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ABSTRACT

NOVEL METHODOLOGIES TO STUDY CYSTEINE STATUS IN PROTEINS BY

CHEMICAL CLEAVAGE AND MASS-MAPPING BY MALDI-TOF MASS

SPECTROMETRY

By

Jiang Wu

Current methodology for characterizing free sulfhydryls and disulfide bonds in

proteins involves the modification of cysteine residues, enzymatic digestion of protein

chain for cleavage between half cystinyl residues, I-IPLC fractionation, and sequence

determination of peptide fragments. This strategy is tedious, cumbersome, and can

promote disulfide exchange.

A simple methodology has been developed to localize free cysteine groups in

peptides and proteins. This new approach employs a specific reaction between free

sulfliydryls and 2-nitro-5-thiocyanobenzoic acid (NTCB) or 1-cyano-4-dimethy1amino-

pyridinium tetrafluoroborate (CDAP) to specifically cyanylate cysteine thiols. The N-

terminal peptide bond of the cyanylated cysteinyl residue can then be cleaved under

alkaline conditions to form an amino-terminal peptide and a series of 2-iminothiazolidine-

4-carboxylyl peptides which can be mapped to the sequence by MALDI-MS. The

cleavage conditions have been systematically investigated using a number of peptides

containing different amino acids adjacent to the N-terminal side of cysteine residues.

While the cleavage reaction was traditionally performed in pH 8.5-9.5 buffer at 37-65°C

for 12-80 hours, optimal results have been obtained in 1M ammonium solution in which

 

 



 

the cleavage is complete within an hour at ambient temperature. This improvement also

minimizes side reactions resulting from prolonged exposure to the alkaline medium.

A novel strategy is described for assignment of disulfide pairings in proteins. A

denatured protein is subjected to limited reduction in acidic solution to produce a mixture

of partially reduced protein isomers; the nascent sulfhydryls are immediately cyanylated by

CDAP under the same buffered conditions. The cyanylated protein isomers, separated by

and collected from reversed-phase HPLC, are subjected to the cleavage reaction to form

truncated peptides, which, after further reduction of the remaining disulfide bonds, can be

mass-mapped by MALDI-MS. This simple, fast, and sensitive strategy avoids disulfide

scrambling and is applicable to disulfide characterization in proteins containing adjacent

cysteines. Several proteins with various disulfide structures have been studied to

demonstrate the feasibility of the methodology.

Two techniques are introduced for the study of disulfide structures of protein

folding intermediates. The cyanylation of thiol groups by the CDAP under acidic

conditions has been applied to trapping folding intermediates of recombinant human

epidermal grth factor (hEGF). Disulfide structures of seven CDAP-trapped

intermediates have been identified by the approach described above. Both native and non-

native intermediates were found in the folding process. The analysis of the disulfide

intermediates provides new insight into the folding pathway ofhEGF.
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CHAPTER 1

INTRODUCTION

1. Introduction

Since its discovery in 1912, mass spectrometry (MS) has provided key insight for

broad and diverse disciplines. However, the involvement of mass spectrometry in studies

of biomolecules stems in large part from the discovery of desorption ionization

techniques in the early 1980s (1, 2). At the same time, rapid advances in biological

sciences have led to a dramatic increase in the demand for chemical and structural

information of biologically active materials. The combination led to the creation of a

new discipline-biological mass spectrometry—which addresses the challenging unsolved

structural issues of biomedically important molecules. In the past decade, this expansion

has accelerated dramatically, due to the discovery of two new mass spectrometry

ionization techniques: matrix-assisted laser desorption/ionization (MALDI) (3) and

electrospray ionization (ESI) (4). Commercial availability of these instruments has made

routine the analysis of high mass compounds including proteins, peptides, carbohydrates,

natural products, and drug metabolites with picomole to femtomole sensitivity. Today,

MS has been revolutionary in spurring research in protein biochemistry, glycobiology,

and biotechnology, and most recently in DNA sequencing (5).

Protein analytical techniques are essential for determining a protein’s primary

structure as well as detecting and defining posttranslational modifications of proteins so

that the complete structure of a protein can be obtained (6, 7). Nucleotide sequences of

l
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genes embody the information required to deduce the primary structure (amino acid

sequence) of proteins but they do nOt reveal whether the side chains of amino acids are

chemically modified in vivo after translation of genes or the extent of any modifications.

Defining posttranslational modifications is essential in the case of expressed proteins that

are destined for use as pharmaceuticals. This is required to ensure that they have the

same chemical structure as their natural counterparts or an acceptable alternate structure.

Unacceptable structures could be detrimental to recipients due to unwanted

pharmacological or immunological activities.

Defining the locations and structures of posttranslational modifications in proteins

is one ofthe most important contributions that mass spectrometry has made and continues

to make in the field of protein biochemistry (8). The unique potential of MS is most

evident when it is used in conjunction with conventional methodologies like automated

protein sequence and amino acid analysis. In contrast to the latter two approaches in

which identification is based entirely on chromatographic retention relative to one of the

20 commonly occurring amino acids or a derivative thereof, MS relies on measurement of

molecular mass, an intrinsic physical pr0perty. Mass spectrometry is clearly the method

of choice for characterization of posttranslationally modified proteins, since in most cases

well-developed, accurate, and sensitive chemical or biochemical approaches are not

available.

Disulfide bond formation after gene expression is one of the most important

POSttranslational modifications frequently encountered in protein characterization (9, 10).

Mass spectrometry, combined with other chemical/biochemical techniques, has been

extensively applied to the recognition of both free sulthydryls and disulfide bonds in
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proteins. In this dissertation, novel methodologies for recognizing free sulfliydryl groups,

disulfide bonds, and disulfide structures of folding intermediates will be discussed in

greater detail in the chapter 2, 4, and 5, respectively. The objective of this chapter is to

introduce basic aspects of MALDI and current methodologies for characterizing cysteine

status in proteins.

 
H. Characterization of Cysteine Status in proteins

Among the 20 amino acids that compose proteins, cysteine has unique properties.

The reduced form of cysteine contains a sulihydryl (thiol) group while its oxidized form,

cystine, is formed by linking two sulfltydryls together to form a disulfide bond. Cysteine

contributes to protein biological functions by using its free sulthydryl (-SH) group as the

active site for enzyme catalysis such as in cysteine proteases, and as the chelating site for  
metals (11). Sulfhydryl groups can also play an important role in a variety of

physiological and biochemical processes such as muscular contraction, nerve activity, cell

division, oxidative phosphorylation and photosynthesis (11). Disulfide bond, on the other

hand, comprises the major covalent cross-linkage in proteins and may be intra- or inter-

chain in nature (Figure 1.1). Intra-chain disulfide bOnds, such as the four disulfide bonds

in ribonuclease A, serve to confer conformational stability on the folded polypeptide

 
chain. Additionally, by limiting or directing the folding these bonds may contribute to

the correct orientation of the amino acid residues that form the active sites of enzymes,

antibodies and other biologically active proteins. Inter-chain disulfide bonds are

functional in maintaining the quaternary structure of multi-chain proteins, serving as the

only linkage between subunits or providing covalent stability to structures otherwise
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Figure 1.1. Intra- and Inter-chain disulfide bonds in proteins.

maintained by non-covalent forces (e. g., insulin, IgG). Disulfide bonds in particular

proteins play a unique role in its activity. For example, disulfide bonds are involved in

the mechanism of activity in glutathione reductase and thioredoxin. Due to diverse roles

that cysteine sulfhydryls and cystine disulfide bonds play in protein structures and

functions, the recognition of cysteine status is a very important aspect of protein

characterization (9, 11).

For a new protein with unknown sequence, the quantitative determination of

cysteine content is very beneficial to further characterization of the protein. Even though

the amino acid sequence of the protein can be easily deduced from the corresponding

cDNA sequence, differentiating between free cysteine residues and those involved in
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disulfide bonding (cystines) is also very essential because the state and connectivity of

the cysteine residues after translation can not be predicted readily from the protein’s

primary structure. Characterization of the location of sulfltydryl groups and disulfide

bonds in proteins has become a crucial part of the analysis of recombinant DNA products,

because molecules having incorrect disulfide bond linkages may have much lower

biological activity than that of the desired product. The problems associated with .

cysteine status in protein chemistry include: (1) quantitative evaluation of cysteine and

cystine; (2) localization of free sulflrydryl groups; and (3) assignment of disulfide bond

linkage.

A. Quantitative Determination of SH and S-S groups in proteins

The cysteine sulfhydryl group is distinguished from other side chains of amino

acids by its high reactivity and by the exceptionally diverse chemical reactions in which

they participate, such as alkylation, acylation, oxidation, sulthydryl-disulfide bond

exchange, charge-transfer complexes, reactions with organic heavy metal compounds

(11). Sulthydryls can dissociate into a proton and a thiolate anion. The high reactivity of

sulfhydryl groups is attributable to the high nucelophilicity of the correSponding thiolate

ions, which exist at reasonable concentrations at neutral to weakly alkaline pH-values

(pK, 8-10.5). Thiolate-dependent reactions thus proceed readily at pH 8 and above, and

at moderate speed in the pH range 6-8.

RSH —-> RS" + H’“
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A variety of methods, based on numerous reactions in which sulfliydryls and

disulfide bonds participate, have been studied for the determination of sulfhydryl and

disulfide bond content in proteins. Reviews on this subject can be found in several book

chapters (1 1-13).

1. Methods Based on Alkylation

CIIOOH

SH

1 CH2

CH2 0 l

I II + ICH2COOH -——> S + H1

—NH—-CH—C -— «. 1

cc c
—NH—CH -—C —

Figure 1.2. The modification of cysteine with iodoacetic acid to form

S-carboxymethylcysteine.

Alkylation (S-carboxymethyltion) of SH groups to form S-carboxymethylcysteine

is the most frequently used reaction in protein characterization (11:13). Alkylation can

be accomplished with compounds containing an alkyl halide group such as iodoacetate,

iodoacetamide, bromoacetate, etc., among which, iodoacetamide shows highest reactivity

and specificity to SH (Figure 1.2). The iodide liberated can be determined by an

electrochemical method (14) or absorbance at 226 nm (15). As an alternative, alkylation

by “C-labeled iodoacetate permits the number of thiol groups to be determined from the

radioactivity of the product (16, 17). To avoid side reactions connected with the
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formation of iodine by photooxidation of iodide ions, the carboxymethylation was

performed in the dark.

Based on the same principle, a number of other alkylating reagents have been

developed in order to irnprove the sensitivity and specificity of the reaction (18). But

alkylation by iodoacetate is still the most popular derivatization reaction to modify

sulthydryls because of its simplicity and specificity.

2. Methods Based on Mercaptidation

Organomercurial compounds are high affinitive and specific reagents for protein

SH groups (Figure 1.3). In contrast to alkylation, the mercaptidation reaction is

reversible. Among various organomercurial reagents, monofunctional organomercurial

compounds have widely been exploited. Spectrophotometric titration with p-

mercuribenzoate proposed by Boyer stands in first place because of its simplicity, high

sensitivity, selectivity, and precision (19). This classical method is based on the

measurement of the increase in absorbance in the 250-255 nm region that occurs upon the

binding ofp-mercuribenzoate (p-MB) to SH groups. It provides a means to measure not

only the number of SH groups in a protein, but also the relationship between the degree

of loss of enzymatic activity and the number of blocked SH groups. Interestingly, the

rate and the extent of the reaction of SH groups of many proteins with p—MB is higher at

pH 4.6 than at pH 7-8 because of the high affinity ofp—MB for hydroxide ions (20). As a

result, the reactivity of the reagent increases as the pH of the solution is decreased. Other

reagents, such as 1-(4-chloromercuriphenylazo)—napphthol-2 (CMPN; mercury-orange),

and p-(hydroxymercuri)—benzoic acid (21), were also proposed to improve the
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Spectrophotometric detection of SH groups in lysine monoxygenase (22) and in

carboxyhemoglobin (23).

SH COO'

CH2 0 Hg

l H + "—‘—> I + H+

—NH-—CH—'C -— S

Figure 1.3. Chemical reaction between p-mercuribenzoate and sulfliydryl group.

3. Methods Based on SulfhydryllDisulfide Exchange

RISSR1 + RSH ——-> RISH + RlSSR

RISSR + RSH ——> RISH + RSSR

Among oxidants of SH groups, disulfides occupy a special position since their

reactions with sulfhydryls are absolutely specific. This reaction is referred to as

sulfhydryl/disulfide exchange. As can be seen fiom the equations, this reaction consists

of two steps of nucleophilic substitution with the formation of a mixed disulfide at the

intermediate stage.
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Among the various disulfides proposed, Ellman’s reagent, 5,5’-dithio—bis-(2-

nitrobenzoic acid), DTNB, has received the widest application (24). The reaction of

thiolate anion with excess Ellman’s reagent at pH 7-8 is favored toward the.

stoichiometric formation of TNB thiolate (5-thio-2-nitrobenzoate, TNB') and a mixed

disulfide (RS-TNB) (Figure 1.4). Ellman’s reagent usually is dissolved in phosphate or

tris bufi‘er, pH 8, at a concentration of 10 mM. It is added to a solution of protein

containing lmM EDTA in a five to ten-fold excess with respect to the number of SH

groups (EDTA is included not only to protect SH groups from oxidation but also because

metal ions can affect the development ofthe color). The method is highly sensitive (a412nm '

= 13,600 M'1cm"), very fast and strictly specific, and may be used for the determination

of SH groups in both native and denatured proteins (25-27).
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Figure 1.4. The reaction of Ellman’s reagent, 5,5’-dithio-bis-(2-nitrobenzoic acid),

with cysteinyl residues in proteins.
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Grassetti and Murray (28, 29) demonstrated 2, 2’-dithiodipyridine or 4, 4’-

dithiodipyridine were good substituents for Ellman’s reagent. These compounds showed

stronger reactivity to SH groups in a wide pH range (pH 1-8) (30) and are therefore

widely used as the binding bed of affinity chromatography for sulfhydryl-containing

proteins (3 1).

4. Methods Based on Electrochemical Titration

One of the important properties of sulfhydryl/disulfide is that they can convert to

each other though oxidation/reduction reactions. Cysteine is very sensitive to oxidation.

Under mild conditions (e.g., in the air), SH groups undergo oxidation to form disulfide

bonds. Further oxidation results in the formation of cysteic acid. Under the presence of

reducing agent, disulfide bonds can be reduced to form sulfhydryls.

[O] RSSR + 2H+ + 2e'

[R]

  

2RSH

Those Specific oxidation/reduction properties of a sulfllydryl/disulfide pair form

the basis of amperometric titration of sulfliydryls with silver nitrate (32). In this method,

the first portion of AgNO3 binds to the SH groups of the protein and do not cause the

small current to increase. As soon as all the SH groups are blocked, free metal ions

appear in solution and are reduced on the platinum electrode, resulting in a diffusion

current which is proportional to the concentration ofthe metal ions released to solution.
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The amperometric titration method was first proposed for the measurement of

sulfhydryl groups. With prior reduction of disulfide bonds, this method was also

extended to quantitation of disulfide bonds in proteins. For example, Gevondyan et al

(33) successfully measured the content of free SH groups and disulfide bonds in the

purified pig kidney Na“, K+-ATPase by amperometric titration with silver nitrate in

ammonium nitrate buffer (pH 7.6).  
Recently Sun et al (34) developed an electrochemical detector to detect

simultaneously both sulfliydryls and disulfides in peptides. The three-electrode EC

detector system actually has five electrodes, one Ag/AgCl reference electrode, a stainless

steel auxiliary electrode, and three Hg/Au amalgam working electrodes, and thus can be

used to distinguish between sulfliydryl- and disulfide—containing peptides in a single

chromatographic analysis, as illustrated with proteolytic digests of bovine OLA-crystallin  
and partially reduced bovine insulin.

Although the advantage of electrochemical titration in comparision with

spectrophotometry lies in the possibility of carrying out analysis in cloudy or colored

solutions, in'enzymological studies, the electrochemical method has not received as wide

a usage as the spectrophotometric method. This is evidently because of its lower

sensitivity, the necessity of special apparatus.

5. Methods based on Oxidation

Shipton et a! (35) found that benzofuroxan (benzo-Z-cxa-l, 3-diazole N-oxide)

selectively and quantitatively oxidizes the SH groups of proteins, the reagent being
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reduced to o-benzoquinone dioxime. The reduction is accompanied by a large increase in

absorbance at wavelengths far removed from the region where proteins absorb strongly.

Alternatively, proteins are treated with performic acid (3 6). This is to convert the

unstable residues of cysteine into cysteic acid, which withstands acid hydrolysis and may

then be reliably determined by amino acid analysis. However, treatment of a protein with

performic acid leads to destruction of tryptophan, partial destruction of tyrosine, and

quantitative conversion of methionine into methionine sulfone. The practical application

is therefore limited.

6. Methods Based on Enzyme Assay

RSH + Papain-S-SCH3 -——> RS-SCH3 + Papain-SH

Singh et al (37) developed a sensitive Spectrophotometric assay for sulfliydryl

group determination using an inactive disulfide derivative of papain (papain-S-SCH3).

The sulfliydryl/disulfide exchange reaction of a protein cysteinyl residue with papain-S-

SCH3 results in the stoichiometric formation of active papain (papain-SH). The

reactivated papain catalyzes the hydrolysis of a chromogenic substrate, resulting in an

amplified Spectrophotometric signal proportional to the initial amount of SH. The assay

is about 100-fold more sensitive than that using Ellman’s reagent. A variety of

sulfliydryls, e. g., glutathione, cysteamine, penicillamine, etc. have been successfully

determined by this approach. However, the feasibility of the method for the measurement
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of thiols in large proteins remain to be tested. Because of the steric hindrance of large

proteins, the accessibility of protein sulfliydryls to papain might be a problem.

7. Methods Based on Mass Spectrometry

Mass spectrometry is becoming an alternative means of quantitatively

determining protein cysteine/cystine content in a way that promises to overcome

limitations of sensitivity, multiple derivatization, and protein contamination that burden

many classical methods (3 8-40).

Feng et al (3 8) demonstrated a method that combines reduction/alkylation and

ESI-MS for rapidly counting cysteines, free sulfhydryl groups, and disulfide bonds in

proteins. In this analysis, a peptide or denatured protein is first allowed to react with

iodoacetic acid in the absence of a disulfide reducing agent to selectively label any free

sulfhydryl group(s). Parallel analyses using underivatized protein provide mass spectral

data from which the number of free sulfhydryls can be determined by the shift in the

molecular weight of the alkylated derivative relative to that of the native protein. In the

case for iodoacetic acid, a mass shift of 59 u is observed for each derivatized cysteine of a

protein. A complementary experiment involving the same reaction, after exposure of the

protein to a disulfide reducing reagent, provides mass spectral data that allows for

differentiation of the total number of cysteine(s) and/or cystine(s) originally present.

Recently Sun et al applied this procedure to ribonuclease A, lysozyme, insulin, and [3-

lactoglobulin B (3 9). However, the above method is limited to small proteins as the mass

shift from alkylation by iodoacetic acid is small and the limited mass resolution available
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could potentially prevent small mass shift from being detected. To circumvent the

drawback, Zaluzec et al (40) used monofunctional organomercurial reagent (p-

hydroxymercuribenzoate (pHMB) for selective derivatization of thiol groups. After

derivatization, the mass shift of 321 u is obtained for each derivatized cysteine. The large

mass shift minimizes the error which might occur during mass spectrometric analysis due

to poor resolution of the instrument. Both MALDI and E81 can detect low picomole of

protein samples and provide an excellent method for the quantitative assessment of

cysteine content even in a protein mixture.

8. Determination of S-S Content

Conventional methodologies for S—S counting in proteins are based on the

reductive cleavage of the S-S bonds to form cysteinyl residues that can be determined by

the methods mentioned above. The content of disulfide bonds can then indirectly be

deduced.

A sensitive and quantitative method involving the use of the reagent 2-nitro-5-

thiosulfobenzoate (NTSB) has drawn great attention (41, 42). The NTSB assay is

actually composed of two sequential reactions. The first reaction is the cleavage of a

disulfide bond with sodium sulfite:

RSSR' + 8032' ——> RSSO3' + R'S'
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The second reaction (Figure 1.5) involves nucleophilic attack of the thiolate

produced in reaction on NTSB to yield 1 mol each of a thiosulfonate and 2-nitro-5-

thiobenzoate (NTB), the latter can be measured by the absorbance at 412 nm.

The reaction ofNTSB with thiols and disulfides can be carried out in the presence

of both dissolved oxygen and the reducing agent which eliminates the inaccuracy and

inconvenience associated with the necessity to work under an oxygen-free atmosphere as

well as the need to remove the reducing agent.

 

SH S.‘|

CH2 0 s ‘

~NH—éH—t': + T ('3 +

No2 —NH—CH —-C — No2

Figure 1.5. Modification of cysteine sulfhydryl by 2-nitro-5-thiosu1fobenzoate (NTSB).

Hirose et al (43) described another novel method that makes use of

polyacrylamide gel electrophoresis (PAGE) following two-step alkylation for the

quantitative determination of intramolecular disulfide bonds in proteins. Gel

electrophoresis is one of the most powerful techniques for protein analysis in complex

biological systems, since it requires very small amounts of proteins which can be

visualized by selective methods of gel staining. In this method, proteins with different

numbers of cleaved disulfide bonds are alkylated with iodoacetic acid or iodoacetamide
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as the first step. The remaining disulfide bonds were reduced by excess dithiothreitol,

and the newly generated free sulfliydryls were alkylated with the reagent not yet used

(iodoacetamide, iodoacetic acid, or vinylpyridine) as the second step. By subsequent

acid-urea PAGE, different intermediates formed in two steps can be resolved into distinct

bands, depending on differences in their net charge and conformation. Two-step

alkylation used in combination with autoradiography was especially useful for the

analysis of disulfide bonds in proteins synthesized in complex biological systems.

B. Localization of Sulfhydryl Groups

Localization of cysteine residues and their possible pairings in forming disulfide

bonds (see section C) in proteins involves some of the oldest and best studied

manipulations in protein chemistry. A large number of reagents and procedures have

been tested and used both in the reduction of disulfide bonds and in the reaction of the

available SH groups, and there is no indication that the search for better methods is over

yet.

1. Classical Approach

The general strategy for locating free sulfhydryl groups in proteins by

conventional methods involves several steps. The first step is to modify free sulfhydryl

groups, usually, by an irreversible reaction such as alkylation, under conditions that can

prevent or minimize sulfhydryl/disulfide exchange. Second, the protein is cleaved by

enzymes or chemical reagents between cysteine residues. Third, the mixture of the digest

is separated by chromatography. Finally, the derivatized sulfhydryl-containing peptides
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are recognized, mapped to sequence by the Edman technique and/or mass spectrometry,

and related to specific segments of the protein.

A key to the success of this approach is to choose an appropriate derivatization

reaction and reagent for sulfliydryl groups. The reagent should be soluble in the reaction

medium and label sulfhydryl groups selectively, rapidly, and irreversibly under mild

conditions (ideally under weak acidic conditions to avoid sulthydryl/disulfide bond

exchange which is minimized at pH 2-6.5). Furthermore, the reagent should possess

strong UV or fluorescent absorption which does not overlap with the maximum

absorption of proteins, or easily attach a radioactive element to facilitate the recognition

of derivatized peptides after HPLC separation. Finally, the derivative of cysteine should

be distinguishable from other amino acids by the Edman degradation technique in which

the identification of amino acids exclusively relies on the retention time of PTH-

derivatives.

While iodoacetate and pyridylethylation are still extensively used (44-46), there

has been far greater interest in the use of this chemistry as a mechanism for introducing a

larger molecule which can serve as a sulfhydryl probe. Two derivatives of 7-fluoro-

2,1,3-benzoxadiazole (47), 7—fluoro-2,1,3-benzoxadiazole 4-sulfonate (SBD-F) and 4-

(aminosulfonyl)-7-fluoro-2,1,3-banzoxadiazole (ABD-F), have proven usefiil for the

assay of sulfhydryls by reason of their formation of fluorescent products (Figure 1.6).

The adducts exhibit fluorescence at a long wavelength (~515 nm) and show a spectral ,

shift corresponding to environmental hydrophobicity (48, 49). The reaction is performed

under borate buffer, pH 9.5, containing 1 mM EDTA to prevent metal-catalyzed

oxidation of the sulflrydryls. For the derivatization of sulfltydryls in large proteins, the
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proteins have to be denatured to ensure that every SH can be attacked by the reagents (50,

 

51).

F. N F. N ‘ r N a
/ \ / \ / \ /

‘N/O ‘N/O sod::rate> ‘N/O 6 NE)

SIO3'NH4+ SIOzNHz $O3'Na+ SIOZNHQ

SBD-F ABD-F . 3313-311 ABD-SR

Figure 1.6. Derivatization of the cysteinyl group by SBD-F or ABD-F.

Chin and Wold (52) employed the combinatiOn of tributylphosphine (Bu3P) to

reduce disulfide bonds and ABD-F. to block free sulfliydryls to characterize both free

sulfhydryls and disulfide bonds in a. number of proteins. } Since the two reagents

apparently do not react with each other, their combination offers a convenient and quite

general method for the complete characterization of free and cross-linked cysteines.

Using the similar procedure, Kirley (53, 54) determined the location of three disulfide

bonds and one free sulfhydryl group in the B-subunit of (Na+,K*)-ATPase.

Another reagent, S-[2-((iodoacetyl)amino)-ethyl]naphthalene-1 -sulfonic acid

(IAEDANS) (Figure 1.7) has been proven powerful for sulfhydryl derivatization (55-57).

Recently, Sturrock et al (58) used this reagent to label a free cysteine residue in human

testicular angiotensin-converting enzyme (tACE). After isolating the fluorescent peptide

from enzymatic digests by HPLC, the sequence of the fluorescent peptides was mapped
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by MALDI-PSD. The sequence data established that Cys496 is a free thiol form in

tACE.

u

IHZCC—NH-CHZCHZ-NH

©©
SO3H

Figure 1.7. 5-[2-((iodoacetyl)amino)-ethyl]naphthalene-l~sulfonic acid (IAEDANS).

2. Affmity Chromatography

The only functional group for which conditions are available for the formation of

a stable covalent bond which can be Split under mild conditions is the sulfhydryl group.

