphenylalanine (peak 1), Ne-trimethyllysine (peak 2) and trimethylglycine (peak 3). The
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correlation between the trimethylphenylalanine standard and the broad peak (peak 1) whose
midpoint was at 10.24 ppm was not as strong as in the other cases and may be due to the
weakness of the signal, which made it difficult to observe the resonance. The unidentified
resonance of insulin in chapter 2 was not apparent here, but as stated before, it could be due to a
sensitivity problem. Alternatively, it could be the downfield portion of peak 1.

The last protein analyzed by [“NJNMR spectroscopy was lysozyme (Figure 6.3.4).
Lysozyme has a free N-terminal lysyl residue but the Na resonance was not observed, again, due
to the sensitivity problem. The spectrum only contained one peak which was presumably made up
of many superimposed Ne-trimethyllysine resonances (peak 1). Since the resonance position of
the Ne-trimethyl moiety of hexamethyllysine is so close to Ne-trimethyllysine (Table 6.3.1), it was
not possible to comment on whether the Ne moiety of the N-terminal lysyl group of lysozyme was
reacted. The effectiveness of the high p’H strategy for simplifying spectra is easily observed when
comparing figures 6.3.4 and 6.3.5. In figure 6.3.5, the spectrum of hydrolyzed lysozyme was
acquired at p’H 1. Peaks 2 and 3 correspond to amino groups of liberated amino acids
(Witanowski ef al., 1981). These resonances would normally be too broad to observe at high p*H
values. The septet (Figure 6.3.5, peak 4) is actually a nonet, characteristic of deuterated
ammonium chloride (Witanowski and Web, 1972d), and can be removed altogether at p°H 11
(Figure 6.3.4). The ability to carry out acquisitions at different p’H values provides another subtle
way to obtain information. In this case, the observation of a substantial ammonium ion resonance

(peak 4) was diagnostic of amino acid decomposition during acid hydrolysis.
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To summarize, the results suggest that trimethylation can be used for analytical purposes.
The labeling of protein N-termini by this procedure is being pursued by Helen Vakos of our
laboratory as an application of the work carried out in this chapter. While the use of '*N enriched
amino acids and proteins would remove any need to use this technique, the method presented is
easily applicable, cost and labour efficient, and retains the native structure of protein. The use of
N amino acids in growth media for the production of labeled proteins is particulary notorious for
" being expensive and labour intensive. Furthermore, trimethylated ammonium derivatives are still
sensitive to microenvironment (Table 6.3.1) and molecular motions (Zhang et al., 1994), so
linewidth measurements and dynamic NMR experiments can also form the basis of some
structure-function studies.

With respect to the [“Cliodomethane labeling procedure of chapter 2, this method is less
costly and can be used more effectively to probe structure. The observed chemical shift
dispersion of different nitrogen nuclei is also greater. The ["*NINMR approach is, however,
significantly less sensitive with respect to protein labeled with 100% [“CJiodomethane, so that in
cases where hydrolysis is not carried out, practical matters such as acqusition time and protein
solubility may limit the technique to the observation of superimposed Ne-trimethyllysyl residues.
At any rate, large amounts of protein are required and the availability of protein may therefore be
another factor to consider. This may necessitate the use of 10 mm NMR tubes to contain more
protein.  Another drawback (or advantage) is that only trimethylamino acid derivatives are
observable by [“NJNMR spectroscopy as sharp lines at high p’H values. With [“CINMR

spectroscopy, tyrosyl, methionyl, cystyl and histidyl derivatives are also observed.
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6.5 Conclusions

Methylated functional groups of protein could be observed by ['“NJNMR as very sharp
resonance lines following hydrolysis. For each trimethylamino acid synthesized, the observed
chemical shift and linewidth measurements were, in combination, distinct enough to provide a
means of identification using standards. The principle of simplifying the spectra, by acquiring data
at high p’H values, was also very useful. Methylation of protein for [“NJNMR analysis can be
potentially used to study local motions and environments of amino groups. When used in
combination with [PCJNMR, the methylation protocol is an even more useful and reliable

analytical tool.
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General conclusions

The theme of the present work was to use chemical approaches to elucidate protein structure
and function. Both aqueous and nonaqueous methods were developed and investigated. Some
were quite novel. While chapters 2 through 6 examined different facets of protein chemistry, the
work carried out in each chapter had one common element, namely, that a chemical approach was
employed to probe structure and function, and a physical technique served to quantify the effects
of the perturbation. It is noteworthy to point out that despite the fact that chemical modification
and enzyme kinetics are among the oldest structure-function tools, it was still possible to carry
out novel work in either area. Some of the distinctions among the chapters are discussed below.

The novelty of chapter 2 was largely based on the fact that iodomethane was not previously
investigated as a suitable reagent for protein modification. It turned out that iodomethane was an
exceptionally useful reagent, and made possible the synthesis of new protein derivatives for
carrying out structure-function studies. The research carried out in chapter 3 and chapter 6
exploited the misconception that protein structure-function studies in organic solvents are invalid.
Once Klibanov challenged and dispelled what was professed to be sound wisdom, this area of
protein investigation was defined. It was clearly shown from the results of chapter 3 that a
nonaqueous environment provides the necessary framework to carry out extremely useful
chemical modifications, and would enable the development of numerous theoretical studies and
practical applications. An environment devoid of water permitted the derivatization of small
amounts of protein using nonconventional modification reagents. This feature was exploited
particularly in chapter 4, where it was applied with some success to the investigation of the
C-terminal problem of proteins. Chapter 5 reports the S; subsite specificity of cathepsin B. The
enzyme was successfully characterized by acquiring kinetic rate data of the hydrolysis of
substrates specifically designed to define S; specificity.