The sulfhydryl-containing protein is attached to an' affinity column by covalent

interaction (59). After enzymatic digestion on column, the nonsulfhydryl-cbntaining

peptides do not bind to the column and can be washed away. The attached sulfliydryl-

containing fragments are then removed from the column and - subjected to further

structural characterization by Edman degradation and/or mass spectrometry. The affinity

interactions include (60): (i) binding to affinity media that contain heavy metals, (ii)

binding to affinity media with reactive disulfide that undergo facile sulfhydryl/disulfide

exchange, and (iii) binding to affinity media that contain chelated zinc. While those

methods were originally used to purify sulflrydryl-containing proteins, this approach was
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recently used to locate cysteine residues in proteins by mass mapping of bound

sulfhydryl-containing peptides (61). This approach is powerful for locating sulfhydryl

groups in high mass proteins because the HPLC separation of the digests is unnecessary.

But conditions have to be established and optimized under which all the sulfhydryl

groups can be attached to the column.

3. Cleavage at Cysteine Residues

The third method utilizes a cleavage reaction at cysteine residues. The conversion

of an SH group into an SCN group was first achieved in two stages by successive

treatment of a protein with Ellman’s reagent and then with cyanide (62, 63). Stark (64)

showed that 2-nitro—5-thiocyanobenzoic acid (NTCB) specifically cyanylates cysteine

sulfhydryls, which subsequently cleave at the N-terminal side of the cyanylated cysteinyl

- residues under mildly alkaline conditions to form an amino-terminal peptide and a series

of 2-iminothiazolidine-4-carboxylyl (ITC) peptides. If a protein contains 11 cysteine

residues, the cleavage reaction results in the formation of n+1 peptide fragments, mass

alignment of which indicates the number and location of cysteine residues. While

potentially a very useful method, it has seldom been used for sequence determination

because all but the N-terminal peptide become blocked by the iminothiazolidine-

carboxylyl group, which is not amenable to Edman degradation. Thus far, there is no

convenient method to remove the ITC, group from the cleavage products (65, 66).

Because cysteines are relatively scarce in proteins, cleavage at these residues usually

produces large fragments which can be mass mapped by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (63, 64, 67). However, peptide
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assignments using this approach are often complicated by its poor mass accuracy ( error >

5%) (64, 67). PapayannOpoulos and Biemann (68) first used CID tandem mass

spectrometry to sequence the NTCB cleavage reaction products of a protease inhibitor

isolated from Sarcophaga bullata. Mass spectrometry provides much more accuracy for

mass assignment and can be applied to the sequencing of ITC blocked peptides. To date,

the NTCB approach has primarily been employed to locate total cysteines in various

proteins although selective identificatiOn of free cysteine in the presence of disulfide

bonds was also reported (68-73).

The cleavage reaction mentioned above and mass mapping of the products by

mass spectrometry are the theme of this dissertation. The chemistry and mechanism of

the cleavage reaction will be discussed in detail in chapter 2.

C. Disulfide Bond Assignment

Although the amino acid sequences of proteins are readily deduced from the

corresponding cDNA, modifications occurring to the protein after translation can not be

predicted accurately. Disulfide bonding, one of the most frequently encountered

posttranslational modifications, is essential for stabilization of protein’s tertiary structure.

As a result, most disulfide-containing enzymes have maximum activity only if disulfide

bonding is correct. Improved analytical methods for the rapid and definitive assignment

of SS are thus important to many areas of biochemical research and technology.

However, although there is good methods for quantifying the number of disulfide bonds
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in proteins (41, 42), the unambiguous determination of disulfide bonds remains a difficult

task which is sometimes only resolved by a main commitment of time and sample.

Two frequently used terms in cysteine chemistry are sulfliydryl/disulfide

exchange and disulfide bond scrambling (or disulfide bond interchange). Although

sulfhydryl/disulfide exchange (such as Ellman’s reagent) is the most specific reaction,

both sulfhydryl/disulfide exchange and disulfide bond scrambling in proteins occur in

mildly alkaline media when structures permit and result in mismatched nonnative

disulfide bond structures. Figure 1.8 shows the sulfhydryl/disulfide exchange in a

protein.

  
Figure 1.8. Illustration of sulfliydryl/disulfide exchange in proteins.

Sanger and his coworkers (74-76), in their pioneering work on the structure of

insulin, recognized that an interchange reaction took place with disulfide bonds when the -

protein was subjected to partial hydrolysis in cold concentrated HCl, leading to the

formation of mixed disulfides. Subsequent studies demonstrated that , like sulfhydryl/

disulfide exchange, disulfide bond scrambling also occurs in slightly alkaline buffers but

was minimal over the range ofpH 2 to pH 6.5 (77, 78).
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R'S-SR' + R"S-SR" ——-—-> 2R'S—SR"

In alkaline and neutral media, the reaction is catalyzed by thiols which can arise

from the hydrolytic cleavage of disulfides. Disulfide bond interchange is inhibited by the I

presence ofalkylating agents, such as iodoacetate (79).

1. Classical Strategy

 Multiple step enzymatic/chemical cleavage of protein

l
Fractionate peptides by HPLC

l
Reduce disulfide bonds

l
Modification of nascent SH groups

l
Separation ofthe resulting peptides

l
Sequencing by Edman degradation

Figure 1.9. Classical strategy for disulfide bond assignment of a protein.
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As illustrated in Figure 1.9, a well established approach (65, 80, 81) for

recognizing disulfide bond structure of proteins involves several steps which are very

similar to the assignment of free sulfliydryl groups. First, a protein is cleaved by

enzymes or chemical reagents between half-cystinyl residues under conditions that can

avoid or minimize disulfide scrambling. Second, the mixture of digests is separated by

reversed-phase HPLC. Third, the amino acid sequence or molecular masses of these

peptides are determined using Edman degradation or mass spectrometry. Finally, the

identified peptides are related to specific segments of the protein. Recent development of

the methodology focused on the identification of the disulfide-containing peptides,

especially various mass spectrometric techniques are more and more involved. The

characteristic aspects of the strategy will be discussed below.

2. Cleavage of Cystine Peptides

The choice of enzymes for cleavage is largely dictated by three requirements: the

specificity of the enzyme to produce well-defined fragments that can simplify the

identification process; the conditions to minimize disulfide interchange; and the

capability of cleaving between every half—cystinyl residue to obtain peptides containing

no more than one disulfide bond. Usually compromise has to be made among these three

factors. The identification of disulfide-containing peptides is facilitated greatly if a

specific cleavage reagent is used (10, 39, 82, 83). Proteins may be cleaved selectively

with a variety of enzymes, such as trypsin, staphyococcus aureus V8, cyanogen bromide,

or less specifically, chymotrypsin. Trypsin has been used most frequently because it is

highly specific for Arg and Lys residues. Unfortunately, trypsin has maximum activity at
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pH 8.3, and is not active in acid. As a result, disulfide scrambling may occur during

enzymolysis. However, in spite of the jeopardy, our survey indicated that among over 60

published papers on the disulfide assignment in various proteins, 70% used trypsin as a

cleavage reagent, among which 80% of the digestion was performed at pH>8.

Chymotrypsin is less specific than trypsin, and likewise active only under alkaline

conditions. staphyococcus aureus V8 is useful because it has maximum activity at pH

4.0 and 7.8, cleaving on the C-terminal side of Glu or Glu and Asp, respectively.

Cyanogen bromide is also used frequently to cleave proteins on the C-terminal side of

Met. This reaction is very attractive as it is highly specific for Met and is generally free

of side reactions, and because the reagents (cyanogen bromide and formic acid) are

volatile. In addition, disulfide bonds are stable during treatment with CNBr. Since

proteins in their native state are often resistant to enzymatic attack, cleavage with CNBr

is used to open up or unfold the protein, rendering it susceptible to enzymolysis. As Met

is not a particularly abundant constituent of proteins, cleavage with CNBr usually gives

large peptides. Subsequent digestion by other enzyme(s) is required to produce smaller

peptides (82).

Unfortunately, if proteins can not be cleaved by specific cleavage reagents, they

must be cleaved by non-specific reagents. Pepsin (maximum activity around pH 3.0),

thermolysin, and partial acid hydrolysis are useful for this purpose. However, using non-

specific proteases it is difficult to relate the disulfide-bridged peptides to specific

segments of the protein simply by determining their molecular masses by MS. In such a

case, multiple-step Edman degradation and/or MS/MS is a useful tool for characterization

of the disulfide-bridged peptides.

 



  

3. Purification of Cystine-Contai

Following digestion of a 1

original disulfide bonds remain inta

toidentify, by N-terminal amino :

dinilfide bonded peptide. Reverse

acetonitrile in 0.1% trifluomacetie :

rapid and employing conditions

nsuallydetected byUV at215 nm‘

tinm high-mass proteins is still 8

HPLC columns are used, because

hydrolysis.

An alternative method I

identification of disulfide-bonded

based on the chemical modification

Orpaper electrophoresis is carried

performic acid vapour. After th

repeated in the perpendicular di

migrate along a line at 45° to ea

formed cysteic acid peptides migra

then eluted and analyzed by amin

method is diagonal electrophoresis

  



 

 

 

3. Purification of Cystine-Containing Peptides

Following digestion of a protein to give a mixture of peptides in which the

original disulfide bonds remain intact, the next step is to pry each of these peptides and

to identify, by N-terminal amino acid and if necessary, partial sequence analysis, each

disulfide bonded peptide. Reversed-phase HPLC under acidic conditions ( a gradient of

acetonitrile in 0.1% trifluoroacetic acid, for example), is ideal for this purpose, being both

rapid and employing conditions favoring stability of disulfide bonds. Peptides are

usually detected by UV at 215 nm with acceptable sensitivity. The purification of digests

from high-mass proteins is still a challenging task even though microbore or capillary

HPLC columns are used, because so many peptide fragments might be produced after

hydrolysis.

An alternative method to reversed-phase HPLC for the separation and

identification of disulfide-bonded peptides is diagonal electrophoresis. This method is

based on the chemical modification of cysteinyl residues to cysteic acids. The thin-layer

or paper electrophoresis is carried out in the horizontal direction, and then exposed to the

performic acid vapour. After the performic acid is removed, the electrophoresis is

repeated in the perpendicular direction. All peptides unaffected by performic acid

migrate along a line at 45° to each direction of the electrophoresis, while the newly

formed cysteic acid peptides migrate off the diagnal. Peptides containing cysteic acid are

then eluted and analyzed by amino acid composition or sequences. An example of this

method is diagonal electrophoresis map of a peptic digests of or—chymotrypsin.
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4. Identification of Disulfide Peptides

The conventional approach for the identification of disulfide-containing peptides

after HPLC separation is very tedious and time consuming. The identification can be

made by a comparison between chromatograms of peptides before and after reduction of

the disulfide bonds. Peptide peaks that disappear upon reduction are presumed to contain

S—S; for each such peak, two new peaks are formed. If a single peptide has an internal S-

S, it is likely that there will be at least a small shift in the elution position upon reduction.

However, this strategy depends too much on the variation of hydrophobicity of peptides

before and after reduction, and is therefore not always reliable. More effectively, the

reduced species are alkylated and re-purified by HPLC followed by Edman sequencing.

Performic acid oxidation (36) could also be used to identify peptides with S-S, but this

modification has the disadvantage that peptides containing methionine and trytophan

residues will also have their elution positions altered. Alternatively, peptides containing

half-cystine residues may be. identified colorimetrically (52-54). .

The advent of modern mass spectrometric techniques has made the task of locating

disulfide bonds in proteins more tractable (10, 83). In the last decade, fast atom

bombardment (FAB), matrix-assisted laser desorption/ionization (MALDI), and

electrospray ionization (ESI) have widely been used for disulfide bond assignment. In

mass spectrometry, as shown in Figure 1.10, disulfide linked peptides are identified from

their unique masses and by comparison with the spectrum of reduced samples in which

the signal corresponding to the S-S linked peptide(s) is replaced by two signals

corresponding to the respective thiol peptide components, if inter-bridged, or shifted by
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reduction and MS analysis

Figure 1.10. Current protocol for disulfide bond assignment by mass spectrometry.

two mass units (dithiol) if intra-bridged. Mass spectrometry is a particularly good tool

for identifying peptides because it does not require rigorously purified peptides, a feature

that becomes important when the amount of protein is small or when investigating

hydrolysis of large proteins where purification of peptides to homogeneity may be
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difficult. Furthermore, modern mass spectrometric techniques, such as ESI/MS/MS,

MALDI-PSD, FAB/CID/MS/MS, permit the sequence determination of peptides which

provides confirmation ofa specific peptide segment in a protein.

Takao et al (84) first recognized the potential of FAB-MS for identifying

disulfide-containing peptides from which the location of disulfide bonds in proteins may

be determined. Almost at the same time, Morris and Pucci (85) reported the same

strategy for the recognition of disulfide bond structure in insulin. Their protocol soon

became an accepted method and successfully applied to proteins such as bacterial

inhibitor of amylase (86) and human tissue inhibitor of metalloproteinases (87). Smith’s

group subsequently demonstrated the feasibility of the FAB/MS for S-S assignment in

ribonuclease A and lysozyme, ’ and further developed several supplementary

methodologies based on mass spectrometry to facilitate the identification of disulfide-

containing peptides (3 9, 83).

Peptide-mapping by ESI (88, 89) or MALDI-MS (90, 91) are being used

increasingly in the characterization and identification of disulfide bridges. The strategy

used here is exactly same as in the FAB-MS. However, they provide much more

sensitivity (low picomole to high femtomole). Besides, the easy interface of ESI to

HPLC has made the purification of the disulfide-containing peptides an easy task.

MALDI-MS provides the capacity of rapidly analyzing small quantities of mixtures of

proteins and peptides. It is particularly well suited to the determination of peptide mass

mapping Without the previous isolation or fractionation. The in situ disulfide cleavage of

interchain disulfide-containing peptide during the analysis by MALDI-MS provides an

excellent tool for the direct diagnosis of disulfide bonded peptides (90, 91). The poor
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resolution of both ESI and MALDI instruments, however, could be a problem for the

identification of intrachain disulfide bond which has only two mass units shift after

reduction of the S-S bond.

Bean and Carr (92) used tandem mass spectrometry with high—energy (kilo-

electronvolt) collision-activated dissociation (CAD) to examine a number of peptides of

masses up to 2,000 Da containing a single inter-chain disulfide bridge. They observed

cleavage at the disulfide bridge with retention of zero, one, or two sulfurs on the charged

fragment, giving a characteristic triplet of peaks in the mass spectrum with separation of

32 u. These peaks are remarkably intense, so they can provide ready identification of

products of a disulfide bond cleavage.

5. Other Methodologies for S-S Assignment-

Despite their many successes, two problems remain in the traditional methods for

locating disulfide bond linkages. One problem is the disulfide scrambling which occurs

in mild alkaline solutions. The endeavor to minimize the scrambling are often fruitless

because the requirement to find a specific enzyme to produce recognizable fragments is

always of priority and most of the specific enzymes only work under alkaline conditions.

Another problem is that the cleavage reaction does not always give peptides from which

the locations of S-S can be deduced. This may be because half-cystinyl residues are not

separated by the amino acids required by specific chemical or enzymatic cleavage

reactions. This is especially the case for a protein containing adjacent cysteines. For

example, trypsin is useful only if the half-cystinyl residues are separated by Lys or Arg.

Even when the half-cystinyl residues are separated by amino acids suitable for cleavage
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by specific enzymes, the reaction may not proceed at an appreciable rate if the protein is

highly folded, as it is when disulfide bonds are intact. Hence, cleavage that occur readily

for the reduced and carboxymethylated protein may not occur in the native protein (93,

94).

If a protein fails to produce desirable fragments after digestion, an alternative

method, partial acid hydrolysis, was proposed to replace enzymatic digestion to produce a

mixture of disulfide-containing peptides from which the disulfide connections may be

deduced (95). Partial acid hydrolysis is performed under controlled conditions (time,

temperature, etc.) under which only limited peptide fragments are formed. Partial acid

hydrolysis is attractive as disulfide bonds are particularly stable in dilute or weak acids.

Steric effects play less of a role in acid hydrolysis because most proteins are denatured

under acid conditions, and because the catalyst, H3O+, is much smaller than proteolytic

enzymes. However, due to the low specificity of partial acid hydrolysis, the digests of

even a medium-sized protein (e. g., hen egg-white lysozyme) are a very complex mixture

of peptide fragments. Many overlapped disulfide-containing peptides were produced and

the cleavage pattern is not predictable. Therefore, even if mass spectrometry was used to

identify peptide fragments, complicated chromatographic separation and computer-

assisted data interpretation have to be applied to the definitive identification.

Another problem occurs when a protein has a -Cys-Cys- structure that is resistant to

any enzyme. That is, it is unlikely, if impossible, to find a‘ cleavage reagent that can

cleave between the two cysteine residues and produce peptide fragments that only contain

one disulfide bond. The resulting peptide always contains two disulfide bonds in its

structure and there are two possible isomers (suppose they are inter-chain disulfides).
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Different approaches have been reported to solve the problem. Stults et al (96)

used the combination of organic synthesis of the possible isomers of a disulfide-

containing peptide and high-performance tandem mass spectrometry in their attempt to

assign the disulfide structure of recombinant relaxin. This method obviously requires '

large investment of time and material, and is therefore not widely accepted. Another

strategy takes advantage of multiple step Edman degradation (97-102). Nokihara et al

(99) demonstrated that during sequence analysis of a peptide containing a disulfide bond,

no phenylthiohydantoin (PTH) can be seen after cleavage of the first Cys residue, since it

presumably remains attached to the second Cys by the disulfide bond. After cleavage of

the second Cys, a PTH appears as a cysteine and a dithiothreitol adduct of

dehydroalanine, which can easily be distinguished from other PTH-AAs on the

sequencer. Zhang and Liang (100) used this strategy for studyingthe disulfide linkage of

Huwentoxin-I that contains two adjacent cysteine residues.

Gray (103-105) developed a new approach for disulfide mapping of tightly folded,

cysteine-rich small proteins. This approach utilized a combination of partial reduction of

disulfide bonds and sequence analysis of alkylated peptides. In this strategy, a protein is

subjected to limited degree of reduction under acidic conditions to form a series of
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partially opened disulfide bonds that are separated by HPLC. Alkylation of free

sulfliydryls, followed by sequencer analysis, provided explicit assignment of the disulfide

bond(s) that had been reduced. This approach can minimize disulfide bond scrambling

and has been successfully applied to a number of proteins containing adjacent cysteines.

However, one limit on the application of the method concerns peptide size. Analysis of

fragments after digestion of the protein can hopefully overcome the drawback, as

demonstrated by Ishibashi et al (106).

In all, disulfide linkage assignment in proteins is still challenging protein chemists.

Two troublesome problems, the detemiination of disulfide bond arrangement in a -Cys-

Cys-containing protein and the prevention of disulfide scrambling, remain bothersome at

present. There is a considerable interest in the protein society in developing novel

techniques for disulfide bond assignment. Mass spectrometry is one of the most active

areas in studying protein structure. It is hoped that mass spectrometry can provide

answers to the problems in determination of disulfide linkage that remain bothering

protein chemists.

III. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS)

Since the 19603 mass spectrometry has been considered a promising technique for

peptide and protein analysis, but owing to the size, polarity and low volatility of these

compounds real progress in the field was only achieved after discovery of the desorption

ionization methods; plasma desorption mass spectrometry (PDMS) (l), and fast atom

bombardment mass spectrometry (FAB MS) (2). The introduction in 1988 of two new

techniques, matrix-assisted laser desorption/ionization (MALDI) (3) and electrospray
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ionization (ESI) (4), has extended the applicability of mass spectrometry in the biological

science far beyond the scope of PDMS and FAB-MS. Although MALDI and E81 utilized

very different ideas and principles, both new techniques have overcome the main

difficulties with MS methods, i. e., the desorption and ionization of large and labile

biomolecules, and shown considerable promise in characterizing biomolecules by

accurate determination of molecular mass up to a few hundred thousand daltons. In

combination with biochemical techniques, numerous applications have been achieved (5).

The first attempts to generate ions of organic molecules by direct laser

desorption/ionization date back to early 1970s (107). However, the size of the analytes

which can be desorbed and ionized was limited to ~1,000 daltons. When larger

molecules are analyzed, more energy is required to desorb them. However, such a high

energy flux leads to pyrolytic or photochemical decomposition of analytes. The

breakthrough came in the late 19803 when Hillenkamp and Karas successfully

experimented with the use of a matrix, nicotinic acid (3, 108). It was discovered that

desorption/ionization of large, nonvolatile molecules such as proteins could be similarly

obtained when such samples were irradiated by a laser after being codeposited with a

large molar excess of an energy-absorbing “matrix” material, even though the analyte did

not strongly absorb at the wavelength of the laser radiation. The first experiment with

this technique was conducted with frequency-quadrupled Nd-YAG laser operated at 266

nm. The ejected ions were analyzed by a time-of-flight (TOF) mass spectrometer. It was

demonstrated that the ions generated from proteins with molecular mass range 10,000-

67,000 daltons could be formed and detected from picomolar amounts of analyte.

Despite lack of an established ionization mechanism, the dependence on the matrix
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material in the desorption/ionization process gave rise to the terminology matrix-assisted

laser desorption/ionization (MALDI). Today MALDI has developed into an extremely

powerful technique for accurate and sensitive analysis of molecular masses extending to

greater than 200,000 Da. With the introduction of two new techniques, post-source decay

(PSD) and'delayed extraction (DE), MALDI-TOP MS is also becoming an effective tool

for structural elucidation of biopolymers.

The majority of the work that will be presented was performed on two MALDI

instruments being available in the MSU/NIH mass spectrometry facility. Early work

(Chapter 2) was conducted on a Vestec 2000. Others were gained on a PerSeptive

Biosystem Voyager Elite, which can be Operated in the reflectron mode to acquire PSD

spectra for structural analysis; this instrument has recently been equipped with delayed

extraction hardware and software for improving resolution. The two instruments,

however, are based on the same principle.

A. The Matrix

Matrix is the key to the successful analysis of high-mass biomolecules- Since the

discovery of nicotinic acid as the first matrix, several hundred different organic

compounds have been investigated (109, 110). However, only a few of these are widely

applicable. Among them, sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB),

cinnamic acid, and or-cyano-4-hydroxycinnamic acid (a-CHCA) are extremely useful

(111-113). It was considered important that the laser wavelength match the absorption

maximum of the matrix compound. All the matrices above have strong UV absorption in
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the 320-350 nm range and can be used with a much cheaper nitrogen laser (337 nm) or

frequency-doubled Nd-YAG lasers (355 nm). Other important matrix characteristics

include miscibility with the analyte in the solid phase, solubility in the same solvents

required for the dissolution of the analyte, vacuum compatibility (low vapor pressure), a

chemical composition that promotes the ionization of matrix substituents that can donate

protons to the analyte, nonreactivity with the analyte, and other physical prOperties such

as the low heat of sublimation and a capacity to crystallize readily (114).

The physicochemical events leading to the transfer of proteins to the gas phase

and their ionization in MALDI have not yet been fully elucidated (115). The matrix is

believed to serve to minimize sample fragmentation from the laser beam by absorbing the

incident laser energy, resulting in the sample and matrix molecules being ejected into the

gas phase. One model for the mechanism (116, 117) assumes that the uppermost layers

of matrix are induced to undergo a phase transition fiom the solid to the gas phase. The

subsequent expansion of these matrix molecules into the vacuum drags the matrix-

isolated protein molecules into the gas phase. During the transfer to the gas phase, the

protein undergoes ionization through proton transfer reactions with the matrix by reaction

processes that remain to be explained.

B. Sample Preparation

Proper sample preparation is also critical for successful analysis by MALDI-MS

(118). Matrix solutions are typically prepared in water/ethanol or water/acetonitrile

mixtures at a concentration of 5-10 pig/pl (~40 mM), depending on the solubility
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properties of the matrix. The analyte is prepared at a concentration of ~0.1 pig/p11 in a

solvent that is miscible with the matrix solution (for peptides and proteins, aqueous 0.1%

trifluoroacetic acid (TFA) is frequently used to maintain the acidity of the solution). The

matrix and analyte solutions are mixed to give a final matrixzanalyte molar ratio of

~5,000:1 to 10,00021, and final concentration of ~40 nmol of matrix/ ~1pmol of analyte,

respectively. An aliquot of ~1ptl of the mixture is applied to MALDI-MS probe tip

(VT2000), and allowed to dry by either ambient evaporation, heating with a stream of

warm air, or under vacuum. Instead of the stainless steel probe tips used in the VT2000,

the sample plate holder used in Voyager Elite system can accommodate 100 samples and

permit a much higher sample throughput. During the drying process, the matrix

codeposits from solution with the analytes. The sample is inserted into the vacuum

chamber by a probe and a vacuum lock in the VT2000, and by an “automatic mechanical

han ” in the Voyager Elite MALDI-TOF mass spectrometer, and irradiated with short

duration (1 to 10 ns) pulses of an UV laser beam.

To date, the chemistry of “matrix assistance” remains incompletely understood;

the choice of matrix and method of application is still empirical. Sample preparation by

different matrices and solvents(119), matrix additive (120), and evaporation rate (121,

122) affects the resolution and sensitivity of MALDI. Optimal results require parallel

analyses under different conditions.
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C. Instrumentation

In MALDI (Figure 1.11) the cocrystal of sample/matrix is irradiated by a pulsed

laser which is directed and focused by a prism and Optical lens. The irradiance is

controlled by an attenuator and is increased gradually until the threshold is reached. The

interaction of photons with the matrix and protein results in the desorption and ionization

of the cocrystallized sample/matrix from a metal surface. The initial kinetic energy

spread of ions generated by MALDI is large, so either a linear TOF with a high

accelerating voltage or a reflectron with an ion mirror (or both) is used to improve mass

resolution. Experimentally, a static electric field is imposed upon ions generated from the

sample by application of a two-stage high voltage (typically i 25 kV) to the sample probe

with regard to a closely spaced accelerating electrode. The ions are thus accelerated to

the same kinetic energy (assuming the initial kinetic energy is zero) by the electric field

toward a long (1-2 m) field-free time-of-flight (TOF) analyzer.

MALDI is typically used in conjunction with a time-of-flight mass analyzer (123),

because TOF is simple, cheap, and well-suited to the pulsed nature of laser desorption in

MALDI. It has virtually no upper mass range and is therefore compatible with MALDI,

which can produce very high m/z ions. Another advantage of the TOF mass analyzer. is

its capacity to generate the entire spectrum from every single laser shot without losing

information, in contrast to a scanning mass analyzer. The time required for ions to

traverse the flight tube (TOF) is dependent on their masses and is described by the

relationship: TOF = Up = L(m/22 eV)”, where L is the length of flight tube, to is the ion

Velocity, m is the mass of the ion, and V is the acceleration potential. Thus, low-mass
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Figure 1.11. Scheme of matrix-assisted laser desorption/ionization time-of—flight mass

spectrometer (MALDI-TOF MS)
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ions have a shorter flight time than heavier ions. They are separated into a series of

spatially discrete individual ion packets, each traveling with a velocity characteristic of its

m/z ratio. A detector positioned at the end of the field-free flight-tube produces a signal

as each ion packet strikes it. A recording of the detector signal as a function of time

yields a TOF spectnun. The difference between the start time, triggered by the laser

pulse and common to all ions, and the arrival time of an individual ion at the detector is

proportional to (m/z)W2 and can be used to convert the x-axis of the spectrttm (ion arrival

time, tof) into a m/z ratios axis ( a conventional mass spectrum). The tof analyzer is

highly efficient because all ions of different m/z ratio arising from a single laser shot are

measured; they simply arrive at the ion detector at different times. However, The tof

recorded for a particular ion reflects many different initial conditions experienced in the  ion source (such as the time/location of ion formation and initial kinetic energy

distributions). The poor resolving power is reflected by peak broadening which increases

with the mass of the ionized macromolecules. Therefore, average masses rather than

isotopic masses are utilized in the MALDI-TOF measurement. This limits the capacity to

detect certain protein modifications and protein sequence variations, especially at high

masses. In spite of this, it is possible to achieve a mass accuracy of 0.1-0.01% for

proteins with molecular masses between 1 and 40 kDa, and with somewhat poorer

accuracy for proteins above 40 kDa ( 123).

D. Characteristic Features ofMALDI-TOF MS

One of the important features of MALDI spectra is its simplicity (116, 118).

MALDI is a typical soft ionization technique that yields little fragmentation. Unlike ESI
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spectra which are dominated by multiply charged species, the predominant analyte signal

in MALDI is the singly protonated species, though the doubly protonated molecule is

also observed to varying degrees. Other adducts arising from analyte/matrix interactions

or analyte/alkali metal interactions are of relatively low abundance.

Compared to other ionization techniques such as ESI or FAB, MALDI-MS is

relatively tolerant to contaminants, such as buffers, salts, and denaturants which are

common in biological samples (116). It has therefore the capacity to analyze

unseparated, heterogeneous complex mixtures, such as enzymatic or chemical digest

mixtures or synthetic reaction mixtures.

The most striking feature of MALDI-MS is its very large practical mass range. It

has been used to measure proteins and glycoproteins with molecular weight as high as

500,000 Da (124). MALDI is also a very sensitive technique for protein characterization.

Spectra with as little as l femtomole of protein applied on the probe tip have been

reported (112). The analysis at low picomole to high femtomole range can be routinely

obtained.

E. Novel Techniques in MALDI-TOF MS

MALDI has been a superior method for molecular mass determination of proteins

and peptides, and other biological materials, but lacks the capacity for structural analysis,

because it is a soft ionization technique. This deficiency has been overcome since the

introduction of post-source decay (PSD) analysis of MALDI-generated ions. The PSD

technique (125, 126). is based on mass analysis of product ions from unimolecular or

collision-induced decay taking place in the field-free region between the ion source and
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the reflectron. In contrast to a linear instrument, reflection instruments can be used as an

energy analyzer to differentiate ions that are otherwise detected as species with the same

velocity in the linear mode. Ions formed as a result of metastable decomposition of fully

accelerated precursors are detected at the same arrival time (same apparent mass) as their

precursor in the linear mode of TOF because they have the same velocity. However,

because the product ions have lower kinetic energy, they can often be resolved in the

reflectron mode of the TOF instrument by lowering potential of reflector. Therefore,

PSD, like MS/MS techniques, can provide full or partial sequence information of medium

sized peptides (<2500 Da). Since its commercialization about three years ago, MALDI-

PSD has quickly evolved into a powerful technique for sequence determination of peptide

at the low picomole scale. r

Another limitation of traditional MALDI-TOF MS is the broad energy

distribution of ions in the MALDI source. The initial velocity of desorbed analyte ions is

nearly independent of mass and the initial kinetic energy is proportional to the mass of

the analyte. In addition, when desorption occurs in a strong electric field, energy is

presumably lost by collision with the neutral plume, resulting in further mass-dependent

energy dispersion. To attain high resolution, a delayed extraction technique is used for

ion extraction. In contrast to conventional MALDI instruments in which the ions

generated by the laser beam near the surface of the sample probe are extracted by a dc

potential, in delayed extraction, a short time delay (<300 ns) is inserted between the laser

ionization and ion extraction event. The region between the repeller and extraction grid

is field-free during the delay. Following the delay, a pulsed potential is applied to the

repeller. Application of the appropriate pulse voltage provides the energy correction
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necessary to simultaneously detect all ions of the same mass/charge regardless of their

initial energy. The initially less energetic ions are closer to the repeller at the time the

pulse is applied and traverse a longer segment of the electric field than more energetic

ions. Arr energy/spatial correction is thus provided such that all ions of the same m/z

reach the detector plane simultaneously. Delayed extraction improves resolution, mass

accuracy, and the quality of MALDI mass spectra by suppressing matrix background,

reducing chemical noise, and minimizing the effect of laser intensity on performance.

The potential of delayed extraction MALDI has been demonstrated for proteins and

peptides (127:130) as well as for oligonucleotides (131).

F. Application ofMALDI-TOF MS

Over the past few years, MALDI has become among the most powerful methods

yet available for macromolecular characterization of living systems. A wide range of

achievements in protein, nucleotide, and glycobiology have been attained in a short time.

MALDI has been extensively used for the determination of primary covalent

structures of proteins derived from both natural and recombinant sources (132). MALDI

provides routine and reliable means to analyzing tryptic digests and glycoproteins which

typically have a high degree of heterogeneity (133). The high tolerance of MALDI to

extraneous compounds has been used to study the degradation of hemoglobin by a

malaria parasite. This remarkable achievement shows direct analysis of cell contents is

now within the reach ofmass spectrometry (134).

MALDI is an excellent method of choice for dealing with protein posttranslational

modifications. Covalently modified protein N- and C- termini (135), disulfide bonds
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(136, 137), phosphorylation (138), glycosylation (139), lipidation (140), and protein-

DNA interactions (141) have all been studied by MALDI.

A dramatic demonstration of the ability of MALDI to analyze heterogeneous

samples is shown with “protein ladder sequencing” which involves the simultaneous

analysis of a mixture of peptide/proteins that have undergone a stepwise Edman

degradation (142). Each of the fiagments differs from the next by one amino acid and

can be identified from the mass difference between successive peaks.

Another highly promising technique in the last three years is the unambiguous

identification by MALDI of Coomassie-stained protein spots from two dimensional gel

electrophoresis (143-145). This technique is superior to Edman microsequencing for

protein spot identification as the latter often suffers from problems such as insufficient

protein quantities in 2D gel spots, widespread occurrence of N-terminally blocked

proteins, poor protein recoveries from gels, and other unknown factors.

In additional to the use of MALDI as a sequencing tool, its ability toward the

analysis of combinatorial libraries has also been explored. As an early example, Keough

et al (146) used MALDI-MS for the rapid sequence determination of biologically active

peptides isolated from support-bound combinatorial peptide libraries. An anti-gp120

monoclonal antibody was screened against a hexapeptide library and six of the eight

peptides isolated were shown to possess the exact recognition sequence for the antibody.

i The capacity for mass spectrometric analysis of oligonucleotides has generally

lagged behind that of oligopeptides. However, this position has changed markedly in the

last few years (147, 148), especially with the development of new matrices (149, 150).
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Investigation of a SO—mer is now somewhat routine (151, 152) and there are individual

reports ofthe analysis ofmuch larger RNAs (153).

It is believed that MALDI-MS will play more and more important roles in

biological studies. As is often true in a new and rapidly developing field, the most

exciting breakthroughs may, in the end, occur in areas not even anticipated at the time of

this writing.
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CHAPTER 2

A STRATEGY TO LOCATE CYSTEINE RESIDUES'IN PROTEINS

BY SPECIFIC CHEMICAL CLEAVAGE FOLLOWED BY MATRIX-

ASSISTED LASER DESORPTION/IONIZATION TIME-OF—FLIGHT

MASS SPECTROMETRY

I. Introduction

Cysteine sulfliydryl group (thiol) contributes to protein biological functions by

using its free sulfhydryl (-SH) group in the active site for enzyme. catalysis such as in

cysteine proteases, as the, chelating site for metal ions, and as the active site of disulfide

reshufiling enzymes. Pinpointing the number and location of cysteine residues thus

becomes an important strategy for determining protein structure. While it is true that the

large majority of new protein sequences are now deduced from nucleotide sequences of

cloned cDNA (or, in the case of prokaryotic proteins, from cloned genomic DNA

fragments), differentiating between free cysteine residues (sulfhydryl groups) and cystines

(disulfide bonds) is still cumbersome and tedious, because the cDNA technique, like other

conventional techniques, cannot identify posttranslational modifications.

Classical approaches for localizing protein free sulfhydryl groups usually involve

modification of free sulfhydryls before and after reduction of a protein, degradation of the

derivatized protein chemically or enzymatically into smaller peptide fragments, followed

by HPLC fractionation of the peptides and Edman degradation of the derivatized peptides

(1, 2). Recently, peptide mapping by mass spectrometry of proteolytic digests before and

57
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after HPLC fractionation also has been reported (3-5). However, this procedure requires

the sulflaydryl derivatization under a carefully controlled conditions so that sulfliydryl-

disulfide bond exchange is not an issue. Secondly, this approach requires that a protein

be cleaved at both sides of cysteine residues to give peptides that contain only one

cysteine. Multiple-step enzymatic or chemical digestions usually are performed in this

case which is tedious and requires a sample size on the order of nanomoles. Thirdly,

derivatizing reagents have to be chosen to facilitate HPLC separation with UV detection

and to avoid the retention time overlap of derivatized cysteine and other amino acids on

an Edman sequencer. Although other approaches such as methods based on affinity

chromatography of sulfhydryl groups have also been proposed (see chapter 1), their

feasibility remains to be tested.

11. Chemical Cleavage at Cysteine Residues

Cleavage at cysteine residues of peptide chains under alkaline conditions after

cyanolysis of disulfide bonds was first observed by Catsimpoolas and Wood (6).

However, because of the several side reactions, such as the reversibility of the cyanolysis

and the elimination of thiocyanylate, the yields were low and the cleavage reaction was

not acceptable to protein chemists.

Jacobson et al (7) showed that 2-nitro-5-thiocyanobenzoic acid (NTCB)

specifically cyanylates cysteine thiols. Subsequent cleavage occurs on the N-terminal

side of the cyanylated cysteinyl residue under mildly alkaline conditions to form an

amino-terminal peptide and a series of 2-iminothiazolidine-4-carboxylyl (ITC) peptides

(Figure 2.1). If a protein contains 11 cysteine residues, the cleavage reaction results in the
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Figure 2.1. Reaction between cysteine residue and 2-nitro-5-thiocyanobenzoic acid

(NTCB), (A) Cyanylation and (B) Cleavage reaction. B-Elimination competes with

cleavage reaction under alkaline conditions.
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formation of n+1 peptide fragments, mass analysis of the fragments indicates the number

and location of cysteine residues. Although the original paper claimed that the cleavage

reaction can come to completion with little side reactions for most of the peptides and

proteins tested, Degani and Patchornik (8) found B-elimination, occurring also under

alkaline conditions, competes with the cleavage as an adverse reaction. The cyanylated

peptides showed marked variations in their tendency to undergo B-elimination reaction

depending on the structural properties of the respective peptides. Experimentally, a large

excess of NTCB and a low total concentration of thiol groups must be applied to avoid

the side reaction of displacement of CN- from S-cyanocysteine residues by the unreacted

thiol groups (8).

Other reagents for cyanylation of SH groups have been prepared by Wakselman

(9) and by Brocklehurst et al (10, 11). These reagents may offer some advantages over

NTCB, but their utility needs to be further examined.

Jacobson et al (7) proposed a mechanism for the cleavage reaction. This

mechanism implicates that hydroxide ion catalyzes the cleavage, as shown by the

influence of rising pH on the rate of cleavage reaction. A possible explanation of the role

of OH‘ is shown in Figure 2.2. The amide nitrogen is apparently too weak a base to carry

.out the nucleophilic attack (the pKa of a protonated amide is -4.0 or less), and the

reaction probably proceeds only after attack of OH‘ on the carbonyl carbon of the amide.

This generates a much more basic nitrogen, which then can participate in concerted

cyclization and cleavage, without formation of an acyliminothiazolidine intermediate.
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Figure 2.2. A mechanism for base catalyzed cleavage reaction.
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One feature of the reaction is that the reactivity of NTCB toward a thiol group is

related to the easy displacement by the surfur nucleophile of the good leaving group p-

nitrothiophenolate. The cyanylation is selective to free sulfhydryl groups, disulfide bonds

are unreactive to NTCB. The selective cyanylation and subsequent cleavage of free

sulfhydryls can thus be achieved in the presence of disulfide bonds by carrying out the

reaction without prior reduction ofthe protein (7).

While potentially a very useful method, this cleavage reaction has seldom been

used for sequence determination because all butthe N-terminal peptide becomes blocked

by the irninothiazolidinecarboxylyl (ITC) group. Thus far, there is no convenient method

to remove the ITC group from the cleavage products (12). Another reason that Cys

cleavage by NTCB has been used infrequently is that the reaction conditions cause a

number of side reactions that compete with the desired cleavage reaction. These include

the reversibility of the cyanolysis reaction and the B-elimination of thiocyanylate (8).

Because cysteines are relatively scarce in proteins, cleavage at these residues

usually produces large fragments which can be mass mapped by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (13-32). However, peptide assignments

using this approach are often complicated by its poor mass accuracy ( error > 5%).

Recently, Papayannopoulos and Biemann (34) used CID tandem mass

spectrometry to sequence the NTCB cleavage reaction products of a protease inhibitor

isolated from Sarcophaga bullata. Their work demonstrated that mass spectrometry

could be used to sequence peptides from the NTCB cleavage reaction in. spite of the
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blocked N-terminus. However, tandem MS is practically limited to low-mass peptides,

and hence cysteine-rich proteins, because ofthe effective mass limit of CID (< 3000 Da).

We developed a simple and sensitive methodology to recognize the number and

location of both cystine and free sulfhydryls in peptides and proteins using the specific

chemical cleavage reaction described above, followed by mass mapping of the resulting

peptides by MALDI-TOF MS (35). In these analyses, as shown in Figure 2.3, a peptide

or denatured protein is first allowed to react with NTCB to selectively cleave the peptide

chain at free sulfhydryl sites. The reaction mixture is then subjected to reduction of

disulfide bonds. by tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (36), a useful

reagent for this purpose since, unlike other common reducing reagents, it does not contain

thiol groups that may react with NTCB under the reaction conditions. Mass mapping of

the resulting peptide fragments by MALDI-MS provides information from which one can

deduce the number and location of the free sulfhydryls. Parallel experiments involving

the same cleavage reaction after reduction of disulfide bonds provide mass spectral data

on the number and location of total cysteines, which can be used to confirm the sequence

of the protein. The selectivity of the NTCB cleavage reaction combined with the

sensitivity, speed, and mass accuracy of MALDI-TOF MS are attractive features of this

approach. We also demonstrated the reactions performed on a Zetabind membrane used

to remove excess reagents and other salts and buffers in order to improve the MALDI

spectra. Experimental conditions are described for protein disulfide bond reduction,

sulflrydryl cyanylation, and cleavage reactions performed either in solution or on

Zetabind membranes.
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III. Experimental Section

MALDI-TOF MS

MALDI mass spectra were obtained on a Vestec LaserTec Research (VT 2000,

Vestec Corp, Houston, TX) time—of-flight (TOF) mass spectrometer equipped with a

nitrogen laser (337 nm, 3-ns pulse). The accelerating voltage in the ion source was set to

26 kV. Data were acquired in the linear mode of operation, using a SOD-MHz transient

recorder with 2-ns resolution. Time-to-mass conversion was achieved by either external

or internal calibration using standards of bradykinin (m/z 1061.2) and insulin (m/z 5734.5)

(1 pmol of each standard) obtained from Sigma Chemical Co. (St. Louis, MO). All

experiments were performed using or-cyano-4-hydroxycinnamic acid (Aldrich Chemical

Co., Milwaukee, WI) as the matrix. Saturated matrix solutions were prepared in a 50%

(v/v) solution of acetonitrile/aqueous 0.1% TFA and mixed in equal volumes with the

peptide or protein samples and applied to a stainless-steel probe tip. The mixture was

allowed to air dry before being introduced to the mass spectrometer. For a protein

immobilized on an inert Zetabind membrane, matrix solution was applied to a probe-

mounted membrane containing the adsorbed protein or reaction products (37). The

matrix/protein solution was allowed to dry under the saturated vapor of the 50%

acetonitrile/O. 1% TFA solution and cocrystallized on the membrane surface prior to

introduction into the mass spectrometer.
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Chemicals

Tris(2-carboxyethy1)phosphine hydrochloride. (TCEP) was purchased from Pierce,

Rockford, IL. Guanidine hydrochloride was a product of Boehringer-Mannheim

Biochemicals (Indianapolis, IN). Peptides DRVYIHPCHLLYYS and

MHRQEAVDCLKKFNARRKLKGA were purchased from Bachem, California. Other

peptides and proteins, 2-nitro-5-thiocyanobenzoic acid (NTCB), and Trizma buffer, were

purchased from Sigma and used without further purification. The 0.01 M solution of

NTCB was prepared in either 0.1 M tris-HCl buffer or the buffer made in 6 M

guanidine-HCI solution and the pH of the solution was adjusted to pH 8.0. TCEP

aqueous solution was prepared as 0.1 M stock solution and adjusted to pH 8.0 with tris

base, and stored under N2 in -20°C freezer. The stock solution was further diluted to a

suitable concentration before use.

Analysis of Free sulfhydryls for Proteins in Solution (NTCB/TCEP procedure)

Peptide or protein samples (1 nmol to 100 pmol) were solubilized in 2~5 pl of 0.1

M tris-HCl buffer (pH 8.0) containing 6 N guanidine-HCI as denaturing agent.

Cyanylation of the free sulfliydryl groups was achieved by adding a 5-10 fold molar

excess ofNTCB (over free sulfhydryls) and reacting at 37°C for 30 minutes. The pH was

then raised to 9.0 by adding 3.0 M tris base. Cleavage of the cyanylated peptide or

protein was accomplished after incubation at 37°C for 16 hours. Reduction of disulfide

bonds was performed at 37°C for 30 minutes by providing a 5-10 fold molar excess of
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TCEP reducing reagent (over disulfide bonds). Samples were diluted with a 50-fold

volume of a 50% (v/v) acetonitrile/O. 1% TFA solution prior to analysis by MALDI-MS.

Confirmation of Total Cysteines (TCEP/NTCB procedure)

The above protein samples were allowed to react with a 5-10 fold molar excess of

TCEP (over disulfide bonds) at 37°C for 30 minutes to reduce the disulfide bonds in the

protein. Then a 5-10 fold molar excess of NTCB (over total cysteines) was applied to

modify the total cysteines (native and nascent sulfliydryls). The pH was adjusted to 9.0

with 3.0 M tris base and the mixture was incubated at 37°C for 16 hours. The sample was

diluted 50-fold with a 50% (v/v) acetonitrile/O. 1% TFA solution for analysis by MALDI-

MS.

Microscale Analysis of Proteins Immobilized on an Inert Membrane

Figure 2.4 illustrates a schematic flowchart for various protocols of chemical

treatment and processing of the sample prior to analysis by MALDI. A Zetabind

membrane (OAS-um pore size and SO-um thickness, purchased fiom Life Science

Products Inc., Denver, CO) was fixed to a probe tip as described previously (3 7).

A sample containing 10 to 15 pmol of protein (0.5111 volume, dissolved in 0.05 M

tris-HCl buffered (pH 8.0) 6 N guanidine-HCI) was applied to the membrane. A SO-fold

molar excess of NTCB solution was then added to the protein on the membrane surface.

The membrane-attached probe tip was put in a closed vessel containing a few drops of

water that served to prevent drying of the reaction mixture droplet on the membrane
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surface. The vessel was incubated at 37°C for 30 minutes to promote cyanylation with

NTCB. The reaction mixture was allowed to dry on the membrane and then washed by

immersion in 0.01% NH4OH for 30 seconds to remove the excess NTCB reagents and

other salts.

After air drying, 1.0 1.11 of 0.05 M sodium borate-buffered (pH 9.0) 6 N guanidine-

HCl solution was applied to the membrane. The probe tip was incubated again at 37°C

for 16 hours to promote cleavage in a closed vessel containing a few drops of water. A

SO-fold molar excess (~1 pl, in this case) of TCEP (over. disulfide bonds) was then

applied to the membrane to reduce the disulfide bonds. The probe tip was incubated at

37°C for another 30 minutes. After air drying, the membrane was washed by immersion

in 0.1% TFA aqueous solution for 30 seconds to remove the reagents and buffer salts.

A 1.5-pl aliquot of a saturated matrix solution of or-cyano-4-hydroxycinnamic

acid in a 50% acetonitrile/O.1% TFA aqueous solution was applied to the dried membrane

to resolubilize the peptides. The solution was allowed to dry slowly (over one hour

period) in a vessel saturated by the vapor of the 50% acetonitrile/0.1% TFA aqueous

solution so that the peptides and proteins immobilized on the membrane could be

effectively resolubilized from the membrane surface by the matrix solution and

subsequently cocrystallized with the matrix. The resulting peptide mixtures were

analyzed directly by MALDI-MS (37). .

Parallel experiments with the TCEP/NTCB procedure also were performed on the

membrane to confirm the total number ofcysteines in the protein.
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IV. Results and Discussion

A. Cyanylation and Cleavage of Peptides by NTCB

Preliminary experiments involving NTCB cleavage of analytes prior to analysis

by MALDI-MS were conducted with sulfhydryl-containing peptides having different

amino acid sequences and cysteine locations. Table 2.1 lists the peptides and the

expected masses of their expected products after cyanylation and cleavage.

Typical MALDI mass spectra of the cyanylated peptide (MW 2427.9) and its

cleavage products, obtained by reacting 100 pmol of peptide with 500 pmol of NTCB

under the described experimental conditions, are shown in Figure 2.5. After the

cyanylation, a cyano group replaces hydrogen, resulting in a mass increase of 25 Da from

the original peptide (Figure 2.5A). The expected cyanylated peptide has a m/z of 2453.9;

the observed value exactly matches the expected data. After incubation in pH 9.0 buffer

at 37°C for 16 hours, the cyanylated peptide is replaced by three new components (Figure

2.5B), two of them are cleavage products with the expected m/z of 1099.5 and 1373.5,

respectively. The peak at m/z 23194.3 corresponds to the B-elimination product competing

with the cleavage reaction. The B-elimination product can be easily identified because

the mass shift from the cyanylated peptide is -59 Da.

Likewise, Figure 2.6 shows the MALDI spectra of the cleavage products from the

remaining three peptides. These spectra reveal general features of MALDI spectra of

Peptide mixtures. Most of the major peaks can be assigned to expected specific species,

such as the cyanylated/uncleaved peptide, the B-elimination products, and the specific
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Figure 2.5. MALDI mass spectra of peptide RYVVLPRPVCFEKGMNYTVR after

reaction with a 5-fold molar excess ofNTCB, (A) cyanylated peptide and (B) cleavage

products. -H- indicates peaks corresponding to doubly charged species. See Table 2.1

for the correlatiOn of calculated and observed m/z values.
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Figure 2.6. MALDI spectra of cleavage products of peptides (A) TCVEWLRRYLKN,

(B) DRVYIHPCHLLYYS, and (C) MHRQEAVDCLKKFNARRKLKGA, after reaction

with 5-fold molar excess ofNTCB. See Table 2-1 for the identities of the peaks.
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cleavage products, with a mass accuracy of better than 0.05% if internal standards are

used. Mass mapping by MALDI, therefore, unambiguously recognizes the identities of

the peaks. However, the responses of peptides on MALDI, i. e., the peak intensities, vary

greatly, depending on the nature of the peptides. For example, in Figure 2.6C, the two

cleavage products, m/z 986.5 and m/z 1659.7 respectively, should be of equal molar

amount, however, the responses of the two fragments on MALDI are considerably

different. Another observation is that, in addition to the expected cleavage products, [3-

elimination of cyanylated peptides always competes as a main side reaction. The yields

of B-elimination products depend on the structures of amino acids adjacent to the

cyanylated cysteine residue (19). Our experiments indicate that certain neighboring

amino acid residues, such as Pro, His, or Phe, may increase the yield of B-elimination

products, perhaps though steric hindrance. Therefore, while TQVEWLRRYLKN

underwent little B-elimination, the [El-elimination product predominated for the peptide

DRVYIHPQHLLYYS. Experiments carried out to minimize this side reaction by

changing reaction conditions such as pH, temperature, reaction time, and molar ratio of

NTCB/analyte were not successful, because both cleavage and B-elimination reactions

have the sarrie pH dependency. Fortunately, both cyanylated/uncleaved peptides and [3-

elimination products can also be detected by MALDI-MS. Therefore, although these

reactions affect the yield of the NTCB cleavage reaction, they provide complementary

information on the sulfhydryl location and cleavage pattern. The effects of amino acid

structures on the cleavage reaction will further be discussed in detail in Chapter 3.
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Price (14) reported that another concurrent reaction may occur less frequently

during the cyanylation of sulfliydryl groups and lead to the formation of a mixed disulfide

between protein sulfhydryl group and NTCB reagent. Denslow and Nguyen (3 8) recently

also observed this side reaction. But such a side reaction seems to be minor under our

experimental conditions. No trace of the products corresponding to the formation of

mixed disulfides has been observed on the analysis by MALDI-MS.