While established chemical approaches such as enzyme kinetics were used to investigate
proteins, the work presented shows that novel chemical approaches of protein investigation can

be developed and exploited to contribute to the understanding of protein structure and function.
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Appendix 1: Claims to original research and publications arising from this thesis
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Claims to original research

L.

First demonstration that iodomethane can be used as a general probe of protein structure and
function, and as an analytical tool of protein characterization.

First use of [°C] and [“NJNMR spectroscopy to characterize the reaction of protein
functional groups with iodomethane.

First reported in vitro N,N,N-trimethylation of amino groups of native protein.

First reported in vitro or in vivo N',N°-dimethylation of histidyl imidazole groups and
O-methylation of tyrosyl hydroxyl groups of protein.

First demonstration that the nonaqueous chemical modification of lyophilized protein with
reagents in the vapour phase or dissolved in organic solvents is feasible to carry out
structure-function studies.

First direct chemical evidence that the pH memory effect postulated by Klibanov is due to
the retention of ionization state of individual functional groups of protein.

First use of lyophilization pH values and conformational factors to achieve good selectivity
for reactions involving functional groups of protein.

First use of nonaqueous conditions to eliminate the risk of proteolysis during the course of
reaction.

First use of nonaqueous conditions to prevent the hydrolysis of labile reaction intermediates
of protein.

10. First characterization of the S; subsite specificity of cathepsin B.
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Refereed publications arising from this thesis:

(1) Nicolas A. S. Stewart, Alpay Taralp and Harvey Kaplan (1997) "Imprinting of Lyophilized
a-Chymotrypsin Affects the Reactivity of the Active-Site Imidazole," Biochemical and
Biophysical Research Communications, accepted for publication.

(2) Harvey Kaplan and Alpay Taralp (1997) “Nonaqueous Chemical Modification of Lyophilized
Proteins,” in Techniques in Protein Chemistry VIII (Marshak, D. Ed.) pp. 219-230,
Academic Press.

(3) Alpay Taralp and Harvey Kaplan (1997) “Chemical Modification of Lyophilized Proteins in
Nonaqueous Environments,” Journal of Protein Chemistry 16, 183-193.

(4) Alpay Taralp, Harvey Kaplan, Iou-Iou Sytwu, Isidorus Vlattas, Regine Bohacek, Anna. K.
Knap, Tomoko Hirama, Carol P. Huber and Sadiq Hasnain (1995) “Characterization of the
S; Subsite Specificity of Cathepsin B,” Journal of Biological Chemistry 270, 18036-18043.

Scientific presentations:

(1) Nicolas A. S. Stewart, Alpay Taralp and Harvey Kaplan “Ligand-Induced Changes in the
Active-Site of Lyophilized Chymotrypsin,” The Eleventh Symposium of the Protein Society,
conference proceedings, Protein Science 6 (Suppl. 2), 568-S, Boston, MA, July 1997.

(2) Harvey Kaplan and Alpay Taralp “Chemical Modification of Lyophilized Proteins in
Nonaqueous Environments,” The Tenth Symposium of the Protein Society, conference
proceedings, Protein Science S (Suppl. 1), 471-S, San Jose, CA, August 1996.

(3) Alpay Taralp and Harvey Kaplan “Chemical Modification of Lyophilized Proteins in
Nonaqueous Environments,” The 6th Ottawa-Carleton Chemistry Institute Minisymposium in
Bioorganic Chemistry, Ottawa, May 1996.

(4) Alpay Taralp and Harvey Kaplan “lodomethane as an NMR Active Protein Modification
Reagent,” The VIII MOOT NMR Minisymposium, Ottawa, September 1995.

(5) Alpay Taralp, Nicolas A. S. Stewart and Harvey Kaplan “lodomethane as an NMR Active
Protein Modification Reagent,” The Ninth Symposium of the Protein Society, conference
proceedings, Protein Science 4 (Suppl. 2), 503-T, Boston, MA, July 1995.

(6) Alpay Taralp, Nicolas A. S. Stewart and Harvey Kaplan “lodomethane as an NMR Active
Protein Modification Reagent,” The 5th Ottawa-Carleton Chemistry Institute Minisymposium
in Bioorganic Chemistry, Ottawa, May 1995.

(7) Alpay Taralp, Harvey Kaplan, Iou-Iou Sytwu, Isidoros Vlattas, Regine Bohacek, Anna K.
Knap, Tomoko Hirama, Carol P. Huber and Sadiq Hasnain “Characterization of the S;
Subsite Specificity of Cathepsin B: The Importance of P; on Substrate Binding,” The Eight
Symposium of the Protein Society, conference proceedings, Protein Science 3 (Suppl. 1),
128-M, San Diego, CA, July 1994 and The 4th Ottawa-Carleton Chemistry Institute
Minisymposium in Bioorganic Chemistry, Ottawa, May 1994.

(8) Harvey Kaplan, Alpay Taralp, Vicky L. Knowles and R. P. Oomen “Selective Methylation
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Appendix 2: High voltage paper electrophoresis mobility charts for use at pH 2.1 and
pH 6.5
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Mobility chart for noncysteic acid peptides migrating at pH 2.1. The mobility of dansyl
arginine is 1.45 with respect to serine as measured from the neutral spot (dansyl sulphonic acid).
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