B. The Effects of pH and Temperature on the Kinetics of the Cleavage Reaction

Although the cleavage reaction by NTCB was proposed two decades ago (7), little

systematic study and optimization have been carried out regarding to the kinetics of the

reaction. The experimental conditions used today are exactly the same as that used in the

protocol proposed by Jacobson et al (7). Typically, the cleavage is performed in pH 8.0 ~

9.5 buffer for 16-80 hours although higher temperature was also occasionally employed

to promote the cleavage (3 8). We have studied the effects ofpH on the cleavage reaction

by conducting the cleavage reaction on the above model peptides in pH 7.5, 8.0, 8.5, 9.0,

and 9.5 buffer solutions, respectively. Time-course studies indicated that both

cyanylation and cleavage can be carried out under mildly alkaline conditions (pH 8-9)

using tris-HCl or sodium borate as buffers. While cyanylation of sulfliydryls can easily

be completed in a 5-fold molar excess of NTCB solution even at pH 7.5 within 30

minutes at 37°C, the complete cleavage of the cyanylated peptide chains takes as long as

16‘ hours even at pH 9.0. Experimental results showed that higher pH can greatly

Promote both cleavage and B-elimination, while the relative yields of the two competitive
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reactions do not vary significantly over a wide pH range. The lower pH (< 7.5) often

resulted in incomplete cleavage (cyanylated/uncleaved product) and other side reactions

resulting from long hours of incubation, as will be discussed in greater detail in chapter 3.

It should be pointed out that the kinetics of both cleavage and B-elimination vary greatly

from peptide to peptide, depending considerably on the structure of amino acids adjacent

to cysteines. Efficient cleavage requires careful monitoring ofthe reaction.

The cleavage reaction was previously performed at 37°C, although higher

temperature (e. g., 50°C) has also been used. However, previous cleavage experiments

were usually conducted in macroscale (mg) after removing the excess reagents from the

reaction system by dialysis or other purification procedures (7, 13-20). Our results from

analysis on microscale (picomole of samples in microliters of solution) indicated that

although higher temperature can accelerate the cleavage, it is not recommended because

after long hours of incubation, the reaction vial can easily get dry due to the evaporation

of solvents. In addition, our cleavage reaction is performed without removal of the

remaining reagents (e. g., NTCB), the side reactions caused by NTCB at higher

temperatures have to be carefully considered.

C. Identification of Free Sulfliydryls and Total Cysteines in Proteins

Proteins may contain free sulfluydryls, disulfide bonds, or a combination of both

forms. The NTCB/TCEP and TCEP/NTCB procedures described in Figure 2.3 were used

to detennine the free sulfl’rydryls and total cysteines, respectively. Figure 2.7 lists the
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Figure 2.7. Structural features of model proteins.
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Table 2.2. Mass assignment of peptide fragments after different treatments

 

NTCB/TCEP Treatment TCEP/NTCB Treatment
  

 

Proteln Fragment [M+H]+CI - [M+I-1]+obi Fragment [M+H]+calc [M+I‘I]+ob§_

Ferredoxina 1-17 1839.1 1333.8

18-38 2352.2 2347.7

3943 517.5 ndb

44-46 320.3 320.0

47-76 3337.6 3337.6

77-97 2332.5 2332.0

18-43 2792.00 2792.8

44-76 3580.8c 3581.5

Papain 1-24 2621.5 2622.1 1-21 2372.7 2371.9

225-212 20848 nd 2224 290.3 288.4

25-55 3547.0 3546.7

56-62 880.9 880.9

63-94 3794.2 3792.4

95-152 6309.2 6308.9

153-199 5039.7 5038.9

200-212 1503.7 1503.5

Ovalbumin 1-10 1011.1 nd 1-10 1011.1 nd

11-29 2378.7 2378.5 11-29 2378.7 2377.4

30-366 37684.7 nd 30-72 4762.5 4761.4

367-381 1715.1 1715.2 73-119 5427.1 5426.1

382-385 429.5 429.4 120-366 27581.1 nd

1-29 3312.8c 3312-3 367-381 1715.1 1714.3

129 337134 3371-5 382-385 429.5 nd

367-385 20676.: 2067-7 129 3312.8° 3311.2

367-385 2126 68 2126-6 1-29 3371.8d 3370.3

. 367-335 2067.6c 2068.1

B-Lactog— 1420 4905.7 4901.1 1-65 7247.4 7238.2

lobulin A 121-162 13506.7 13510 66-105 4651.6 4653.5

106-118 1461.6 1462.1

119-120 274.3 nd

121-159 4551.3 4548.1

160-162 396.5 nd

or-Hemoglobina 1-103 1 1073-6 1 1065

B-Hemoglobin 104-141 4097-3 4093-0

192 9919.0 9915.0

93-1 1 1 2207.6 2207.0

112-146 3828.4 3831.6
_

a Only NTCB treatment was applied to spinach ferredoxin and hemoglobin samples since the proteins

only contain free sulfliydryl groups.

b Not detected by MALDI-MS.

° B-elimination products.

d Cyanylated/uncleaved peptides.
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structural features of the proteins studied by the methodologies. The calculated and

observed masses of the fragments from these proteins are listed in Table 2.2.

1. Spinach Ferredoxin

Spinach ferredoxin contains 5 free sulfhydryls and no disulfide bonds (3 9, 40). In

biological systems, some of the free sulfl1ydryl groups in ferredoxin can form complexes

with Fe and/or Mo (41). Therefore, prior to treatment with NTCB, 1 mM EDTA was

applied to the protein solution to liberate the free sulfhydryls from possible S-Fe or S-Mo

complexes. The MALDI mass spectrum in Figure 2.8, recorded fiom a 100-pmol sample

of ferredoxin reacted with 2.5 nmol of NTCB (~1.5 pmol of the analyte was applied to

the MALDI probe tip), shows all the protonated peptide fragments except that

correSponding to 39-43. The calculated and observed [M + H]+ values (Table 2.2) are in

good agreement, with a relative mass deviation of < 0.1%. But, due to poor resolution of

the TOF instrument, the peak at m/Z 2352.5 (corresponding to fragment 18-3 8) overlaps

with the peak at m/z 2332.5 (corresponding to fragment 77-97). The observed peak at

m/Z 2347.7 deviated from the calculated value by 48 Da, indicating much higher error.

The peak at m/Z 1820.1 is attributable to the dehydration product of fragment 1-17 (m/z

1839.1) during the cleavage reaction, as observed by Papov and Biemann (42). Peaks at

m/z 2792.8 and 3581.5 correspond to the incomplete cleavage of fragments 18-43 and

44-76 in which 1.3-elimination occurs at Cys39 and Cys47, respectively.
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Figure 2.8. MALDI mass spectrum of 100 pmol of spinach ferredoxin after reaction with

500 pmol ofNTCB. Approximately 1.5 pmol of analyte was applied to the probe tip.

Asterisks (*) indicates peaks corresponding to B-elimination products. See Table 2.2 for

the identities ofmarked peaks and the correlation of calculated and.observed m/z values.
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2. Papain

Papain, a member of a family of over 40 thiol proteases (43), was chosen for this

study because it has one cysteine (Cys25) at the active site and three disulfide bonds (44,

45). The NTCB/TCEP procedure was utilized to recognize the locus of the free

sulfhydryl (Figure 2.9A). Because papain is a single chain polypeptide (44), cleavage at

Cys25 should give two peptide chains which remain linked by an inter-chain disulfide

bond (Cys22-Cys66). The reduction of disulfide bonds by TCEP cleaves the two chains

and produces peptide fragments 1-24 and 25-212 having calculated values for [M + H]+ at

m/z 2621.5 and 20848.0, respectively. Experimentally, an intense peak at m/z 2622.1

was observed corresponding to the peptide chain 1-24. The expected high-mass peak-

corresponding to peptide chain 25-212 was not seen in the MALDI mass spectrum,

probably due to suppression by the low-mass peptide fragment present in the sample.

Another interesting observation is that the MALDI analysis ofthe NTCB cleavage

reaction mixture from papain prior to disulfide bond reduction also showed the peptide

fragment 1-24 at m/z 2622.1. In principle, only an intact protein derivatized by an

iminothiazolidinyl residue at Cys25 should be detected because the two peptide chains

are still linked by an inter-chain disulfide bond (Cy522-Cys66) after the NTCB cleavage

at Cys25. Thus, observation of the peak at m/z 2622.1 indicates that the inter-chain

disulfide bond might have been cleaved during the MALDI process. Similar experiments

on B-lactoglobulin A (MW 18368) (46) gave a similar result. After cleavage with NTCB

at Cys121, B-lactoglobulin A should produce two peptide chains that are linked by an

inter-chain disulfide bond (Cys66-Cysl60). However, the MALDI mass spectrum of B-
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Figure 2.9. MALDI mass spectra of papain after (A) NTCB/TCEP treatment and (B)

TCEP/NTCB treatment. See Table 2.2 for the identities of other marked peaks and ,the

correlation of calculated and observed m/z values.
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lactoglobulin A after reaction with NTCB showed peaks corresponding to fragments

resulting from the cleavage of the inter-chain disulfide bond. Our observations support

the recent report by Patterson et al that the inter-chain disulfide bond in peptides can

undergo "prompt fragmentation" or “in-source fragmentation” in the MALDI ion source

(47).

Total cysteine assessment of papain was performed according to the TCEP/NTCB

procedure. Most of the expected fragments corresponding to the cleavage at each of the

seven cysteine residues were found in the MALDI mass spectrum (Figure 2.9B). The

peaks unable to be assigned to any of the fragments were most likely due to an impurity

in the commercial sample. Table 2.2 also lists the calculated masses of the fragments and

their observed masses. In this case, only a few fragments of incomplete cleavage or B-

elimination were found, which indicates that the NTCB reagent can effectively cleave the

polypeptide chain at all the cysteine residues in papain.

3. Ovalbumin

Ovalbumin (4850), containing four free cysteines and one disulfide bond, was

studied by the pr0posed procedures. Compared to the mass spectrum obtained from the

NTCB/TCEP procedure (Figure 2.10A), that obtained with the TCEP/NTCB treatment

gave two more peaks (at m/z 4761.4 and 5426.1) that were due to reduction, cyanylation,

and cleavage of the disulfide bond Cys73-Cy5120 (Figure 2.108). This conclusion is in

agreement with the previous assignment of the disulfide bond linkage in ovalbumin (50).

Furthermore, two clusters of peaks were observed in the MALDI mass spectra which
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Figure 2.10. MALDI mass spectra of ovalbumin after (A) NTCB/TCEP and (B)

TCEP/NTCB treatment. * indicates peaks corresponding to cyanylated/uncleaved

peptides and/or their B-elimination products. See Table 2.2 for the identities of marked

Peaks and the correlation of calculated and observed m/z values.
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correspond to the incomplete cleavage and/or B-elimination of sulfliydryl groups. The

peak at m/z 3371.5 is due to the peptide chain 1-29 containing a cyanylated/uncleaved

Cysll (expected m/z 3371.8), while m/z 3311.1 corresponds to the B-elimination product

at Cysll (expected m/z 3312.8). The mass difference between the cyanylated/uncleaved

peptide and its B-elimination product is 59 Da. For the same reason, peaks at m/z 2126.6

and 2067.7 are likely due to the peptide chain 367-3 85, containing a cyanylated]

uncleaved Cys382 and its [3-elirnination product, respectively. It is known that

ovalbumin contains two phosphorylated residues at serines 68 and 344 (50). The

observed [M+H]+ ion of the fragment 30-72 (expected at m/z 4761.5 Da) shows that the

phosphate group is still attached to Ser68 after cyanylation and cleavage reactions,

indicating that phosphorylated proteins should be amenable to analysis under these

experimental/ reaction conditions. On the other hand, the mass mapping of the fragments

can be used to detect the possible posttranslational modification in a specific protein

segment, because it is principally possible to recognize the modification from the mass

shift. This example demonstrated that total cysteine determination by this approach can

be used to confirm a protein’s structure.

4. B-Lactoglobulin A

B-Lactoglobulin A contains five cysteines, of which Cys12l is a free cysteine

(46). After NTCB/TCEP treatment, two fragments corresponding to the cleavage at Cys

121 are expected, with a m/z of 13506.7 (1-120) and 4905.7 (121-162), respectively.

Experimentally, the fragment 1-120 presents as a small peak (Figure 2-11A), probably
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due to the suppression from other components (peptides and salts). In additional to the

two expected fragments, 1-120 and 121-162, MALDI can also identify trace amounts of

the other two fragments 121-159 (m/z 4551.2) and 1-65 (m/z 7247.0), attributable to both

cyanylation and cleavage at Cys66 and Cysl60, implying that the disulfide bond pair 66-

160 is insufficiently stable in the presence of NTCB "reagent and is hydrolyzed to form

thiolate ions that subsequently participate in the cyanylation and cleavage reactions.

Given the fact that B-lactoglobulin A is particularly liable to SH/S-S exchange (51), the

observed nonspecific cleavage at Cys66 and Cys160 could also result from such

exchange and subsequent cyanylation and cleavage. After dialysis of the cleavage

mixture against 20% acetic acid for 12 hours (MW cut-off: 3000 Da) to remove low

molecular weight salts and other contaminants, the fragment 1-120 can be unambiguously

detected by MALDI (Fig. 2-11B), confirming that Cys121 is a cyanylation/cleavage site.

The peak at m/z 18390 is likely due to the reoxidization during the dialysis of sulfliydryl-

containing fragment 1-120 and 121-162, while the peak at m/z 9191 is obviously its

doubly charged ion. The MALDI spectrum after TCEP/NTCB treatment (Figure 2-11C)

shows fragments 1-65, 66-105, 106-118, 121-159, and two smallest fragments, 119-120

and 160-162, which fall in the region reserved for matrix peaks. Therefore, all the

fragments are essentially detected, despite of the greatly variable differences in the

MALDI responses of individual fragments. Denslow and Nguyen (3 8) have reported

similar MALDI spectra of cleavage products of B-lactoglobulin obtained by reduction of

the disulfide bonds and subsequent cyanylation and cleavage of the sulfhydryl groups.
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Figure 2.11. MALDI mass spectra of b-lactoglobulin after (A) NTCB/TCEP, (B)

NTCB/Dialysis/TCEP, and (C) TCEP/NTCB treatment. See Table 2.2 for the

correlation of calculated and observed m/z values.
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4. Hemoglobin

Human hemoglobin A contains 0t- and [3- chains (52). oe-Hemoglobin A contains

one fi'ee cysteine at 104, while B-hemoglobin A contains two free cysteines at 93 and

112. Since hemoglobin A can be easily oxidized in the air. The native hemoglobin is not

 commercially available. The hemoglobin we acquired was a service sample containing a

mixture of or- and B-hemoglobin A variants. After NTCB cyanylation and cleavage, all

 the expected fiagments can be unambiguously identified (Figure 2.12). An interesting

observation is that each of the fragments, 1-92 and 93-111 of B chain, and 1-103 of A

chain, is accompanied by a peak which shows a 102 Da mass increase fiom that fragment. '

 

The identity of these peaks are unclear. Because of the limited sample available, the

optimization ofthe determination was not pursued further.
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Figure 2.12. MALDI mass spectrum of oe- and B-hemoglobin mixtures after reaction

with NTCB. See table 2.2 for the correlation of calculated and observed m/z values.
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E. Choice of Reducing Reagent

Several reducing reagents have been deve10ped for the efficient and selective

reduction of protein disulfide bonds. Among these, B-mercaptoethanol (53),

dithiothreitol (DTT) (54), and sodium borohydride (NaBH4) (55) are traditionally used.

However, thiol-containing reducing reagents such as B-mercaptoethanol and DTT must

be avoided because excess reagents will react with NTCB. Sodium borohydride

interferes with analyses by MALDI-MS (55). Tributylphosphine and tris(2-

carboxyethyl)phosphine (TCEP) have proven to be selective and reactive towards

disulfide bonds (36, 55, 56). However, tributylphosphine is water-insoluble and must be

used in the presence of an organic solvent. TCEP is a water-soluble reducing reagent and

is stable not only in acidic solution, but in basic solution as well. TCEP shows higher ‘

reducing activity than DTT over a wide pH range (57). The pH adjustment of the

reaction solution is therefore unnecessary. Usually, a 5-fold molar excess ofTCEP is

sufficient for complete reduction of disulfide bonds in denaturing conditions although

larger amounts of TCEP do not appear to have any adverse effect on the analysis by

MALDI-MS.

F. Stability of Disulfide Bonds during the NTCB Reaction

Stoichiometric experiments indicated that the NTCB/thiol ratio of 5:1 is sufficient

for complete cyanylation of thiol groups. Because both cyanylation and cleavage were

Performed under the same condition without removal of the NTCB reagent, the excess of
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NTCB reagent can always have a chance to attack the unreacted sulfhydryl groups during

a long period of incubation, which ensures the cyanylation goes completion.

The mechanism of the NTCB reaction involves the dissociated thiolate anion (-S')

acting as a nucleophile to attack the cyanate moiety under alkaline conditions to form a

cyanylated product, which can then undergo cleavage catalyzed by hydroxide ions at the

amino peptide bond (7). In principle, the NTCB reagent is specific for free sulfhydryl

groups. Selective cyanylation/cleavage at free sulfhydryl groups can be performed in the

presence of cystines because the disulfide bonds do not react with NTCB. However, this

specificity is not without limits under the reaction conditions. Experiments on disulfide-

containing peptides indicate that a large excesses of NTCB reagent and excessive

incubation time result in cleavage at disulfide bond residues. This has been confirmed by

the stability study of disulfide-containing peptide(s) in the presence of different molar

excess of NTCB reagent under the same buffer conditions. Somatostatin contains one

disulfide bond. The same molar amount of somatostatin was mixed with 2, 5, 10, 50-fold

excess of NTCB reagent in pH 9.0 buffer, respectively, and incubated at 37°C for 16

hours. MALDI spectra, as shown in Figure 2.13, show that while the disulfide bond is

generally stable in the presence of a 10-fold molar excess of NTCB after 16 hours of

incubation at 37°C, complete splitting of the disulfide bond and subsequent

Cyanylation/cleavage ofthe nascent cysteine residues take place when the molar excess of

NTCB exceeds 50-fold under the same conditions. The masses of the resulting fragments

correspond to the cleavage at one or both cysteine sites. One possible explanation is that

disulfide bonds undergo hydrolysis under mildly alkaline conditions (58, 59). The

  



  

inta

4km

degradation pr

W.,
fi—fi—‘fl"

1200 1300 1400
 
Figure 2.13. Stability stt

ofNTCB reagent. After

at 37°C for 16 hours, 801

 



91

 

intact somatostatin

\ 2 fold

 
 

WW

5 fold

 
 

10 fold

/l

degradation products \ ‘ 50 fold

  

N

1200 1300 1400 1500 1600 1700 1800 1900 2000

m/z

     
Figure 2.13. Stability study of somatostatin in the presence of different molar excesses

ofNTCB reagent. After exposed to 50-fold excess ofNTCB reagent in pH 9.0 buffer

at 37°C for 16 hours, somatostatin decomposes completely.
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resulting thiolate anions attack the NTCB reagent to form cyanylated products that further

cleave the peptide chain at the original disulfide bond sites. Therefore, if the

NTCB/TCEP procedure is used for sulfhydryl—rich proteins where a high molar excess of

NTCB must be applied to ensure complete cyanylation, the cyanylated proteins are better

purified by chromatography or dialysis to remove the excess NTCB reagent prior to the

subsequent cleavage reaction. This limitation is not a problem for the determination of

total cysteines (TCEP/NTCB procedure) since all the disulfide bonds must be reduced

prior to the NTCB reaction.

Another commonly encountered problem in cysteine characterization is disulfide

bond exchange that usually occurs at pH > 8.0. Under our experimental conditions ( pH

9.0, 16 hours incubation) disulfide bond exchange cannot be avoided. However, it should

not affect the assignment of 'free sulflrydryl groups and/or total cysteines since free

sulfhydryls become blocked immediately after cyanylation with NTCB. On the other

hand, the described method cannot directly be employed for the assignment of disulfide

bond pairing patterns.

G. Analysis by MALDI-MS

Because of the widely variable occurrence of cysteine in proteins, the fragments

obtained from NTCB cleavage vary greatly in size. Fragments with a mass over 5000 Da

are common. Previous reports on the mass mapping of NTCB cleavage products

employed sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Unfortunately, its accuracy of molecular weight determination is usually limited to :t 5-
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10%. In many cases, peptide assignments are inconclusive or are ambiguous if the

masses of two or more peptides obtained from the NTCB digestion are similar (19, 21).

Incomplete cleavage of protein chains is often observed with the NTCB reaction (60-62),

and the SDS-PAGE technique has difficulty distinguishing among incomplete cleavage

products corresponding to the peptide with an unreacted sulfhydryl group, a

cyanylated/uncleaved peptide, or a B-elimination product.

MALDI-TOF MS has been a valuable complement to SDS-PAGE. It can

determine molecular weights as high as 300,000 Da with the mass accuracy of i01-

0.01% and thereby provide an unambiguous answer to questions mentioned above. A

comparison of calculated values and our observed data indicates that the error of mass

assignment is better than i 0.05% for most of the peptides if internal standards are used

for calibration. This accuracy is sufficient for the mass mapping of cleavage products.

MALDI Spectra are dominated by peaks for singly protonated species [M+H]+,

though peaks for a sodium adduct [M+Na]+ often appear at a lower intensity.

Occasionally, matrix adduct peaks are observed. A limitation of our present method is

that the MALDI signal intensities vary considerably from peptide to peptide in a mixture

because the reaction products are directly analyzed without purification by HPLC. Some

peptides may not give a detectable signal during analysis of a mixture. These

discrimination effects are either due to MALDI contaminants such as high concentrations

of salts, or due to differential responses of the peptides, or both. Usually high-mass

Peptides are more suppressed and yield weaker signals.
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H. Reactions of Proteins Immobilized on A Zetabind Membrane

One of the great advantages of MALDI-MS over other mass spectrometric

techniques, such as FAB and E81 mass spectrometry, is its tolerance of contaminants.

However, the high concentration of denaturing agents used in our procedure still

interferes with a successful analysis by MALDI-MS. The protein-matrix rrrixtures often

form a thick cake or a residue that does not completely cocrystallize on the probe tip.

Samples containing contaminants frequently give no or very weak signals. Upon dilution

of the sample to minimize the effect of the contaminants, a MALDI signal from the

analyte often can be observed. Diluting the sample is, however, self-defeating in cases

where only trace quantities of the analyte are available.

Recently, various transfer membranes (37, 63, 64) have been studied as sample

supports for direct analysis of proteins by MALDI-MS. The immobilization of peptides

and proteins on an inert transfer membrane can be used to facilitate removal of water-

soluble MALDI contaminants, such as high concentrations of denaturing agents and salts,

while the analyte is retained when the membrane is immersed in water prior to adding the

matrix solution. Moreover, in situ chemical and enzymatic modifications of adsorbed

proteins are possible on the membrane.

The in situ disulfide reduction by TCEP, cyanylation by NTCB, and cleavage

reaction for protein samples as small as 10 pmol have been performed on a nylon-based

Zetabind membrane and a porous polyethylene membrane (purchased from Fisher), both

of which have been employed for direct MALDI-MS analysis of high-mass proteins (37,

64). Experiments with the NTCB reaction on the two membranes showed comparable
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results. However, the polyethylene membrane is a porous thin film on which it was

operationally difficult to handle the chemical reactions.

The MALDI mass spectra of the reaction products, obtained respectively from

reactions with 10 pmol of papain and 15 pmol of ovalbumin immobilized on a Zetabind

membrane, are shown in Figures 2.14 and 2.15. A SO—fold molar excess of TCEP and

NTCB reagents was applied to ensure complete reduction of disulfide bonds and

cyanylation of sulflrydryls. Because all reagents can readily be removed from the

membrane by washing, while the protein and/or peptide reaction products are retained,

the high concentration of TCEP and NTCB do not present any large problem during

subsequent analysis by MALDI-MS. Moreover, the possible cleavage reaction at '

disulfide bond sites, in the presence of a high molar excess ofNTCB, was minimized as

the excess NTCB reagent was washed out after the cyanylation reaction. The reactions

performed in solution and on the surface of the Zetabind membrane gave ahnost the same

spectra for papain. The cleavage reaction performed on the membrane was even more

complete for ovalbumin relative to that performed in the solution; no peaks were

observed in the MALDI mass spectrum that corresponded to the incomplete cleavages at

Cysl 1. However, the resolution and accuracy of mass assignment can be substantially

poorer for the analytes immobilized on the membrane if the power level of the laser is not

adequately controlled.

One problem with performing microscale chemical reactions on a membrane is in

maintaining an aqueous solution of the reactants on the membrane for an extended period.

This problem can be minimized by performing reactions in a closed vessel (see Fig. 2-3)

containing a few drops of water to saturate the air space with water vapor so that the
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treatment on a Zetabind membrane.
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droplet of aqueous reaction mixture will be sustained long enough to allow the reaction to

reach completion.

The resolubilization of reaction products from the membrane surface and

subsequent cocrystallization of the analyte/matrix mixture are the key to eventual

successful analysis by MALDI-MS. To assure the complete resolubilization of samples,

an aqueous solution of the matrix in 50% acetonitrile/0.1% TFA was applied to the

membrane and the analyte-matrix mixture was allowed to dry- slowly in a container

saturated with the vapor of the 50% acetonitrile/O.1% TFA aqueous solvent. This long

drying/cocrystallizing process also helps produce fine analyte-matrix cocrystals and

improves the resolution in the MALDI mass spectrum.

After some of the results presented in this chapter were published, Denslow and

Nguyen (3 8) reported a similar approach to cleave blotted proteins at cysteine residues

after cyanylation on PVDF membranes. The resulting fragments were analyzed by

MALDI-MS. In their protocol, the cyanylation of 50 pmol each of bovine pancreatic

ribonuclease, bovine B-lactoglobulin, and bovine insulin was carried out on, a PVDF

- membrane. After rinsing the membrane to remove buffers, cleavage was then carried out

by placing the membrane in alkaline buffer and the cleavage products were extracted into

MALDI solvent by sonication. Although most of the expected fragments were detected,

the efficiency of cleavage is somewhat less than that performed in free solution. Several

partial cleavage fragments were found, some of them correspond to B—elimination or

mixed disulfide bonds (38). These results support our conclusion that the cleavage
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reaction can be achieved on membranes. Moreover, our experiments further demonstrate

that the MALDI analysis of cleavage products can directly be performed on membranes.

V. Conclusions ‘

We have demonstrated here that the combination of NTCB and TCEP chemical

treatment of a protein and subsequent mass-mapping by MALDI-TOF MS provides a

simple and sensitive methodology for determining the number and location of free

sulfhydryl residues in the presence of disulfide bonds. On the other hand, mass-mapping

following TCEP and NTCB procedures can be used to confirm the primary sequence and

posttranslational modification of a protein and to identify the cleavage products and side

reaction products. We also demonstrated that an inert Zetabind membrane can be used to

remove excess reagents and other salts to improve the MALDI spectra. The use of the

NTCB reagent is unique in that it specifically targets the sites being analyzed. This

protocol provides the advantages of fast analysis, easy operation, high mass accuracy, and

high sensitivity.
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CHAPTER 3

FURTHER STUDY ON THE LOCALIZATION OF PROTEIN

CYSTEINE RESIDUES BY CHEMICAL CLEAVAGE AND MALDI-

MS: OPTIMIZATION AND APPLICATION

I. Introduction

It has been known for some time that peptide chains can selectively be cleaved at

the N-terminus of cysteine residues after cyanylation of sulflaydryl groups to form an

amino-terminal peptide and a series of 2-iminothiazolidine-4-carboxylyl (ITC) peptides

(1, 2). The cleavage reaction can be carried out in mildly alkaline conditions (pH8-10) at

37°C for a prolonged period of incubation (12-80h). Selective cleavage of the

polypeptide chain at the cyanylated cysteine residues may be achieved because disulfide

bonds are unreactive to the cyanylation and cleavage. Because of the widely variable

frequency of the occurrence of cysteine in proteins, the resulting fragments vary greatly

in size and can usually be mass-mapped by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) (3-7) or more recently by mass spectrometry (2, 8).

Cyanylated cysteine can also undergo a base-catalyzed B-elimination reaction to form

thiocyanate and dehydroalanine. Since both cleavage and [J-elimination occur under

mildly alkaline conditions, the two reactions are competitive, sometimes resulting in only

a moderate degree of cleavage of a peptide bond. Although the cleavage seemed to go

nearly to completion for a variety of proteins in Jacobson’s experiments, Degani and

Patchornik (9) found that dehydroalanyl residues were formed in variable amounts from

105
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the B-elimination of cyanylated cysteine residues at pH 8-10. Increasing pH favored the

B-elimination over cleavage, depending on the respective structural properties of

peptides. Higher pH was therefore avoided in order to suppress the B-elimination. But

Nakagawa et al (10) recently reported the cleavage of cyanylated human parathyroid

hormone, hPTH [1-84], in a high concentration of ammonia in an attempt to produce a

biologically active oc-amidated peptide. By the specific cleavage reaction they were able

to produce with an 80% yield the or-amidated peptide which could not be produced by

recombinant techniques. In all, the protocol (1, 9) developed by Jacobson et al (1) has

been extensively used with little modification over the past two decades.

In chapter 2, we described a new methodology to localize free sulfhydryl groups

in proteins using this specific cleavage reaction followed by mass-mapping by MALDI-

. TOF MS. This methodology is advantageous over conventional approaches in that it is

simple, fast, and sensitive, and is especially useful for locating sulfhydryl groups in large

proteins. One of the inherent problems with this procedure, however, is that the cleavage

reaction takes too long to accomplish. Various side reactions may rise after long hours of

exposure to alkaline solution, which brings about some uncertainty into the analytical

results.

In this chapter, we present our systematic studies on the cleavage reaction as a

function of pH, solvents, and amino acid structures for polypeptides containing different

amino acids adjacent to N-terminus of cyanylated cysteines. Our experimental results

show that a higher pH can greatly promote both cleavage and B-elimination reactions,

nevertheless, in contrast to the previous reports, for most of the peptides studied, the
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extent of B-elimination does not increase significantly even at a pH as high as 12.

Ammonia, a stronger nucleophile than hydroxyl anions, greatly accelerates the cleavage

of peptide chains and minimizes side reactions related to the prolonged incubation. For

most of the peptides studied, the cleavage in l M NH4OH solution can be complete

within an hour at room temperature. Based on the results from over a dozen peptides, the

effects of peptide structure on the rate and yield of the cleavage reaction were evaluated.

The optimized conditions have been applied to the recognition of free sulfhydryl groups

in a variety of proteins with both known and unknown cysteine structures.

II. Experimental Section

Mass Spectrometry

MALDI mass spectra were obtained on a Voyager Elite time-of-flight (TOF) mass

spectrometer (PerSeptive Biosystems Inc., Framingham, MA) equipped with a model

VSL-337ND nitrogen laser (Laser Science, Newton, MA). The accelerating voltage in

the ion source was set to 20 kV. Data were acquired in the linear mode of operation.

Time-to-mass conversion was achieved by external and/or internal calibration using

standards of bradykinin (m/z 1061.2), bovine pancreatic insulin (m/z 5734.5), and horse

skeletal myoglobin (m/z 16,952) obtained from Sigma Chemical Co. (St. Louis, MO).

All experiments were performed using oc-cyano-4-hydroxycinnamic acid (Aldrich

Chemical Co., Milwaukee, WI) as the matrix. Saturated matrix solutions were prepared

in a 50% (v/v) solution of acetonitrile/aqueous 0.1% TFA, and mixed in equal volumes
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with peptide or protein samples, and applied to a stainless-steel sample plate. The

mixture was allowed to air dry before being introduced into the mass spectrometer.

Chemicals

Guanidine hydrochloride was a product of Boehringer-Mannheim Biochemicals

(Indianapolis, IN). 1-Cyano-4-dimethylamino-pyridinium tetrafluoroborate (CDAP),

peptides TCVEWLRRYLKN and RYVVLPRPVCFEKGMNYTVR, spinach ferredoxin,

ovalbumin, and rabbit muscle creatine phosphokinase were purchased from Sigma and

used without further purification. Acetonitrile and TFA were of HPLC grade. Peptides

DRVYIHPCHLLYYS, ALLETYCATPAKSE, and SLRRSSCFGGR were products of

American Peptide Company. The rest of the peptides were purchased from Bachem

California Inc. The 0.10 M CDAP solution in pH 3.0, 0.1 M citrate buffer-4M guanidine-

HCl was freshly prepared prior to use. The 1 mM protein and peptide solutions were

prepared in 0.1 M citrate buffer, pH 3.0, containing 4 M guanidine-HCI.

Cyanylation of SH Groups

To the peptide and protein solutions was added a 10-fold molar excess of 1-

cyano-4-dimethylamino-pyridinium tetrafluoroborate (CDAP) solution over the

sulfllydryl content. Cyanylation of sulfhydryl groups was accomplished by incubation at

room temperature for 10-15 min. The modified proteins or peptides were purified by

reversed-phase HPLC under gradient elution. The HPLC fractions were collected

manually, the masses ofwhich were determined by MALDI-MS. Those corresponding to
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the cyanylated proteins and peptides were dried in a speed vac and kept in a freezer for

fiirther use.

Cleavage of the Cyanylated Peptides and Proteins

The cyanylated peptide samples were reconstructed to a concentration of 1 mM in

4 M guanidine-HCI solution. A portion of the above solutions (~5 pl) was mixed with an

equal volume ’of 4 M guanidine-HCI solution in pH 8.0, 0.25 M tris-HCl buffer, pH 9.0,

0.25 M tris-HCI buffer, 0.02 M NaOH (pH 12), and 2 M NH4OH solution, respectively.

The pH 8.0 and pH 9.0 vials were incubated in 37°C water bath for 18 hours to promote

the cleavage reaction, while the vials with NaOH and NH4OH solutions were placed at

ambient temperature for 1 hour. After the reaction, l-ul aliquots of the above solutions

were taken and diluted to 100 ill with 1:1 CH3CN/0. 1%TFA for analysis by MALDI-TOF

MS. The rest of the solutions was acidified and injected into an HPLC column. The

HPLC fractions were collected and identified by MALDI-TOF MS. The relative yields

of the cleavage and B-elimination products were calculated by integrating the HPLC areas

under the peaks identified by MALDI.

The cleavage of cyanylated proteins, ferredoxin, ovalbumin, and creatine

phosphokinase at a concentration of 0.5 mM, was carried out by incubation both in 0.1 M

tris-HCl buffer, pH 9.0, containing 4 M guanidine—HCI at 37°C for 18 hours and in 1 M

NH4OH solution-4 M guanidine-HCI at ambient temperature for one hour, respectively.

Aliquots of 1 pl of the above solutions were taken and diluted to 100 pl with 1:1

CH3CN/0.1%TFA for analysis by MALDI-TOF MS. The rest of the solution was
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acidified and then injected to the HPLC column. The HPLC fractions were collected and

identified by MALDI-TOF MS. '

HPLC Separation

The purification of the cyanylated proteins and peptides and the separation of

cleavage products were achieved by reversed-phase HPLC with linear gradient elution

using Waters model 6000 pumps controlled by a PC computer. UV detection was at 215

nm. The column used throughout the study was a Vydac C18 (#218TP54, 10 um particle

size, 300-A pore, 4.6x250 mm). Mobile phases A and B contain 0.1% TFA aqueous

solution and CH3CN containing 0.1% TFA, respectively. Typically, a gradient elution

from 5-50% B in 50 minutes was applied in preliminary experiments. The HPLC

conditions for individual proteins and peptides were then modified and optimized. The

major HPLC fractions were collected manually, and the masses of the fractions were

determined by MALDI-MS.

III. Results and Discussion

A. Cyanylation of SH Groups by CDAP

The cyanylation of sulfliydryl groups was traditionally accomplished by 2-nitro—5-

thiocyanobenzoic acid (NTCB) under mildly alkaline conditions (pH 8-10). The reagent

was believed to be specific to sulfliydryl groups, although side reactions, such as the

formation of mixed disulfide bonds between the NTCB and protein SH groups, were also
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reported (9, 11, 12). Since both the cyanylation and the consequent cleavage are achieved

under alkaline conditions, the separate study of cyanylation and cleavage reactions might

be difficult even though the reaction conditions are carefully controlled. Another reagent,

1-cyano-4-dimethylamino-pyridinium tetrafluoroborate (CDAP), was proposed for the

cyanylation of SH groups under slightly acidic conditions (pH 3-7) (14). However, this

reagent has not been used as extensively. as the NTCB.

The CDAP is advantageous over the NTCB for specific cyanylation of protein SH

groups in the presence of disulfide bonds, because the acidic conditions can effectively

minimize sulfhydryl/disulfide exchange. Furthermore, the cyanylated proteins or

peptides are stable under acidic conditions, the kinetics of the cyanylation and the

subsequent cleavage reaction can be studied independently. Previous papers (10, 14, 15)

showed that complete cyanylation by the CDAP can be carried out using three to five fold

molar excess of the reagent over free SH groups under very mild conditions at room

temperature. Our study with sulfhydryl-containing peptides listed in Table 3.1 confirmed

the published results. Further experiments with the model peptides showed that a large

excess of CDAP (~50-fold over peptide SH groups) and excessive incubation time (> 2

hours) could result in the formation of an unidentified side reaction product. The side

product can be separated from the corresponding cyanylated peptide on HPLC,

implicating the notable differences between the hydrophobicity of the two products.

Mass analysis of the side product by MALDI shows a mass increase of 43 Da from the

corresponding cyanylated peptide. Therefore, like cyanylation by NTCB, the cyanylation

by CDAP needs to be performed under controlled conditions to minimize the side

reaction. After extensive examination with different peptides, we optimized the reaction
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Table 3.1. Calculated m/z values of fragments for sulfliydryl-containing peptides after the

cleavage reaction

 

 

 

IM+HJ +

amino acid sequence M.W. , , ,

fragment I fragment II B-ellmlnatlon

PHCKRM 771.0 253.3 562.7 738.0

RGPCRAFI 919.3 329.3 636.0 887.3

SRNRCNDQ 991.2 532.6 503.6 958.2

SLRRSSCFGGR 1225.7 705.9 564.8 1192.7

MSRPACPNDKYE 1410.0 561.7 892.3 1377.0

YK’I‘TICGKGLSATV 1441.9 625 .8 861.1 1407.9

EKPLQNFTLCFR 1493.9 1088.4 450.5 1460.9

ALLETYCATPALSE 1496.6 709.7 831.9 1463 .6

TCVEWLRRYLKN 1580.9 120.1 1506.8 . 1547.9

DRVYIHPCHLLYYS 1779.4 900.1 924.3 1746.4

KRNPGSNKRFPSNCGRD 1947.3 1517.8 476.5 1914.3

RYVVLPRPVCFEKGMNYTVR 2427.9 1099.5 1373.5 2394.9

MHRQEAVDCLKKFNARRKLKGA 2600.4 986.1 1659.3 2567.4
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conditions: the cyanylation was carried out by treatment with a 10-fold molar excess of

CDAP (over sulfhydryl groups) in pH 3.0 buffer for 15 min at ambient temperature.

Under these conditions the cyanylation reaction went to completion and very little side

reaction was observed.

B. Optimization of Cleavage Reactions

Although the selective chemical cleavage ofpeptide chains at the N-peptide bonds

of cyanylated cysteine residues was proposed long ago, the experimental conditions used

today are almost the same as those described in the protocol developed by Jacobson et al

(1). Degani and Patchornik (9) studied the pH [dependence of cleavage and B-elimination

reactions and the effects of amino acid structures on both reactions. The cleavage and [3-

elimination are both base catalyzed and therefore competitive under alkaline conditions,

while B-elimination seems to be favored over cleavage at higher pH. Mildly alkaline

conditions (pH 8-9) were suggested for the cleavage reaction in early study. The

incubation time differs significantly under the above conditions, ranging from 16 to 80

hours, depending on the structures of proteins under study. Structural features of proteins

also affect the rate of cleavage reaction (16). Proteins have to be denatured prior to the

cleavage, no appreciable cleavage was observed for native proteins. However, the

conclusion made by Degani and Patchornik was based on the study on a few simple

dipeptides and tripeptides with special structural factors. The behavior of cysteines in the

model peptides represents to a less extent general structural features of cysteine residues

 



 

 

 

in peptides and proteins.

better understanding and

We have system

filnction of pH and reac

amino acids adjacent to

were first cyanylated an

cyanylated peptides, afi

12.0, and 1 M NILOH

The cleavage mixtures

fractions identified by

side reactions were eval

Results of the k

cleavage can be accom

within one hour at amt

37°C in pH 8-9 buffers.

the greatest concerns e:

favor B-elimination ow

However, our study on

that it is not the case. .

differ significantly fo:

conditions. Some of

 



 

 

114

in peptides and proteins. Further examination of the cleavage reaction is needed for the

better understanding and optimization of the cleavage reaction.

We have systematically studied the rate and yield of the cleavage reaction as a

function of pH and reaction medium for a variety of polypeptides containing different

amino acids adjacent to the cyanylated cysteines. The peptides under study (Table 3.1)

were first cyanylated and the completion of cyanylation was monitored by MALDI. The

cyanylated peptides, after purified by HPLC, were subjected to cleavage at pH 8.0, 9.0,

12.0, and 1 M NH4OH (pH~11) solutions containing 4 M guanidine-HCI, respectively.

The cleavage mixtures were separated by HPLC, the fractions collected, the masses of the

fractions identified by MALDI. The relative yields of the cleavage products and other

side reactions were evaluated by measuring HPLC peak areas.

Results of the kinetics study showed that, for most of the peptides studied, the

cleavage can be accomplished in both ammonia solution and 0.01 M NaOH solution

within one hour at ambient temperature, whereas it requires 18 hours of incubation at

37°C in pH 8-9 buffers. Although elevated pH can accelerate cleavage reactions, one of

the greatest concerns expressed in previous papers was that a higher pH would largely

favor B-elimination over cleavage, causing a lower yield of the cleavage reaction.

However, our study on the relative yields under various pH and reaction media indicated

that it is not the case. As shown in Table 3.2, the relative yields of B-elimination do not

differ significantly for most of the peptides studied under the four experimental

conditions. Some of the peptides show even higher cleavage yields in 1 M NH4OH or
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Table 3.2. Relative yields (%) of B-elimination under different cleavage conditions

 

pH 8.0, pH 9.0, pH 12 , 1M NH40H,

amino acid sequence 37°C,18h 370C,18h rt, 1h rt, 1h

 

PHCKRM“ 9.9a 15.9 25.1 14.8

RGPCRAFI 31.6b 87.5 82.5 70.1

SLRRSSCFGGR 2.8 2.9 3.9 4.6

MSRPACPNDKYE 6.1 5.8 1 1.3 3.9

YK'IVI‘ICGKGLSATV 16.8 18.2 22.2 20.3

EKPLQNFTLCFR 15.2c 29.9 49.8 20.9

ALLETYCATPALSE ~100 ~100 ~100 ~100

TCVEWLRRYLKN 20.9 13.8 13.1 18.3

DRVYIHPCHLLYYS 56.2 90.7 98.5 93.8

KRNPGSNKRFPSNCGRD 5.0 5.0 5.0 5.0

RYVVLPRPVCFEKGMNYTVR 34.3 41.2 52.4 51.5

MHRQEAVDCLKKFNARRKLKGA 12.8 1 1.1 18.4 13.2
 

3‘ in each case,B-elimination is a main side reaction

b side reactions other than B-elirnination and dimerization are observed

° peptide undergoes appreciable dimerization

d incomplete conversion
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NaOH solutions. These results demonstrate the promise to carry out the cleavage

reaction under stronger alkaline conditions without sacrificing the cleavage yields.

The mechanism of cleavage reaction proposed by Jacobson et al (1) (see chapter

2) indicates that the hydroxide ion catalyzes the cleavage, as shown by the influence of

rising pH on the rate of cleavage reaction. The reaction probably proceeds only after

nucleOphilic attack of OH‘ on the carbonyl carbon of the amide. According to the

mechanism, a stronger nucleophile should promote the cleavage reaction, given the

condition that the size of the nucleophilic group is small so that the attack of the

nucleophilic group to the carbonyl atom is sterically feasible. Ammonia meets the

requirement. Ammonia has a stronger nucleophilic property than hydroxyl anion. Like

the hydroxyl anion, the size of ammonia is small. Nucleophilic attack of ammonia to the

carbonyl carbon would facilitate the cleavage giving an or-amidated N—terminal peptide,

as shown in Figure 3.1. Therefore, the N-terminal fragments obtained by ammonia and

hydroxyl anion catalyzed cleavage have one mass difference in mass spectrometry (amide

structure replaces carboxyl structure).

Although comparable results were obtained for peptide cleavage in 0.01 M NaOH

and 1 M NH4OH solutions, the latter is preferred as it provides several advantages. First,

1 M NH4OH solution provides much more nucleophilic species (:NH3 ~1 M), while only

0.01 M OH’ is available in pH 12 NaOH solution. The high concentration of nucleophilic

agent will greatly accelerate the concerted cleavage reaction. Second, although ammonia

is a better nucleophile than hydroxyl anion, it has a smaller proton affinity than hydroxyl

anion in terms of the capability of catalyzing B-elimination reaction. Therefore, the B-
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elimination is anticipated to be minor in 1 M NH4OH. This tendency has been supported

from our experimental results (Table 3.2) that the yields of B-elimination in 0.01 M

NaOH solution are higher than that in 1 M NH4OH solution. Third, the 1 M NH4OH

solution containing 4 M guanidine-HCI has a moderate pH (~11), at which the peptide

chain is more stable and alkali-induced damage of peptide chains can be prevented.

Finally, the excess volatile ammonia can easily be removed from the mixture after

cleavage.

The representative chromatograms of peptides, after cleavage in pH 9.0 buffer and

in 1 M NH4OH solution, are presented in Figure 3.2 to Figure 3.5. The two conditions

gave comparable results in terms of relative yields of competitive cleavage and B-

elimination reactions and other possible side reactions. Figure 3.6 to Figure 3.9 show

typical MALDI spectra of these peptides, after cleavage in pH 9.0 buffer and in 1 M

NH4OH solution. The results from both HPLC and MALDI confirm that B-elimination is

a main competitive side reaction with cleavage reaction. Other side reactions were also

observed. One such minor reaction was the conversion of cyanylated peptides to form a

free SH group again, indicating the reversibility of the cyanylation reaction as also

reported by others (9, 10). Another minor side reaction was the dimerization of peptides,

which probably arises from nucleophilic attack of nascent thioate anions on thiocyano

groups. However, these two side reactions were always minor and in most cases

negligible.
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Figure 3.2. HPLC chromatograms of cleavage products of SLRRSSCFGGR

in (A) pH 9.0, 37°C, 18h, and (B) 1 M NH4OH, rt, 1h. The peaks marked with

I, II, B, C/U, and D are fragment 1, fragment II, B-elimination product, cyanylated/

uncleaved species, and peptide dimer, respectively.
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Figure 3.3. HPLC chromatograms ofcleavage products ofDRVYIHPCHLLYYS

in (A) pH 9.0, 37°C, 18h, and (B) 1 M NH4OH, It, 1h, respectively.
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Figure 3.5., HPLC chromatograms of cleavage products ofpeptide

MHRQEAVDCLKKFNARRKLKGA in (A) pH 9.0, 37°C, 18h, and (B) 1 M

NH4OH, rt, 1h, respectively.-
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Figure 3.6. MALDI spectra of the cyanylated peptide SLRRSSCFGGR, after cleavage

in (A) pH 9.0, 37°C, 18h and (B) 1 M NH4OH solution, rt, 1h, respectively. Symbols

1, H, D, C/U, and [3 represent fragment 1, fiagment II, peptide dimer, cyanylated/

uncleaved peptide, and its B-elimination product, respectively.
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Figure 3.7. MALDI spectra of the cyanylated peptide DRVYIHPCHLLYYS,'after

cleavage in (A) pH 9.0, 37°C, 18h and (B) 1 M NH4OH solution, rt, 1h, respectively.

SYmbol +1- represents a doubly charged species.
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Figure 3.8. MALDI spectra of the cyanylated peptide EKPLQNFTLCFR, after cleavage

in (A) pH 9.0, 37°C, 18h and (B) 1 M NH4OH solution, rt, 1h, respectively. Symbol

IP represents the intact peptide.
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Figure 3.9. MALDI spectra of the cyanylated MHRQEAVDCLKKFNARRKLKGA,

after cleavage in (A) pH 9.0, 37°C, 18h and (B) 1 M NH4OH solution, rt, 1h, respectively.
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C. Effects of Amino Acid Structures on Cleavage and B-Elimination Reactions

Degani and Patchornik (9) showed that the effects of amino acid structures on the

rates of B-elimination closely resemble those found in the B-elimination of S-2,4-

dinitrophenylcysteine compounds whose B-elimination is also base-catalyzed.

Negatively charged carboxylate groups located in the vicinity of the C-oc hydrogen of the

modified cysteine residue, where the attack of the catalyzing hydroxyl ion is supposed to

take place, retard the rate of the elimination. On the other hand, the presence of an

esterified amino acid adjacent to the cysteine residue greatly enhances the elimination

rate, presumably because of the electron-withdrawing effect of the ester group. However,

the frmctional groups mentioned in Degani and Patchornik’s (9) examples are rarely

encountered if the cyanylated cysteine residue in peptides does not locate in either N— or

C-terminal side. In most cases, the group located in the vicinity of the C-oc hydrogen of

the cyanylated cysteine is an amide back bone of peptide chain, which imposes little

structural diversity on the C-oc hydrogen, regardless of structural features of the amino

acids. This conclusion was supported by the observation that the same amino acid

adjacent to the cyanylated cysteine presents considerable variation in the tendency to

undergo B~elimination, whereas different amino acids adjacent to cyanylated cysteine

residues may have the same relative yield (Table 3.2).

The structural features of the amino acid on the N-terminal side of cyanylated

cysteine significantly affects both rate and yield of the cleavage reaction. For most of the

denatured peptides examined, the cleavage products are predominant. But amino acids

with rigid or bulky side chains, such as Pro and Tyr, are more resistant to cleavage,

 

 



 

 

giving B-elimina‘ion as

Son and Friedman,S r

cySteine residues after C

the reaction, in which tl

atom to provide the req

SCN group must be ori

nitrogen atom of the c

steric hindrance 0f the

residue, resulting in ‘

neighboring amino ac

reaction, which was de

itith the identical amii

other hand, is less dept

cysteine. However,

tendency and the rela

variation in pH has

Products, whereas di

tendency to form cle

dominates the relative

It should be n.

22 amino acid residue

role in the cleavage e



 

126

giving B-elimination as a main product (Table 3.2). This observation is consistent with

Som and Friedman’s report (17) that the -Pro-Cys- was protected from cleavage at

cysteine residues after cyanylation. This is understandable in terms of the mechanism of

the reaction, in which the hydroxyl anion (or ammonia) must attack the scissile carbonyl

atom to provide the required anionic tetrahedral intermediate, and the carbon atom of the

SCN group must be oriented appropriately for nucleophilic attack by the activated amide

nitrogen atom of the cyanylated cysteine. Both steps are significantly retarded by the

steric hindrance of the side chain of the amino acid adjacent to the cyanylated cysteine

residue, resulting in the decrease of the cleavage reaction rate. In additional to

neighboring amino acids, the peptide’s solution structure also affects the cleavage

reaction, which was demonstrated by the slightly different yields obtained from peptides

with the identical amino acid on the N-tel’minal side of cysteine. B-Elimination, on the

other hand, is less dependent on the structure of the amino acid adjacent to the cyanylated

cysteine. However, both cleavage and B-elimination reactions show the same pH

tendency and the relative rate can be partially compensated. This explains why the

variation in pH has little effect on the relative ratio of cleavage and B-elirnination

products, whereas different neighboring amino acids give a large variation in the

tendency to form cleavage products. It is the structure of the peptide, not pH, that

dominates the relative rate and yield of cleavage and B-elimination reactions.

It should be noted that the data presented here are deduced from peptides with 6-

22 amino acid residues. For large proteins, solution structures may play a more important

role in the cleavage, even if the protein is denatured. Many exceptions may be observed.
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D. Application of Optimized Methodology

The optimized conditions described above greatly facilitated the cleavage of

peptide chains at cyanylated cysteine residues. The feasibility of the improved

methodology was examined by experiments carried out to localize free sulflrydryl groups

in proteins with different cysteine status. Ferredoxin, ovalbumin, and creatine

phosphokinase were evaluated under different cleavage conditions to compare the results.

Figure 3.10 shows the MALDI spectra of spinach ferredoxin after cleavage in 1. M

NH4OH solution and in pH 9.0 buffer under the experimental conditions described in the

“experimental Section”. Ferredoxin contains five free sulfhydryls at positions 18, 39, 44,

47, and 77, respectively (18). Six fragments are anticipated after complete cleavage.

Experimentally, we could detect by MALDI four out of six, two low-mass fragments

(m/z 320.3 and 517.5, respectively) were missing. The mass spectra obtained from

cleavage products under both conditions show a similar pattern. However, after 18 hours

of incubation at 37°C in pH 9.0 buffer, a peak at m/z 3584.0 was observed, attributable to

an overlapped peptide 44-76 with B-elimination at Cys47. This overlapped peptide was

not observed if the cleavage was performed in 1 M NH,OH solution. The peak at m/z

1820.1 in pH 9.0 buffer is probably attributable to the dehydration products of fragment

1-17 (m/z 1839.1) during prolonged exposure to the alkaline conditions (2), while this

dehydration did not occur in l M NH4OH solution.

One of the great advantages of the proposed methodology is that the cyanylation

and subsequent cleavage are specific to free cysteine residues, selective cleavage of
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Figure 3.10. MALDI spectra of spinach ferredoxin (MW. 10483) after cyanylation

by the CDAP and subsequent cleavage in (A) pH 9.0 buffer for 18 hours at 37°C and

(B) 1 M NH4OH solution for one hour at room temperature, respectively.
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Figure 3.11. MALDI mass spectra of ovalbumin (MW. 42699) after cyanylation by

CDAP and subsequent cleavage in (A) pH 9.0 buffer at 37°C for 18. hours and (B) 1M

NH4OH solution at room temperature for one hour, respectively. c and d represent

cyanylated/uncleaved peptides and its B-elimination products, respectively.
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protein chains at N-peptide bonds of cysteinyl residues can be achieved in the presence of

cystinyl residues. This option is particularly useful in cases of native proteins containing

both types of residues, or in partially reduced proteins (15). This feasibility was

demonstrated by the selective cyanylation and cleavage of the free SH groups in

ovalbumin, a protein containing four free sulfliydryls and one disulfide bond (19). After

cyanylation by CDAP, the modified protein was subjected to cleavage both in pH 9.0 tris-

HCl buffer for 18 hours at 37°C and in 1 M NH4OH solution for one hour at room

temperature, respectively. Among five fragments expected corresponding to the

complete cleavage at the four free SH residues, only two, 367-381 and 11-29, were

detected by MALDI (Figure 3.11). These two fragments were, however, very

informative because they indicated that Cys10, 30, 367, and 382 had undergone the

cyanylation and cleavage. In addition, two sets of overlapped fragments, 1-29 and 367-

385 , corresponding to the cyanylated/uncleaved species and the B-elimination products at

Cys10 and Cys382, respectively, can be detected, which implies that Cys30 and 367 are

cleavage sites. In contrary, Cys 73 and Cys 120 are linked by a disulfide bond, and no

cleavage occurs at these residues. The results obtained by the cleavage at pH 9.0 are

almost identical. An exception to our previous discussion, however, is that the cleavage

occurs at -Tyr-Cys- (Cys30) structure in this example, resulting in the formation of

fragments 11-29 and 1-29, whereas no such cleavage was found for the model peptide.

Our methodology was further applied to recognizing the location of free

sulfliydryl groups in rabbit muscle creatine phosphokinase, a protein containing 380

amino acids. The primary structure of this protein was established from cDNA clones
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Figure 3.12. MALDI mass spectra of rabbit muscle creatine phosphokinase (MW.

42977) after cyanylation by CDAP and subsequent cleavage in (A) pH 9.0 at 37°C

for 18 hours and (B) 1 M NH4OH solution at room temperature for 1 hour,

respectively. The peaks marked with "*" are due to "carry-over" from an impurity

in the sample. The question marks "7" in (A) are related to two unidentified species.
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and confirmed by other physical methods (20). Creatine phosphokinase contains four

cysteines located at positions 73, 145, 253, and 282, respectively, among which Cy5282

is a reactive site. But it is unclear yet if there is a disulfide bond linkage between two of

the cysteines or if all the four cysteines are in the reduced form. The commercially

available creatine phosphokinase was subjected to cyanylation by the CDAP and the

modified protein was purified by reversed-phase HPLC to remove excess reagents and

other coexisting proteins. The purified creatine phosphokinase was then cleaved in pH

9.0 buffer and 1 M NH4OH solution, respectively. MALDI mass spectra of the cleavage

products under both conditions show all five fragments, corresponding to the cleavage at

each of the four cysteine residues (Figure 3.12). The peaks, marked with asterisk are due

to “carry-over” from cleavage products of a protein impurity poorly resolved from

creatine phosphokinase, as demonstrated by the analysis of MALDI spectrum of the

cleavage products from the corresponding protein. In addition, an overlapped peptide

fragment, m/z 14062, was observed in pH 9.0 buffer, corresponding to cleavage at

Cys253, but 1.3-elimination at Cy8282. It is concluded that all the four cysteine residues

are in reduced cysteine form and there is no disulfide-linked cystine in rabbit muscle

creatine phosphokinase.

It should be noted that analysis of the cleavage products from the pH 9 buffer

shows two unidentified peaks (with question mark) on the MALDI spectrum. These

peaks are likely due to protein chain decomposition or other side reactions because of the

long exposure (18 hours) to alkaline conditions during incubation. A similar observation

was reported by Nakagawa et a1 (21) who noticed that prolonged exposure of cyanylated
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Figure 3.13. HPLC chromatograms of cleavage products of creatine phosphokinase

in (A) pH 9.0, 37°C, 18h, and (B) 1 M NH4OH, rt, 1h. The peaks corresponding

to the specific cleavage at cysteine residues are marked.
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peptide under mildly alkaline conditions resulted in the oxidative modification of Met,

succinimide formation of Asp, and other side reactions. It seems that the short time of

incubation in a moderate concentration of ammonia minimizes such side reactions.

The MALDI signal is not readily related to the relative concentration of the

analytes. For instance, the less intense peak might represent a main component in the

digests, whereas a very intense peak might represent a minor component. To confirm the

results obtained from MALDI, reversed-phase HPLC fractionation of the fragments

followed by mass-mapping of the fragments by MALDI was carried out for digests

obtained under both conditions. All the main HPLC peaks can be assigned to individual

fragments corresponding to specific cleavage at the cysteine residues (Figure 3.13).

Furthermore, the B-elimination product, 353-380, presents as a minor product. This

result confirms the conclusion that the cysteine in creatine phosphokinase is in reduced

form; there is no disulfide bond between cysteine residues.

IV. Conclusions

In this chapter, we have studied the effects of pH conditions and amino acid

structural factors on the kinetics and relative yields of the cleavage reaction and [3-

elimination. The CDAP was found superior to the NTCB for the cyanylation of

sulfhydryl groups because it reacts with SH groups under acidic conditions, where the

oxidation of SH groups is slow, the protein is kept relatively stable, and the cleavage that

might occur during cyanylation is minimal. In contrast to previous reports, although the

two reactions are competitive, higher pH does not elevate the relative yields of B-
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elimination significantly. 1 M ammonia solution is superior to other buffer solutions

because it can greatly accelerate the cleavage reaction because it provides a stronger

nucleophile than hydroxyl anions, and it can easily be removed from the reaction mixture.

The cleavage in 1 M NH4OH solution also minimizes the side reactions related to the

prolonged incubation of proteins. The structures of amino acids adjacent to the N-

terminal side of cyanylated cysteine residues are critical to the rate of the cleavage

reaction. But for most of the peptides studied, the cleavage products are dominant.

The optimized procedure has been used to locate free sulflrydryl groups in a

number of proteins with both known and unknown cysteine structures. This approach is

fast, simple, sensitive, and can be applied to the localization of cysteine residues in the

presence of disulfide bonds.

V. Future Work

The work described here and in chapter 2 demonstrates that chemical cleavage at

cysteine residues after cyanylation and subsequent mass-mapping by MALDI-TOF MS

provide insight into the location of free sulfltydryl groups and posttranslational

modification of protein structures. However, some of the segments from the specific

cleavage may not be detectable by the direct analysis of the digestion mixture by

MALDI, either because of, the interference of salts, buffers, and denature agents, or

because of the suppression of the responses from coexisting peptides during analysis by

MALDI. In the chapter 2, we proposed to use an immobilized inert membrane as a

sample support for direct analysis of proteins. We demonstrated that the immobilization

of peptides and proteins on an inert Zetabind membrane can be used to facilitate removal
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of water—soluble MALDI contaminants, such as high concentrations of denaturing agents

and salts, while the analyte is retained when the membrane is immersed in water prior to

adding the matrix solution. Moreover, in Situ chemical cleavage of adsorbed proteins is

possible on the membrane. However, the resolution, accuracy, and reproducibility of

MALDI analysis is substantially poorer for the analytes immobilized on the membrane.

As a matter of fact, this becomes a common drawback of using various membranes. One

possible reason is that the membrane is too thick, it behaves as an insulating layer

between sample holder (high voltage) and the protein/matrix sample on the membrane.

The electric field the ions experience is not identical for those desorbed from the different

positions.

To overcome the limitation of the current membranes, a new sample support can

be tested. Instead of a thick membrane layer, a polymer film can be formed by dissolving

a membrane material, such as nitrocellulose (22), in an organic solvent, coat it onto

MALDI probe tips as a thin fihn, and allow it to air dry prior to deposition of peptide

mixtures. This thin film would act as an inert membrane mentioned above, but is

expected to improve the MALDI signal.

So far, two reagents for specific cyanylation of sulflrydryl groups have been

examined, in this laboratory. The CDAP is superior to the NTCB in its capacity to

cyanylate SH groups under acidic conditions. However, CDAP is unstable at pH>4.5,

quantitative cyanylation of SH groups thus may not be achieved in cases where

cyanylation is slow due to structural factors of proteins. Another unexplored cyanylation

reagent, thiocyanopyridine (TCP) (23), may provide advantages over the CDAP and

NTCB. The TCP, like NTCB, can cyanylate sulfhydryl groups though the exchange of
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@—S—S—NO_ ———>Rss—-@ + HS—@

(2,2'-dipyridyldisulfide)
(thiol-form)

H/

(thione-form)

l
RSH + NCS—@ ————> RSCN + HS—@

(thiocyanopyridine)
(thiol-form)

Figure 3.14. Chemical modification of SH groups by 2,2d—ipyridyldisulfide and

thiocyanOpyridine, respectively.
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the cyano group. But we expect the TCP, due to its structural features, will be more

reactive to SH groups and can be used in lower pH than the NTCB reaction. This

expectation is deduced from the comparison of structural similarity between 2,2’-

dipyridyldisulfide (2-PDS) and TCP (Figure 3.16). The former can quantitatively react

with thiol groups in a wide pH range (pH 1-9), as the releasing group is stabilized by

resonance structure of the thione. The low nucleophilicity of thiol groups at acidic pH is

compensated for by an increased electrophilicity of the 2-PDS as a result of the

protonation of its ring nitrogen (pKa ~3). The releasing group of TCP after cyanylation

shares the same structure as the product of 2-DPS, both having the stable thione structure

(Figure 3.14). The structural similarity between 2-PDS and TCP makes TCP a

potentially powerful reagent for cyanylation. Unfortunately, the further exploration of

this reagent is retarded at this moment, because the TCP is not commercially available.

In all, the use of a new cyanylation reagent, together with the optimized cleavage

reaction conditions and new membrane techniques, is promising to provide an even

simpler and more plausible application of our cyanylation methodology.
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CHAPTER 4

A NOVEL METHODOLOGY FOR ASSIGNMENT OF DISULFIDE

BOND PAIRINGS IN PROTEINS

I. Introduction

Proteins are synthesized in cells by a stepwise process in which amino acids are

added, one by one, from the N-temrini of the chains. Most of the proteins are found to

contain SH and/or S-S groups, which are associated with cysteine and cystine residues.

However, of the two, only cysteine is incorporated directly into the initial polypeptide

chain. Cysteine is carried to the ribosome by its corresponding tRNA, which recognizes

the codons UGC and UGU. Protein S-S groups arise by subsequent pairing and

dehydrogenation of SH groups. Disulfide bonds occur frequently in extracellular

proteins. Inside the cell the sulflrydryl group is maintained in a reduced state by

glutathione. Next to tryptophan, cyst(e)ine is the most conserved amino acid. This

observation suggests that cyst(e)ine is very important for structure and fimction. If all of

disulfide bonds in a protein are reduced, both the tertiary structure and function are

generally lost completely.

Many biologically and therapeutically important proteins (peptides) contain

disulfide bonds. Because the disulfide bond is an important element of protein structure,

it is necessary to know the locations of disulfide bonds in order to understand more fully

any unique contributions they may make to protein (peptide) structure and function.

With the advent of recombinant DNA techniques for mutagenesis and expression of

141
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cloned genes, it has become possible to make altered structures, such as insertion of new

disulfide bonds into proteins to increase stability. In these cases, one must either verify

that the products 0f genetic manipulations are identical to those found in the native

proteins, or characterize their differences. The assignment of disulfide bonds is therefore

an important aspect in the structural characterization of proteins. Although there are good

methods for quantifying the; number of disulfide bonds in proteins, the unambiguous

determination of the location or pairing of disulfide bonds continues to challenge protein

chemists. -

Current methodology (1, 2) for assignment of disulfide bonds in proteins involves

cleavage of protein chains between half-cystinyl residues with specific cleavage reagents,

such as cyanogen bromide and trypsin, to obtain peptides that contain only one disulfide

bond. The resulting mixture of peptides is separated, and the amino acid compositions,

sequences or molecular masses of the peptides are determined by Edman degradation or

mass spectrometry or both. Assignment of these peptides to specific segments of the

protein leads to the recognition of disulfide crosslinkages.

Although this approach is well established and has been used with much success,

it is limited in many respects. First, disulfide-containing peptides can be identified by

their amino acid composition or sequence only if they are purified to homogeneity. This

requirement may not be achieved in the case of large proteins, or when the quantity of

protein is very small. Second, the above methodology requires the protein chain be

cleaved between every half-cystinyl residues so that the resulting peptides contain no

more than one disulfide pair. If the protein is not cleaved between every half-cystinyl

residue by an enzyme or chemical reagent, the peptide obtained ‘by the cleavage must be
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cleaved again using another enzyme or chemical reagent. However, even multiple-step

enzymatic or chemical digestions rarely yield a full set of diagnostic fragments because

proteins are often resistant to some specific cleavage reagents. It will be even more

difficult or impossible to find an enzyme which is likely to cleave between two closely

spaced or adjacent cysteines (1). It is likewise important to note that the conditions that

are frequently used to cleave a protein chain are also the conditions that frequently lead to

disulfide scrambling (3). As a result, the location of disulfide bonds determined by this

approach may not be the same as the location of disulfide bonds in the native protein.

The problem of disulfide exchange plagues all attempts to locate disulfide bonds in

proteins, irrespective of the general method currently used. Although supplementary

methodologies such as non-specific fragmentation by partial acid hydrolysis (4) have

been preposed to avoid disulfide bond scrambling, it is difficult to deal with the data

obtained by these non-specific techniques.

Gray (5, 6) has described an approach for analyzing disulfide linkage patterns in

highly bridged small peptides with close or adjacent cysteine residues. In his

experiments, peptides were partially reduced under controlled conditions, the isomers of

the partially reduced protein separated by HPLC, the nascent free thiols alkylated, and the

positions of alkylated cysteines recognized from the results of sequence analysis and

related to the disulfide bond pair that had been reduced and cyanylated. However, it is

obviously tedious, if not impractical, to sequence an alkylated high-mass peptide or

protein using this approach.
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II. Our Novel Strategy for Disulfide Assignment

In chapter 2, we developed a simple methodology for recognizing the location of

free cysteine groups in peptides and proteins (7). This approach employs a Specific

chemical reaction between sulflrydryls and 2-nitro-5-thiocyanobenzoic acid (NTCB) to

selectively cyanylate cysteine thiols (8). The N—terminal peptide bond of the modified

cysteinyl residue can then be cleaved under alkaline conditions to form an amino-terminal

peptide and a series of 2-iminothiazolidine-4-carboxylyl peptides which can be mass

mapped to the sequence of the original molecule by MALDI-MS. _ Disulfide bonds do not

react with NTCB and therefore do not interfere with the determination of sulfhydryl

groups. In chapter 3, we further improved and optimized the cleavage reaction

conditions, and studied the effects of pH and amino acid structure on cleavage and [i-

elimination. The optimized cleavage conditions greatly facilitated the cleavage and

makes this methodology much more attractive in terms of speed of the analysis and

interpretation of the data.

In this chapter, we report a novel strategy (outlined in Figure 4.1) for the

assignment of disulfide bond pairings in proteins using the above specific chemical

cleavage of partially reduced and cyanylated protein isomers with mass mapping of the

resulting peptides by MALDI-TOF MS (9). In this methodology, as shown in Figure 4.2

for a simple protein containing only two disulfide bonds, the denatured protein is partially

reduced by tris(2-carboxyethyl)phosphine (TCEP) in a buffer solution at pH 3.0 to

produce a mixture of residual intact protein and isomers of partially reduced species.

Conditions can be optimized so that the predominant products are isoforms in which only
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Denatured Protein

   

partial reduction TCEP, pH 3

 

Partially Reduced Protein Isomers

  
 

cyanylation CDAP, pH 3

 

Cyanylated Protein Isomers

   

  

HPLC separation
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V

reduction TCEP

 V
A Mixture ofPeptide Fragments
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Figure 4.1. Descriptive overview of our proposed methodology for assignment

of disulfide bond pairings in proteins.
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Figure 4.2. Chemical overview ofour methodology. Partial reduction means that the

protein of interest is reduced under controlled conditions into a mixture of isoforms,

each ofwhich corresponds to reduction of only one of its disulfide bonds; for a

protein containing 11 cystines, n isomers of the singly-reduced protein will result.

ITC stands for iminothiazolidinyl carboxyl residue at the amino terminus.
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a single disulfide bond has been reduced. Nascent sulfliydryls are immediately

cyanylated by 1-cyano-4-dimethylamino-pyridinium tetrafluoroborate (CDAP) (10) under

the same buffer conditions. The partially reduced and cyanylated protein isomers are

then separated by reversed-phase HPLC, followed by analysis of HPLC fractions by

MALDI-MS to determine which isomers are singly reduced/cyanylated. Those shifted by

+52 Da correspond to a singly reduced/cyanylated species; a shift of +104 Da

corresponds to doubly reduced/cyanylated species, etc. Those isomers with a 52-Da mass

shift from the mass of the intact protein are dried and subjected to specific chemical

cleavage in aqueous ammonia. The cleaved peptides, which may be linked by residual

disulfide bonds, are then completely reduced to give a mixture of peptides that can be

mass-mapped by MALDI-MS. The masses of the resulting peptide fragments are related

to the location of the paired cysteines that had undergone reduction, cyanylation, and

cleavage. A primary advantage of this approach is its underlying simplicity. The data

obtained from our approach are straightforward and easily interpreted because only a few

protein isomers are produced, and each is relevant. Typically, only n-l intermediates are

needed to define an n-bridge system. Redundant information is always obtained to

confirm an assignment. Secondly, we describe a practical way to circumvent problems

related to disulfide bond scrambling because both reduction and cyanylation are

performed in an acidic medium. Finally, our approach can be used for the assignment of

adjacent or closely spaced cysteines for which conventional methodology fails.

Therefore, two problems associated with current methodologies are solved using our

methodology. The feasibility of the new approach is demonstrated by analyzing a

number of model proteins with various disulfide bond linkages. The reported
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experimental conditions are optimized for partial reduction of the protein, sulflrydryl

cyanylation, HPLC separation, and cleavage.

III. Experimental Section

Mass Spectrometry

MALDI mass spectra were obtained on a Voyager Elite time-of-flight (TOF) mass

Spectrometer (PerSeptive Biosystems Inc., Framingham, MA) equipped with a model

VSL-337ND nitrogen laser (Laser Science, Newton, MA). The accelerating voltage in

the ion source was set to 25 kV. Data were acquired in the. positive or negative linear

mode of operation. Time-to-mass conversion was achieved by external and/or internal

calibration using standards of bradykinin (m/z 1061.2), bovine pancreatic insulin (m/z

5734.5), and horse skeletal myoglobin (m/z 16,952) obtained from Sigma Chemical Co.

(St. Louis, MO). All experiments were performed using oc-cyano-4-hydroxycinnarnic

acid (Aldrich Chemical Co., Milwaukee, WI) as the matrix. Saturated matrix solutions

were prepared in a 50% (v/v) solution of acetonitrile/aqueous 0.1% TFA, and mixed in

equal volumes with peptide or protein samples, and applied to a stainless-steel sample

plate. The mixture was allowed to air dry before being introduced into the mass

Spectrometer.
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Chemicals

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

Chemical Co. (Rockford, IL). Guanidine hydrochloride was a product of Boehringer-

Mannheim Biochemicals (Indianapolis, IN). Bovine pancreatic ribonuclease A type HI-

A, bovine milk oc-lactalbumin, soybean trypsin inhibitor (STI), bovine pancreatic trypsin

inhibitor (BPTI), citric acid, sodium citrate, and 1-cyano-4—dimethylamino—pyridinium

tetrafluoroborate (CDAP) were purchased from Sigma and used without further

purification. Recombinant LR3IGF-I (11271), recombinant human epidermal growth

factor (hEGF, containing a Met at the N-terminal as the initiator of biosynthesis) were

also purchased from Sigma and purified by reversed-phase HPLC before use.

Acetonitrile and TFA were of HPLC grade. The TCEP solution in 0.1 M citrate buffer at

pH 3.0 was prepared as 0.10 M stock solution and stored under N2 at -20°C for weeks

with little deterioration. The 0.10 M CDAP solution in 0.1 M citrate buffer at pH 3.0 was

freshly prepared prior to use.

Partial Reduction of Proteins

Ten-nmol protein samples were solubilized and denatured in 10 ul of 0.1 M

citrate buffer (pH 3.0) containing 1 6M guanidine-HCI. Partial reduction of protein

disulfide bonds was carried out by adding an equivalent of TCEP for the cystine content

in the protein (e.g., 40 nmol of TCEP was reacted with 10 nmol of ribonuclease A as 1

mol of ribonuclease A contains 4 moles of cystine), followed by incubation at room

temperature for 10-15 minutes. Depending on the protein understudy, the amount of
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reducing agent may be adjusted to ensure the singly reduced isoforms are predominant

reduction products.

Cyanylation of Nascent Sulfhydryls

To the partially reduced protein mixture was added a 20-fold molar excess of

CDAP solution .over the total cysteine content. Cyanylation of the nascent sulfhydryl

groups was accomplished by incubation at room temperature for another 10-1 5 minutes.

HPLC Separation of Partially Reduced and Cyanylated Protein Isomers

Partially reduced and cyanylated species were separated by reversed-phase HPLC

with linear gradient elution using Waters model 6000 pumps controlled by a PC

computer. UV detection was at 215 nm. The columns were either a Vydac C18

(#218TP54, 10pm particle size, 300-A pore, 4.6x250 mm) or a Vydac C4 (#214TP54,

lOum particle size, 300-A pore, 4.6x250 mm). The HPLC conditions for individual

proteins were slightly different (see chromatograms shown below). The major HPLC

fractions were collected manually and the masses of the collected protein isomers were

determined by MALDI-MS. Appropriate fractions were then dried for further use. The

sample size of IO-nanomoles was used for convenient detection from conventional HPLC

columns; the use of microbore columns should allow the use of much smaller sample

sizes.
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Cleavage of Singly Reduced and Cyanylated Protein Isomers

To the dried HPLC fraction was added 2ul of 6 M guanidine-HCI in 1M NH4OH

aqueous solution to dissolve the protein residue and then Sul of 1 M NH4OH. Cleavage

of the peptide chain was performed at room temperature for 1 hour. Excess ammonia was

removed in a vacuum system.

Complete Reduction of Remaining Disulfide Bonds

Truncated peptides, still linked by residual disulfide bonds, were completely

reduced by reacting with Zul of 0.1 M TCEP solution at 37°C for 30 minutes at pH 3-5 to

minimize the possibility of reoxidation. Samples were diluted with lOOul of a 50% (v/v)

acetonitrile/O. 1% TFA solution prior to analysis by MALDI-MS.

IV. Results and Discussion

A. Partial Reduction of Proteins

There are two terminologies frequently used in disulfide reduction: sequential

reduction and partial reduction. The former refers to the situation in which disulfide

bonds in a protein are opened one by one by using different reducing agents and/or

denaturing conditions. For example, only the most labile disulfide bond in papain can be

selectively split by the addition of 2-mercaptoethanol in the presence of 8M urea, but all

three disulfide bonds can be reduced in 6M guanidine-HCI by the same reducing agent

(11). Sequential reduction is practically limited in use because it is difficult, if not
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impossible, to choose appr0priate conditions so that only one of the disulfide bonds in a

protein can be cleaved at a time without the reduction of the other disulfide bonds. The

latter term, partial reduction, refers to limited, controlled conditions under which only a

small portion of each of the disulfide bonds, 6. g., 10% of each, is reduced. That is, the

desired products are those in which reduction has Opened some, but not all disulfide

bridges. As illustrated in Figure 4.3 for ribonuclease A, reduction conditions can be

controlled so that each of the four disulfide bonds is reduced to a minor extent (S. 10%),

resulting in a mixture of four singly reduced isomers as a main reduced form. This result

is understandable as the probabilities of reducing two and three disulfide bonds in the

same protein molecule (under the above conditions where we observed a 10% reduction

of each disulfide bond) are 10%x10% = 1% and 10%x10%x10% = 0.1%, respectively,

which are negligible in comparison to obtaining the singly reduced isoforms.

Consequently, the mixture of partially reduced protein contains major intact proteins,

minor singly reduced isoform, trace doubly reduced isoform, and so on. Practically, this

can easily be achieved by controlling incubation time, reaction temperature, and

stoichiometry of reducing agents.

Although every disulfide bond has the same redox potential and should be

reduced to a similar extent from the standpoint of thermodynamics, the reduction kinetics

of various disulfide bonds in solutions of native or partially denatured protein are quite

different, depending on accessibility of the disulfide bonds to reducing agents, the

conformational energy of the disulfide bonds, and the redox potential of the environment

(12-15). Our methodology requires that individual disulfide bonds be broken at
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Figure 4.3. Conceptional scheme to illustrate "Partial Reduction".
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comparable rates. To minimize structural diversity of disulfide bonds, proteins under

study were denatured by dissolution in 6 M guanidine so that differences in the

accessibility of reducing agent to each disulfide bond was minimized.

Water-soluble TCEP has proved to be an excellent reducing agent for disulfide

bonds (5-7, 9). Reduction by TCEP can be carried out at pH 3.0 to suppress disulfide

bond scrambling. Furthermore, at pH 3.0, the reduction of disulfide bonds is kinetically

controlled which makes partial reduction possible (5).

The mixture of partially reduced proteins contained intermediates with different

reduction states such as singly reduced and doubly reduced isoforms. Experiments

conducted with ribonuclease A, insulin, soybean trypsin inhibitor, oc-lactalbumin, hEGF,

and LR3IGF-I, showed that by using approximately an equivalent of TCEP for the total

cystine content in the proteins, about 5~10% of each disulfide bond was reduced within

15 min at room temperature. However, for bovine pancreatic trypsin inhibitor, at least a

20-fold excess of TCEP was required to achieve 10% reduction of each disulfide bond.

From the limited number of proteins we have examined it appears that stoichiometry

control is not critical, although BPTI was an exception. The extent of the reduction can

more readily be controlled by the reaction time and temperature. However, as the cystine

content may not be known a priori, the extent of reduction should be monitored for a

protein of unknown cystine content.
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B. Cyanylation of Nascent Sulfhydryls

Jacobson et al. (8) first showed that 2-nitro-5-thiocyanobenzoic acid (NTCB)

specifically cyanylates cysteine thiols in mildly alkaline solutions. Another reagent, 1-

cyano—4-dimethylamino-pyridiniurn tetrafluoroborate (CDAP) was later proposed for the

same purpose (l0). However, only NTCB has been extensively applied in protein

chemistry. We employed the NTCB reaction to characterize the number and location of

free and total cysteine groups in peptides and proteins (7). In spite of the reactivity and

selectivity of the NTCB reagent, the cyanylation must be performed under alkaline

conditions which may permit some disulfide bond scrambling. CDAP, on the other hand,

has been reported to be a selective and reactive cyanylation reagent under acidic

conditions (9, 10, 16, 17). The utility of the CDAP for cyanylation of sulthydryl groups

in peptide and proteins has been extensively investigated in chapter 3. Complete

cyanylation by CDAP was possible by using a 5-fold molar excess under mild conditions,

e.g., pH 3-5 at room temperature, which is compatible with TCEP. It is therefore

unnecessary to remove excess TCEP, change buffer, or readjust the pH prior to using

CDAP. However, as shown in chapter 3, a large excess of CDAP (~50-fold molar excess

over peptide sulfhydryls) and excessive incubation time (>2 hours at room temperature)

could result in modification of other amino acid side chains. Therefore, it is necessary to

control the stoichiometry of CDAP in order to minimize side reactions. On the other

hand, CDAP reacts instantly with TCEP even at pH 3.0, the excess of TCEP in the

reaction system will be killed upon addition of CDAP, and no firrther reduction during

Cyanylation is possible. This is definitely an advantage for the control of reduction in an

unknown protein. However, it should be noted that a larger amount of CDAP has to be
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applied in case more TCEP is required for partial reduction of proteins with a tight

structure, such as BPTI.

C. HPLC Separation of Partially Reduced and Cyanylated Protein Isomers

The mixture obtained from the above reactions contains a majority of residual

intact protein and a minority of partially reduced/cyanylated isoforms. The capacity of

reversed-phase HPLC to separate these protein isomers with various residual disulfide

bond(s), i. e., partially reduced isoforms, is demonstrated in following examples. Figure

4.4 is a typical chromatogram of the partially reduced/cyanylated isoforms of

ribonuclease A. Besides the main peak that corresponds to residual ribonuclease A, there

are four other peaks (marked 1-4), each corresponding to a species having a mass ~52 Da

greater than that of the original protein. These peaks are attributable to singly

reduced/cyanylated protein isomers. The intensities of the four peaks are approximately

the same, suggesting that under our reaction conditions, the reducing rates of the four

disulfide bonds in denatured ribonuclease A are comparable. The HPLC separation of

other proteins will be discussed in individual sections below.

The separation mechanism in HPLC is based on the difference in the

hydrophobicity of analytes (5, 18). Opening a given disulfide bond disrupts protein

structure, exposes the protein’s interior hydrophobic amino acids, and increases the

protein’s hydrophobicity to different extents. Therefore, isomers with one or more

reduced disulfide bond(s) should tend to interact more strongly with HPLC columns and,

thus, should elute at later retention time than the original protein. The experimental data

support this speculation. Almost all partially reduced isomers show longer retention
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Figure 4.4. HPLC separation of denatured ribonuclease A and its partially

reduced/cyanylated isomers. Ten-nmol of the protein were separated by reversed-

phase HPLC on a Vydac C18 column at a flow rate of 1.5 ml/min with a linear

gradient 20-40% B in 90 minutes, where A = 0.1% TFA in water and B =~0.1% TFA

in CH3CN. Peaks 1-4 represent singly reduced/cyanylated species, as determined by

MALDI-TOF analysis.
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times than their intact original proteins. The differences in hydrophobicity, as reflected

from the HPLC data, indirectly suggests that reduction of individual disulfide bonds can

dramatically change the three-dimensional structure of a protein. Another observation is

the unusually broad HPLC peak for some proteins (e.g., or-lactalbumin, STI), which is

most likely due to different conformations that show slightly different retention times, as

suggested by Gray (5). Some hydrophobic proteins (e.g., STI), eSpecially after reduction

and cyanylation, exhibited a long retention time or even irreversible retention on the

column in the water-acetonitrile mobile phase. l-PrOpanol was substituted for CH3CN in

this case for faster elution. Most of the proteins can be eluted by 40% aqueous l-

propanol within a reasonable time (19).

It should be pointed out that although HPLC is able to separate the protein

isomers, it is unnecessary for all components to be baseline separated. As described

below for ribonuclease A, even with poorly resolved chromatographic peaks representing

two respective protein isomers, interpretation of MALDI data is still possible for the

unambiguous assignment of disulfide bonds. This provides a valuable advantage of the

described methodology for analyzing complicated mixtures.

D. Cleavage of Peptide Chains

One of the key features of our methodology is cleavage at the N—terminal peptide

bond of cyanylated cysteinyl residues. Previously described methods (7, 8, 20-23)

usually employed mildly alkaline conditions (pH~9) and long hours of incubation (>16

hours at 37°C) in attempts to control the B-elimination reaction, a side reaction that results
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in a lower yield of the cleavage reaction. An elevated pH was reported to favor B-

elimination over the cleavage reaction (20, 21). We have systematically studied the

cleavage kinetics as a function of pH for cyanylated polypeptides containing different

amino acids adjacent to the N-terminus of cyanylated cysteines. The results in chapter 3

show that higher pH can greatly accelerate the cleavage and B-elimination reactions, but

for most of the peptides studied, the extent of B-elimination does not increase

significantly even at a pH as high as 12, a condition at which cleavage can be complete

within an hour at room temperature. Cleavage can be accomplished in 0.01 M NaOH or 
l M NH4OH (pH~1 1) solutions containing denaturing agent; both give similar results. In

our experiments, 1 M NH4OH is preferred over 0.01 M NaOH because it can be removed

from the reaction system after completion of the cleavage reaction. One side reaction in

using higher pH is the neutralization of -COOH groups; however, this can be easily

reversed. Modification or cleavage of other side chains was rarely observed under the

conditions described above.

After cleavage at cyanylated cysteinyl residues, the truncated peptide chains, still

linked by the remaining disulfide bonds, can be easily reduced by excess TCEP. Finally,

the peptide mixture is diluted to minimize the adverse effect of guanidine on the

subsequent analysis by MALDI.

E. Interpretation of MALDI Data

Unlike the MALDI spectra of a complicated mixture of enzymatic digestion

products, MALDI data derived from analysis of the cleavage reaction mixture of a
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cyanylated protein are easy to interpret. Cleavage of the peptide chain takes place only at

cyanylated cysteinyl sites, which in principle yields three fragments for each singly

reduced/cyanylated protein isomer (and sometimes two overlapped fragments

corresponding to the B-elimination at one cysteine site). The mass of each fragment is

related to the position of the two cyanylated cysteinyl residues which in turn can be used

to deduce the disulfide bond. linkage. B-Elimination, an alternative to peptide chain

cleavage, provides mass spectral data corresponding to overlapped peptides (that 
otherwise would have cleaved) and serves as a confirmation for the disulfide bond pairing

assignment.

Ribonuclease A (Mr = 13,683) (24) contains 124 amino acids that are linked by

four disulfide bonds: Cy326-Cys84, Cys40-Cys95, CysS8-CysllO, and Cys65-

Cys72. Figure 4.5 shows the disulfide structure of ribonuclease A.

 

 

 

    
1 J m l 1,4

26 40 58 65 72 84 95 1 10

 

Figure 4.5. Disulfide structure of ribonuclease A.

Table 4.1 lists the calculated m/z values for possible fragments due to cleavage of the

peptide chains at different sites depending on which disulfide bond was reduced and

cyanylated. Figure 4.6A-D are four MALDI spectra of peptide mixtures resulting from

cleavage of isomers of singly reduced/cyanylated ribonuclease A corresponding to HPLC

peaks 1-4, respectively.
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Table 4.1. Calculated and observed rrr/z values for possible fragments

resulting from the cleavage reaction ofribonuclease A chains at sites of

designated cysteine pairs

 

Reduction

 

 
Fragment Calculated m/z Observed m/z

ofDisulfide

125 2702.8 2705.3

26-83 6547.3 6548.5

Cys26-Cys84 84-124 4526.0 4527.4

1-83 9176.2 9176.7

26-124 10995.3 10998.6

1-64 7083.9 7083.8

65-71 789.8 nd '

Cys6S-Cys72 72-124 5906.5 5907.7

1.71 7795.7 7790.0

65-124 . 6618.3 6617.9

1-57 6353.1 6351.1

58-109 5767.4 5766.8

Cys58-Cysl 10 110-124 1659.8 1659.8

1-109 12042.4 12036.7

58-124 7349.1 nd

1-39 4413.9 4414.4

4094 6063.6 6061.2

Cys40-Cys95 95-124 3302.7 3303.7

194 10399.5 10430.5

40-124 9288.3 9293.4
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Figure 4.6. The MALDI mass spectra ofpeptide mixtures resulting from the cleavage

ofthe four singly reduced/cyanylated ribonuclease A isomers, corresponding to the

HPLC peaks 1-4 in Figure 4.4, respectively. The symbols ++ and * represent the

doubly-charged species and protonated B-elimination products, respectively. The

peaks 1-124 in ( A) and (B) represent intact proteins in which B-elimination only

occurred at one cysteinyl residue. These products do not provide any specific

information. See also Table 4.1 for calculated and observed m/z values.
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The mass spectrum in Figure 4.6A corresponds to the cleavage products represented by

HPLC peak 1 in Figure 4.4. Three peaks at m/z 2705.3, 6548.5, and 4527.4 are due to

fragments 1-25, 26-83, and 84-124, respectively (expected m/z 2706.8, 6547.3, and

4526.0) with a relative mass deviation of <0.05%. From these data, one can deduce that

peptide chain cleavages occur at Cy826 and Cys84. Additionally, the MALDI peak at

m/z 9176.7 corresponds to an overlapped peptide, 1-83, resulting from peptide chain

cleavage at Cys84, but B-elimination at Cy826. Likewise, the MALDI peak at m/z

10998.6 is another overlapped peptide, 26-124, with cleavage at Cy326, but B-elimination

at Cys84. Overall, a disulfide bond linkage between Cy826—Cys84 can be unambiguously

deduced.

With similar strategy, two other disulfide bond linkages, Cys40-Cys95 and

Cys58-Cys110, also can be recognized from Figure 4.6C and Figure 4.6D, respectively.

The MALDI spectrum in Figure 4.6B, corresponding to the cleavage products

represented by HPLC peak 2 (Figure 4.4), shows two main peaks at m/z 5907.7 and

7083.8, corresponding to fragment 72-124 and 1-64, respectively. Another expected

fragment 65-71 is missing. However, it is still possible to deduce Cys65-Cys72 from

these two fragments because no other combination gives such masses. Two minor [3-

elimination products, m/z 6617.9 and 7790.0, are particularly informative for

confirmation of the assignment in this case. The peak at m/z 6617.9 represents residues

65-124, while that at m/z 7795.7 covers residues 1-71.

The HPLC peaks 1 and 2 in Figure 4.4 were not resolved completely. Even

carefully collected HPLC fractions from one component still contained a small amount of
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the other component. This is reflected in the MALDI spectra (Figures. 4.6A and B) of

the cleavage products of these two fractions, each of which contains small fragments

corresponding to the cleavage products of the other fraction. The unambiguous

assignment of the respective disulfide bond pairs in the presence of another isomer is still

possible because only a few fragments are produced.

In the earlier stage of this research, the HPLC conditions were not fully

optimized, the compounds represented by peaks 1 and 2 in Figure 4.4 coeluted and were

collected as a broad peak. The MALDI spectrum of the cleavage products of that broad

fraction is given in Figure 4.7. It is apparent that this spectrum is a perfect overlap of the

spectrum A and B in Figure 4.6. From this spectrum, one can assign two disulfide bond

pairs simultaneously, demonstrating the capability of the methodology to assign disulfide

pairs in a mixture. On the other hand, if the HPLC peak contains a mixture of both singly

and doubly reduced/cyanylated isoforms, Caution should be used in assigning disulfide

bond pairs from the fragments. Because a doubly reduced/cyanylated protein isomer

gives more complicated fragments than a singly reduced/cyanylated protein, it is expected

that the assignment from such a mixture will be challenging. The situation could be even

more complicated, because, due to the discrimination of MALDI responses, the MALDI

responses from the cleavage products of even trace amount of doubly reduced/cyanylated

isoforrn might be more intense than those of the singly reduced/cyanylated isoform. The

correct assignment may be retarded in such a case.

  

 



 

 

 

1-25

 
Figure 4.7. Th

ofa mixture 01

charged specie

 



 

 

165

 

1-25

72-124

84-124

1-64

 7
1
*

    g
2
6
-
8
3

1' .4 1-83* 26—r24* 1'1%4

5600 10000 15000

m/z

  
Figure 4.7. The MALDI mass spectrum ofpeptide mixtures resulting from the cleavage

of a mixture of HPLC peaks 1 and 2. The symbols ++ and * represent the doubly-

charged species and protonated B-elimination products, respectively.
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We have observed that the middle fragment from cleavage of a cyanylated peptide

chain usually is less abundant in the MALDI spectrum (e.g., m/z 6547.3, m/z 789.8, m/z

5767.4, and m/z 6063.6 in Table 4.1). A possible explanation for this observation is that

for the middle fragment, B-elimination is able to occur at either side, which significantly

reduces the yield of the expected cleavage product.

or-Lactalbumin (123 amino acids, Mr = 14,175) also contains 8 cysteines that are

linked as 4 disulfide bonds (25). Figure 4.8 shows the HPLC separation of oc-lactalbumin

and isomers of its partially reduced/cyanylated species. Peaks for four singly

reduced/cyanylated or-lactalbumin isomers (~52-Da mass shift from original molecule,

marked 1-4) are observed in addition to that for residual or-lactalburnin. Again, the four

isomers have similar abundances which suggest comparable reduction rates for the

different disulfide bonds in denatured oc~lactalbumin. The four HPLC fractions (HPLC

peaks 1-4 in Figure 4.8) were subjected to cleavage under the described conditions. The

corresponding MALDI mass spectra are shown in Figure 4.9A-D. Table 4.2 lists the

I calculated m/z values for possible fragments resulting from the cleavage reaction of or-

lactalbumin chains at sites corresponding to different cysteine pairs.

Although the compound represented by HPLC peak 1 in Figure 4.8 showed a

mass increase of ~52 Da, corresponding to an isomer of a singly reduced/cyanylated

protein, MALDI-MS (Figure 4.9A) only detected one expected cleavage product (m/z

517.6) which was due to fragment 120-123. Two other fragments, 15 and 6-119, were

not detected, possibly because of signal suppression. The insufficient information makes

it impossible to deduce a disulfide bond linkage from the MALDI data.
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Figure 4.8. HPLC separation of denatured oc-lactalbumin and its partially reduced!

cyanylated isomers. Separation was carried out on a Vydac C4 column at a flow rate

of 1.5 ml/min with a linear gradient 40-50% B in 90 minutes, where A = 0.1% TFA

in water and B = 0.1% TFA in CH3CN. Peaks 1-4 represent singly

reduced/cyanylated species, as determined by MALDI-TOF analysis.
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Table 4.2. Calculated and observed m/z values for possible fragments

resulting from the cleavage reaction ofa—lactalbumin chains at sites of

 

 

 

designated cysteine pairs

Reduction Fragment Calculated m/z Observed m/z

of Disulfide

1-5 618.7 nd

6-119 13135.7 nd

cys6-c.y3120 120-123 517.6 517.6

1-118 13676 nd

6-123 13575 nd

1-27 3125.6 3122.5

28-110 9525.6 9517.1

CysZS-Cysl 11 111-123 1620.8 1620.1

1-110 12573 12560

28—123 11068 nd

1-60 6918.9 6914.4

61-76 1800.8 1798.9

Cys6l-Cys77 77-123 5552.5 5557.5

1-76 8641.5 8648.6

61-123 7275.3 7280.6

1-72 8258.1 8264.5

73-90 2098.3 2099.0

Cys73-Cys91 91-123 3915.6 3912.8

1-90 10278 10303

73-123 5936.0 nd
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Figure 4.9. The MALDI mass spectra of peptide mixtures resulting from the cleavage of

the four singly reduced/cyanylated oc-lactalbumin isomers, corresponding to the HPLC

peaks 1-4 in Figure 4.8., respectively. The symbols ++ and * represent the doubly—

charged species and protonated b-elimination products, respectively. See also Table 4.2

for the calculated and observed m/z values.
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The HPLC peaks 2 and 3 in Figure 4.8 were not baseline separated due to severe

peak broadening. However, the MALDI-MS data interpretation permitted recognition of

all the fragments resulting from the cleavage of the mixture of the two isomers of the

singly reduced/cyanylated protein. As seen in Figure 498, two intense peaks at m/z

1620.1 and 3122.5 can be assigned to fragments 111-123 and 1-27, respectively. A third

peak at m/z 9517.1 matches the middle fragment 28110 which, as mentioned above,

usually shows lower abundance due to its opportunity for double participation in B-

elirnination. Furthermore, the peak at m/z 12560 is an indication of the B-elimination

product 1-110. Thus, a disulfide bond, Cys28-Cysl 11, can be deduced. The other three

peaks at m/z 1798.9, 5552.1, and 6909.9 match fragments 61-76, 77-123, and 1-60,

respectively, resulting from cleavage at Cys6l and Cys77. The B—elimination product 1-

76 (m/z 8640.3) further confirms that Cys77 is a cleavage site. The combination of this

information is consistent with the assignment. Thus, two disulfide bond pairs can be

deduced from the mass spectrum of an impure HPLC fraction.

The Cys61-Cys77 pair is further confirmed by the mass spectrum in Fig. 4-9C,

arising from analysis by MALDI-MS of the cleavage products in HPLC fraction 3 ( peak

3 in Figure 4.8). The three main peaks at m/z 1798.9, 5557.5, and 6914.4 correspond to

the fragments 61-76, 77—123, and 1-60, respectively. In addition, two B-elimination

products, 61-123 at m/z 7280.6 and 1-76 at m/z 8648.6, provide confirmation that Cys61

is linked to Cys77. The peak at m/z 1620.0 is likely due to some “carry-over” from

fraction 2. Figure 4.9D was obtained from analysis by MALDI-MS of the cleavage

products in HPLC fraction 4 (Figure 4.8). The three MALDI peaks at m/z 2099.0,
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3912.8, and 8264.5 represent fragments 73-90, 91-123, and 1-72, respectively. The B-

elimination product (m/z 10300.2) is due to fragment 1-90. These data indicate that

Cys73 is linked to Cys91.

The other example, soybean trypsin inhibitor (STI), is also demonstrated here.

STI (Mr. 19977) contains 180 amino acids linked by two disulfide bonds, Cys39-Cys86

and Cysl36-Cysl45. ( another variant of STI contains 181 amino acids with Mr. 20095.

MALDI analysis of commercial STI gave a m/z 19988 Da as a predominant peak,

indicating the sample contains 180 amino acids). Being a more hydrOphobic protein, STI

had a very poor HPLC behavior in CH3CN/HZO mobile phase. The strong interaction 
between STI and C18 or C4 column makes the HPLC separation impractical. The HPLC

analysis of STI was improved greatly by using n-prOpanol as a mobile phase modifier,

but several impurities were still poorly resolved from the STI peak. The purified STI

samples were subjected to partial reduction and cyanylation. As illustrated in Figure

4.10, the elevated base line makes the separation of intact STI and its reduced isoforms

difficult. Table 4.3 lists the m/z values of the expected and observed fragments.

Preliminary MALDI analysis of the cleavage products from HPLC peaks 1 and 2 are

given in Figure 4.11A and B. The MALDI peaks at m/z 4036.3 and 5017.2 (Figure

4.11A) correspond to the fragment 145-180 and an overlapped peptide 136-180,

indicating Cys136 and Cys145 have been cleaved. Other peaks are also observed, but

they are not readily related to the cleavage at any cysteine sites. Since no signals were

detected for fragments 1-136 and 136-144, the information obtained by MALDI analysis

is insufficient to draw any conclusion. Figure 4.11B was obtained by the MALDI
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Intact

   
20 25 30 35 40

Figure 4.10. HPLC separation of denatured soybean trypsin inhibitor and its

partially reduced! cyanylated isomers. Separation was carried out on a Vydac C4

column at a flow rate of 1.2 mllmin with a linear gradient 15-50% B in 30 minutes,

where A = 0.1% TFA in water and B = 80% l-propanol/20% H20 containing 0.1%

TFA. Peaks 1 and 2 represent singly reduced/cyanylated species, as determined by

MALDI-TOF analysis.
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Table 4.3. Calculated and observed m/z values for possible fragments

resulting from the cleavage reaction of soybean trypsin inhibitor chains

at sites of designated cysteine pairs

 

Reduction

 

 
Fragment Calculated m/z Observed m/z

ofDisulfide

1-38 4058.4 4059.1

Cys39-Cys86 39-35 5258.1 5259.9

86-180 10747 10752

1-135 14971 nd

136-144 1057.1 nd

Cysl36-Cysl45 145-180 4035.5 4036.3

13(1-144) 15951 nd

8(136-180) 5015.6 5017.2

1-38 4058.4 4057.1

39-85 5258.1 5257.8

95????sz 86-135 5740.4 5738.8

ys ys [3(136-144) 1057.1 nd

8(145—180) 4035.5 4037.9
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Figure 4.11. The MALDI mass spectra of peptide mixtures resulting from the cleavage

of the two singly reduced/cyanylated soybean trypsin inhibitor (STI) isomers,

corresponding to the HPLC peaks 1 and 2 in Figure 4.10, respectively. The unidentified

peaks are due to impurities in the sample. '
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Figure 4.12. The MALDI mass spectrum of peptide mixtures resulting from the

cleavage of unseparated, partially reduced/cyanylated soybean trypsin inhibitor (STI)

isomers. Before the cleavage, the mixture was dialysed against 1% HAO solution to

remove excess reagents. See table 4-3 for possible fragments and their m/z values.
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analysis of the cleavage products from HPLC peak 2. The fragments at m/z at 4059.1,

5259.9, 10752 are due to the fragments 1-38, 39-85 and 86-180, respectively. Other

unidentified peaks are apparently due to impurities in the HPLC fraction. From these

data, a Cys39-86 linkage is deduced.

In the present procedure, the cyanylated proteins are separated by HPLC to

remove excess reagents and to separate the resulting isomers. For simple proteins with

poor chromatographic performances, such as STI, it could be better to avoid HPLC

separation, instead, use dialysis to get rid of excess reagents. Since STI only contains

two disulfide bonds, the cleavage products from the mixture of the partially

reduced/cyanylated isoforms were expected to be reasonably simple. The MALDI

_ spectrum of the cleavage products from the unseparated isomers (Figure 4.12) shows

fragments corresponding to the cleavage at each of the two disulfide bond sites and also

at both of the disulfide bonds (see Table 4.3). For example, the fragment at m/z 5738.8 is

attributable to fiagment 86~135. Apparently, the mixture contains the doubly

reduced/cyanylated STI, which gives rise to the fragments corresponding to the cleavage

at each of the four cysteine residues. The unambiguous assignment of disulfide pairs

would be difficult in such cases.

F. Application to Proteins Containing Closely Spaced or Adjacent Cysteines

As we reviewed in chapter 1, two problems remain in the recognition of disulfide

bond linkage by conventional methods; one is the disulfide bond scrambling occurring

under alkaline conditions and another is the failure to cleave protein chains between two

closely spaced or adjacent cysteines. Our methodology can circumvent problems with
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disulfide bond exchange, because the chemical reactions were performed under acidic

conditions. Equally important is that our methodology is also applicable to proteins

containing closely spaced or adjacent cysteines, because our approach does not depend on

the proteolytic cleavage between cysteine residues, but depends on the partial reduction

of cystine and cyanylation ofthe corresponding nascent cysteine residues.

The feasibility of our methodology to recognize disulfide linkage in proteins

containing closely spaced and adjacent cysteine residues is demonstrated here using

human recombinant epidermal growth factor (hEGF), LONG R3 insulin growth factor-I

(LR3 IGF-I), and insulin as examples.

Recombinant hEGF used in this research was purchased from Sigma. It

resembled its native form (53 amino acids), but with a Met at the N-terminus as an

initiator of protein biosynthesis (26, 27). Figure 4.13 shows the amino acid sequence and

the disulfide bond linkage in recombinant hEGF. Conventional methodologies for the

assignment of disulfide pairs in hEGF is tedious because Cys31 and Cys33 are separated

by an Asn residue, which is usually resistant to proteolytic digestion to give peptides

containing only one disulfide bond.

 

 

* J . 1.. 1MNSDSEéPLSI-IDGYCILHDGVCMYIEALDKYA WGYIGER QYRDLKWWELR

- 1 6' 1 4 20 3 l 3 42 5 3

Figure 4.13. Primary structure and disulfide bond linkage of recombinant human

epidermal growth factor (hEGF) (MW. 6347.2)
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Table 4.4. Calculated and observed m/z values for possible fragments

resulting from the cleavage of recombinant hEGF chains at sites of

designated cysteine pairs

 

Reduction

 

 

of Disulfide Fragment Calculated m/z Observed m/z

-1-5 682.7 nd

6-19 1541.6 1540.1

CYS6‘CYS20 2053 4217.9 4218.3

6-53 5676.5(5735.5) 5734.4

113 1555.6 1554.6

Cys 14-Cys3l 1430 1970.3 1969.2

31-53 2916.3 2917.1

132 3694.1 3692.9

3341 1020.1 1020.2

Cys33-Cys42 4253 1721.0 1722.0

.141 4641.2 4643.1

33-53 2664.1(2723.1) 2666.3(27259)

-1-5 682.7 11d

6-13 915.9 915.9

Cys6-Cy520 14-19 667.7 nd

(”51443531 20-30 1344.6 1345.0

31-53 2916.3 2916.0

14-30 1936.3 1934.7

46 682.7 nd

6-19 1541.6 1541.1

Cys6-Cys20 2032 1560.8 11d

Cy833-Cys42 3341 1020.1 1020.0

4253 1721.0 1721.7

3353 2664. 1(2723. 1) 2664.9(2725.1)

113 1555.6 1555.2

14-30 1970.3 1970.1

Cysl4-Cy831 3 1-32 260.2 . . nd

Cys33,cys42 3341 1020.1 1020.6

42-53 1721.0 1722.5

3353 2664.1(2723. 1) 2666.9(2726.4)

-1-5 682.7 nd

6-13 915.9 915.8

1419 667.7 nd

Cys6-Cys20 20.30 1344.6 1344.3

Cys 14-Cy331 31-32 260.2 nd

Cys33-Cys42 33.41 1020.1 1020.1

4253 1721.0 1722.0

14-30 1936.3 1935.8

33-53 2664. 1(2723. 1) 2665.9(2727.3)
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Figure 4.14. HPLC separation of denatured hEGF and its partially reduced/

cyanylated isomers. Separation was carried out on a Vydac C18 column at a flow

rate of 1.0 mllmin with a linear gradient 15-35% B in 15 min, and 35-55% B from

15-50 min, where A = 0.1% TFA in water and B = 0.1% TFA in CH3CN. Peaks 1-3

represent singly reduced/cyanylated species, as determined by MALDI-TOF

analysis.
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After partial reduction and cyanylation of hEGF, eight well-resolved peaks were

obtained by HPLC (Figure 4.14). Mass analysis of the peaks by MALDI indicated that

the first peak is intact protein, while peaks 1-3, 4-6, and 7 are singly reduced/cyanylated,

doubly reduced/cyanylated, and completely reduced/cyanylated isoforms, respectively.

Table 4.4 lists the expected and observed m/z values for fragments due to cleavage of the

peptide chains at different cysteine sites depending on which disulfide bond(s) were

reduced and cyanylated. Unlike the chromatograms of ribonuclease A and or-

lactalbumin, the reduction of two disulfide bonds in hEGF was also observed under the

experimental conditions and, therefore, the corresponding fractions were also

characterized. Figure 4.15A-C are MALDI spectra of peptide mixtures resulting from

cleavage of singly reduced/cyanylated hEGF isomers corresponding to HPLC peaks 1-3,

respectively. Figure 4.16A-D are the MALDI mass spectra of doubly reduced/cyanylated

isoforms and the completely reduced/cyanylated isoform, respectively.

The mass spectrum in Figure 4.15A corresponds to the cleavage products

represented by HPLC peak 1 in Figure 4.14. The peaks at m/z 1540.1 and 4218.3 are due

to fragments 6-19 and 20-53, respectively. The peak at m/z 5734.4 is due to a

cyanylated/uncleaved fragment 6-53 with an expected m/z of 5738.5. The fragment -1-5

is not detectable by MALDI in any case. From these data, one can deduce that peptide

chain cleavage occurs at Cys6 and CysZO. Therefore, Cys6 is linked to CysZO. The

cleavage products of HPLC peak 2 shows m/z values attributable to fragments -1-32, 33-

,41, and 42-53, respectively, suggesting Cys33 and Cys42 are cleavage sites (Figure

4.15B). Additionally, two overlapped peptides, 33—53 and -1-41 confirm the conclusion.
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Figure 4.15. The MALDI mass spectra of peptide mixtures resulting from the cleavage

of the three singly reduced/cyanylated hEGF isomers, corresponding to the HPLC peaks

1-3 in Fig. 4.14, respectively. The symbols ++ , *, and ** represent the doubly-charged

species, B-elimination products, and cyanylated/uncleaved products, respectively. See

also Table 4.4 for the calculated and observed m/z values.
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Overall, a disulfide bond linkage between Cys33-Cys42 can be unambiguously deduced.

The cleavage products from HPLC peak 3 present a little more complicated case (Figure

4.15C). In addition to the desired fragment -1-13, 14-30, and 31-53 implicating the

disulfide bond linkage between Cysl4-Cys31, two fragments, 31-41 and 42-53, were also

detected, corresponding to the undesired cleavage at Cys42. Further experiments (chapter

5) confirm that the cleavage at Cys42 is minor in comparison with the cleavage at other

sites. However, because of the high responses on MALDI, these two fragments could

bring about confusion in data interpretation.

The interpretation of MALDI data from the cleavage products of doubly

reduced/cyanylated isoforms is never as straightforward as that from singly

reduced/cyanylated isomers, because more fragments are observed. A slightly different

strategy is helpful for the assignment. Instead of looking at the MALDI peaks

corresponding to the cleavage sites, the absence of such peaks represents the “uncleaved

sites”, that is, those still linked by a disulfide bond. For example, the MALDI spectrum

(Figure 4.16A) of the cleavage products from HPLC peak 4 shows peaks due to

fragments 6-19, 33-41, and 42-53, indicating the cleavage at Cys6, CysZO, Cys33, and

Cys42, respectively. No fragments due to the cleavage at Cysl4 and Cys31 can be

observed. Obviously, these two cysteines are linked as a disulfide pair. With the same

strategy, the MALDI spectra of the cleavage products from HPLC peaks 5 and 6 reveal

the disulfide linkage Cys33—Cys42 and Cys6-Cy320, respectively. The analysis of the

MALDI spectrum of the cleavage products from the completely cyanylated hEGF shows

that cleavage occurs at each of the cysteine positions, although some of the fragments (e.

g‘a fragment -1-5) might be missing on MALDI.
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Figure 4.16. The MALDI mass spectra ofpeptide mixtures resulting from the cleavage

of the three doubly reduced/cyanylated hEGF isomers and a completely reduced/

A cyanylated hEGF,corresponding to the HPLC peaks 4-7 in Fig. 4-14, respectively.

The symbols ++ , *, and ** represent doubly-charged species, B-elimination products,

and cyanylated/uncleaved products, respectively. See also Table 4.4 for the calculated

and observed m/z values.
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Recombinant LR3IGF-I is a variant of human IGF-I that contains arginine

replacing glutamate-3 as well as an amino terminal extension of 13 amino acids (28).

LR3IGF-I shows higher biological activities than its analog, IGF-I. Like IGF-I, LR3IGF-I

contains adjacent cysteine residues at 60 and 61 positions. The disulfide bonding

scheme, assigned on the basis of homology to the insulin (or IGF-I) sequence and shown

below, has never been verified experimentally. In preparing authentic LR3IGF-I from

recombinant sources, it is important to confirm that the disulfide bond linkage is the same

as for IGF-I isolated from natural sources, since a mismatching of disulfide bonds could

have a major influence on any biological activity, as has been observed with disulfide-

bonded isomers of insulin (29).

1 19 31 6061 65 74

l j

r 89“
 

 

   

Figure 4.17 shows the HPLC separation of LR3IGF-I and isomers of its partially

reduced/cyanylated species. The chromatogram shows two exceptions in comparison

with the typical chromatographic pattern of the partially reduced/cyanylated isoforms.

First, the major peak representing the intact protein shows longer retention .than one of

the singly reduced isoforms. This result indicates that the hydrophobicity of the protein

become smaller than that of the intact protein after opening one disulfide bond, whereas

most of the proteins show larger hydrophobicity after splitting the disulfide bond(s).

Second, only two singly reduced/cyanylated protein isomers were observed (peaks 1 and

2 in Figure 4.17), even though the protein contains three disulfide bonds. Stronger
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Figure 4.17. HPLC separation of denatured LR’IGF-I and its partially reduced/

cyanylated isomers. Separation was carried out on a Vydac C1 8'colu1rm at a flow

rate of 1.0 mein with a linear gradient 30-50% B in 45 minutes, where A = 0.1%

TFA in water and B = 0.1% TFA in CH3CN. Peaks 1 and 2 represent singly

reduced/cyanylated species, as determined by MALDI-TOF analysis.
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reducing conditions (increase the ratio of reducing agent, apply higher temperature, and

prolong the reduction time) result in the formation of doubly reduced/cyanylated protein

isomers, but the third disulfide bond still refuses to reduce. At first we assume that the

isomer fiom the reduction and cyanylation of the third disulfide bond had the same

retention time as its intact protein and, therefore, coelutes with the intact one. But

MALDI-MS of the cleavage products indicates that it is not the case. Apparently one

disulfide bond (Cys31-Cys74, as concluded from the next paragraph) is inert to reduction

under the reduction conditions, even if the protein has been denatured. This conclusion is

understandable from the thermodynamic point of view. A recent study on the disulfide

stability of IGF-I showed that the disulfide bond 18-61 (corresponding to disulfide 31-74 
in LR3IGF-I) is superstable and preferentially formed in the folding process (30), which

might explain that this disulfide pair is structurally stable enough to resist the reduction.

Table 4.5 lists the calculated m/z values for possible fragments resulting from the

cleavage reaction of LR3IGF-I chains at sites corresponding to different cysteine pairs.

The two HPLC fractions (HPLC peaks 1 and 2 in Figure 4.17) were subjected to cleavage

under the described conditions. The corresponding MALDI mass spectra are shown in

Figure 4.18A and B. The peaks at m/z 2188.7 and 6372.9 in Figure 4.18A are due to

fragments 65—83 and 1-59, respectively. The fragment 60-64, a middle fragment during

the cleavage reactions, was missing from the MALDI spectrum. However, the peaks at

m/z 2752.9 and 6936.5, representing two overlapped peptide fragments 60-83 and 1-64,

where B-elimination occurs at Cys65 and Cys60, respectively, confirm that 60 and 65 are

cleavage sites. From these data, one can deduce that Cys60 is linked to Cys65. The
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Table 4.5. Calculated and observed m/z values for possible fiagments

resulting from the cleavage reaction ofLR3IGF-I chains at sites of

designated cysteine pairs

 

 

Rafa“ Fragment Calculated m/z Observed m/z
ofDlsulfide

1-59 6371.2 6372.9

60-64 637.7 nd

Cys60-Cys65 65-83 2188.6 2188.7

0(1-64) 6931.9 6936.5

[3(60-83) 2749.3 2752.9

1-18 1978.4 1976.9

19-60 4538.0 4538.6

Cys 1 9-Cys61 61-83 2681.1 2682.5

[3(1-60) 6439.4 6441.9

13(19-83) 7142.1 7139.1

1-30 3223.8

31-73 4964.5

Cys3 1-Cys74 74-83 10092 no reduction

[30-73) 8111.3

501-33) 5897.7
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Figure 4.18. The MALDI mass spectra of peptide mixtures resulting from the cleavage

of the two singly reduced/cyanylated LR3IGF-I isomers, corresponding to the HPLC

peaks 1 and 2 in Figure 4-17, respectively. The symbol * represent the protonated

B-elimination products. The peaks with question marks are discussed in the text. See

also Table 4.5 for the calculated and observed m/z values.
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cleavage products from HPLC peak 2 show m/z values attributable to fragments 1-18, 19-

60, and 61-83, respectively, suggesting Cysl9 and Cys61 are cleavage sites (Figure

4.18B). Additionally, an overlapped peptide, 1-60, confirm the conclusion that Cysl9 is

linked to Cys61. Overall, the disulfide bond structure containing two adjacent cysteines

can be easily assigned without multiple enzymatic digestions and/or multiple step Edman

digestion. As insulin growth factor contains a number of protein analogs which all

assume adjacent cysteine structures, the data presented here are of great importance to the

disulfide structure study of such a protease. As evidence, preliminary experiments on

IGF-I and IGF-II, both containing adjacent cysteines, show similar results (data not

shown). It is also expected that the approach described here will be sufficiently powerful

to study the refolding intermediates of the IGF analogs (3 0).

It should be pointed out that the question-marked peaks in Figure 4.18B are very

confusing in nature. The peak with a single question mark showed a mass increase of

103 Da from the fragment 1-18, suggesting a cysteine attached to the fragment, whereas

the peak with double question marks showed a mass decrease of 103 Da from the

fragment 19-60, suggesting a cysteine removed from the fragment. The latter might be

caused by the cleavage at Cy559, rather than Cys60, assuming that the disulfide bond

exchange between two adjacent cysteine residues occurs. The former one is

unexplainable, because such an exchange can never occur at Cysl9, which has the -Lys-

Cys-Gly- structure. Obviously structural heterogeneity of recombinant proteins, other

than disulfide exchange, would be critical to wield occurrence of such fragments. On the

other hand, unambiguous assignment of the disulfide structure is evident even if such
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undesired fragments are present, because the fragments from specific cleavage at the

native disulfide bond are sufficient to make a positive conclusion.

Insulin contains two interchain (Cys A7-Cys B7 and Cys A20-Cys B19) and one

intrachain (Cys A6-Cys A1 1) disulfide bridges, and includes a pair of adjacent cysteine

residues (Cys A6, Cys A7). The HPLC chromatogram of the partially reduced]

cyanylated insulin isoforms is shown in Figure 4.19.

l 7 l . 20

A chain GIVEQgCASVCSLYQLBNYCN

‘ I 11 /
B chain FVNQHLCllGSHLVEALYLVgGERGFFYTPKA

The chromatogram shown by Gray (5) indicates that the reduction rates of the

disulfide bonds in native insulin vary widely and that one route of reduction was

preferred. Our chromatogram (Figure 4.19) of denatured insulin and isomers of its

partially reduced/cyanylated form shows a peak for each of the three possible singly

reduced/cyanylated species. Our data indicate that under denaturing conditions, the three

disulfide bonds undergo reduction at comparable rates.

A problem with the analysis of insulin fragments by MALIDI is that its A-chain

gives a good signal in the negative ion mode, but a very weak signal in the positive ion

mode, while the B-chain gives a good response in both modes (31). Table 4.6 shows the

expected and observed m/z values (deprotonated molecules detected in negative mode)

for fragments resulting from the cleavage reaction of insulin chains at sites corresponding
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Intact

     

 

  

   - 1.1tum
15 2O 25 30 35 40 45 50

Figure 4.19. HPLC separation of denatured insulin and its partially reduced/

cyanylated isomers. Separation was carried out on a Vydac C18 column at a flow

rate of 1.0 ml/min with a linear gradient 20-50% B in 40 minutes, where A = 0.1%

TFA in water and B = 0.1% TFA in CH3CN. Peaks 13 represent singly

reduced/cyanylated species, as determined by MALDI-TOF analysis. The peaks

marked A and B are insulin A-chain and B-chain, respectively.
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Table 4.6. Calculated and observed m/z values [M-H]' for possible

fragments resulting from the cleavage reaction of insulirchains at sites

of designated cysteine pairs

 

Reduction

 

 

. Fragment Calculated m/z Observed m/z

of Disulfide

Al-S 543.6 nd

A6-10 505.6 nd

Al 1-21 1373.8 1374.2

CysA6-CysA1 1 A6-21 1803.4 1804.8

A1-21 2340.0 2339.6

B1-30 3399.9 3400.3

Al-6 646.7 nd

A7-21 1734.9 1735.7
C A7-C B7

ys ys B1-6 755.9 nd

B7-3O 2685.1 2686.3

A1-l9 2123.7 2122.6

A20-21 261.3 nd

CysAZO-CysB 19 B 1-18 2043 .4 2041.5

B19—3O 1401.5 1402.3

B1-30 3400.0 (3366.0) 3400.1 (3366.1)
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Figure 4.20. The negative ion MALDI mass spectra ofpeptide mixtures resulting from

the cleavage of the three singly reduced/cyanylated insulin isomers, corresponding to the

HPLC peaks 1-3 in Figure 4.19, respectively. The symbols * and ** represent the

B~elimination products and cyanylated/uncleaved peptides, reSpectively. See also

Table 4.6 for the calculated and observed m/z values.
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to different cysteine pairs. Figures 4.20A-C are the corresponding negative ion MALDI

mass spectra. Figure 4.20A (corresponding to the cleavage products of the HPLC peak 1

in Figure 4.19) shows that chemical cleavage occurs at Cys6 and Cysll of the A chain,

resulting in the fragment A1 1-21 and A6—21. Two low-mass fragments corresponding to

Al-S and A6-10 are not readily detected by MALDI. Furthermore, the mass spectrum is

plagued by the unidentified impurity peaks, probably resulting from the nonspecific

cleavage. However, it is still convincing to conclude that cleavage indeed occurred at one

of the adjacent cysteine sites, CysA6. The cleavage products from HPLC 2 in Figure

4.19 show similar results (Figure 4.20B). In addition to an expected peak at m/z 2686.3, corresponding to fragment B7-30 (calculated m/z 2685.1), another intense peak at m/z

1735.7 is attributed to fragment A7-21 (calculated m/z 1734.9), resulting from cleavage

of the insulin A—chain at Cys A7 which is adjacently linked to Cys A6. These two

specific fragments suggest that Cys A7 be linked to Cys B7. Therefore, the methodology

described here shows the potential for the assignment of disulfide bond pairings in

proteins containing close or adjacent cysteine residues. Figure 4.20C gives fragments

Al-19, B 1-18, B19-30, plus an overlapped peptide B1-30. It is obvious that CysA20 is

linked to CysBl9.

V. Picomole Scale Reactions

So far, the sample size used in our protocol is ~10 nmol. The sensitivity is limited

by the detection limit of our HPLC systems. Although it is better than conventional

methodologies, our methodology described here should have the potential to assign

disulfide bonds at the picomole level of proteins. One improvement in the methodology

—¥— 
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Figure 4.21. separation of ribonuclease A and its partially reduced/cyanylated

species by microbore C18 HPLC column (1x100mm). HPLC conditions are the

same as those in Figure 4.4, except the flow rate is 0.05 ml/min.
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is to use a microbore column HPLC to separate the protein isoforms. To run chemistry at

microscale is a challenge to our protocol. Appropriate modifications have to be made.

Twice as much the TCEP reducing agent had to be used to promote the partial reduction.

The CDAP concentration for the subsequent cyanylation is five times as much as that

used in protocol to prevent the autohydrolysis of CDAP reagent, which is accelerated in

the lower concentration medium. Figure 4.21 shows the separation of the partially

reduced/cyanylated isoforms of 500 picomoles of ribonuclease A obtained on a 1x100

mm C18 microbore column (thanks to the generosity of Dr. Gage). A better separation

was obtained on the microbore column, while the retention time is shorter. These

preliminary results indicate that our chemistry can be used at microscale level for protein

samples.

VI. Characteristics of the Methodology

The analytical advantage of our proposed methodology accrues from several

facets of simplicity. First, the optimized procedure for partial reduction assures that in

the case of multiple disulfides there will be significant quantities of all isoforms in which

only one of the cystines has been reduced. Second, cleavage of a cyanylated pair of

cysteines from a newly reduced cystine yields only three fragments. Third, the sum of

masses of the three cleavage fragments is equal to the mass of the cyanylated singly

reduced isoform plus the mass of two molecules of water, a feature that readily lends

itself to computerized assessment of the experimentally determined data. Fourth, [3-

elimination products are usually observed which confirms the assignment of cleavage
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data by peaks that represent sequences of residues that overlap one of the two cleavage

sites. This is another feature that lends itself to computerized assessment of the internal

consistency of data interpretation. Fifth, for relatively large proteins (> 10 kDa) the

likelihood that alternative disulfide pairings would lead to the same mass spectral pattern

is quite low, even if some mass Spectral peaks for two alternative pairings may not be

resolvable by MALDI. Sixth, complete HPLC separation of the isomers of the singly

reduced and cyanylated species is unnecessary for identification as demonstrated in our

results reported here. Seventh, one of the severe problems in conventional methodology

is the risk of disulfide bond scrambling which usually occurs in an alkaline medium (1-3).

Because our experiments are performed under acidic conditions, opportunities for

scrambling are kinetically suppressed. Complete analysis of the MALDI data gives no

evidence that scrambling occurred during our procedure. Some unexpected peaks are

indeed observed in our spectra, but their masses do not appear to be related to fragments

anticipated from scrambled disulfide bonds.

Signal suppression for some components of a complex mixture in the analysis by

MALDI is still a problem (7). The suppression of signal from certain peptide fragments

does make assignments risky when they are represented by minor peaks such as some of

those shown in Figure 6. The complementary nature of analytical results by MALDI and

electrospray (ESI) (32) would seem to provide one promising way to deal with this

problem. Furthermore, ESI provides ready access for analysis of mixtures by LC-MS,

which may be an effective alternative to problems of analyte suppression encountered in

batch analysis.
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VII. Conclusions

We have demonstrated that the combination of partial reduction of a protein,

chemical modification of the sulfliydryl groups, cleavage of the peptide chain, and

subsequent mass-mapping by MALDI-TOF MS provides a simple and effective

alternative methodology for the assignment of disulfide bond pairings in proteins of

known primary structure. Our novel approach offers an important advantage of

minimizing disulfide bond scrambling, a concern in most conventional methodologies.

Furthermore, this approach may be applied to proteins containing close or adjacent

cysteines for which conventional approaches fail. The procedure is simple, fast, and

sensitive. We are currently applying this methodology in combination with electrospray

ionization to the characterization of disulfide bond pairings in proteins from a variety of

biological sources.
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CHAPTER 5

DISULFIDE MAPPING OF FOLDING INTERMEDIATES OF

RECOMBINANT HUMAN EPIDERMAL GROWTH FACTOR

(hEGF) BY CDAP TRAPPING, CHEMICAL CLEAVAGE, AND

MASS SPECTROMETRY

I. Introduction

- Proteins are synthesized within the cell on ribosomes. To be biologically active, all

proteins must adopt specific folded three-dimensional structures. Yet the genetic

information for a protein specifies only the primary structure, the linear sequence of amino

acids in the polypeptide backbone. Although folding in the cell is a highly complex

process involving a cascade of helper proteins called the molecular chaperones, it is clear

that the major events in the folding process occur after departure from the ribosome and

perhaps even after release from the chaperones (1, 2). Proteins can spontaneously fold

into their native conformation under physiological conditions. That implies that a

protein’s primary structure dictates its three-dimensional structure. For many years,

scientists have endeavored to understand the process by which protein folding occurs, that

is, the folding pathway. Although a wealth of information has been accumulated in

attempts to solve this problem, the answer is far from complete.

The study of protein folding can be broken down into three different but related

questions: (1) By what kinetic process or pathway does a protein adopt its native and

biologically-active folded conformation? (2) What is the physical basis of the stability of
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the folded conformation? (3) Why does the amino acid sequence determine one particular

folding process and resultant three-dimensional structure, instead some other?

Protein folding study is of great significance both from the theoretical and

practical point of View. Recent advances in genetic engineering have provided the means

to exploit such knowledge, thereby adding a new urgency for the need to understand the

process of in vitro protein folding.

Many of the difficulties associated with determining protein folding pathways can

be overcome if folding is coupled to disulfide bond formation. This is the only type of

protein-stabilizing interaction that is susceptible to specific experimental control, due to

its oxidation/reduction nature. Since 80% of proteins in nature contain disulfide bond(s), 
the disulfide formation study is of great significance for the understanding of protein

folding pathways. Folding is coupled to disulfide formation if the folded conformation

requires the correct disulfide bond linkage. The reduced protein is unfolded, and

refolding accompanies disulfide formation. Characterization of folding intermediates has

been proven to be a very powerful tool in the elucidation of protein-folding pathways (3-

6). Two useful techniques are currently available to tackle this problem. A newly

developed technique of pulsed-label NMR (7, 8) permits trapping and identification of

amide groups that are engaged in the structured elements. This technique can in principle

be applied to all types of proteins. However, intermediates trapped by this method are

not amenable to chromatographic purification because of the transient nature of folding

intermediates (9). An established method, which utilizes the formation of disulfide

bonds, is often used. In this method, as described in Figure 5 .1, the disulfide-bonded

intermediates which form during the folding process are chemically trapped in a time

—; 

 



 

 

course manner.
'

kinetics of the

connected to a 1

containing prote

further purified

governed by the

the simplest apj

small



 

203

course manner. The trapped intermediates are isolated and structurally characterized, the

kinetics of the interconversion are determined, and the different components are

connected to a folding pathway. This technique is limited to the analysis of disulfide

containing proteins, but a unique advantage is that species oftrapped intermediates can be

further purified for characterization. Because the formation of disulfide bonds is

governed by the thiol/disulfide concentration of the redox couple used, it has represented

the simplest approach to study the folding of proteins. By varying the concentrations of

small

reduced/unfolded protein

1
fold at pH 8.5

iodoacetate acid quench

atpH 8.5 atpH<4

v

trap intermediates

 

HPLC

separate intermediates

classical approach

determine disulfide structure

Figure 5.1. Conventional approach for disulfide mapping of

protein folding intermediates
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molecular weight thiol and disulfide components in solution, the distribution of

intermediates as well as the rate of regeneration of native protein can be controlled in a

predictable manner. This method thus allows construction of disulfide bond isomers

accumulated and trapped along the process of folding.

Even with these advantages, the problem remains nontrivial, and few pathways

have been characterized completely. The folding pathways of several proteins (1 0- 14)

have been studied in this manner. Among them, bovine pancreatic trypsin inhibitor

(BPTI) (15-18), and ribonuclease A (9, 19-22) have been the most extensively studied.

 The first case of a well-documented disulfide folding pathway is BPTI, a Kunitz-' '

type protease inhibitor which comprises 58 amino acids and three disulfides. In the

original model of BPTI folding (15, 23), eight well-populated 1- and 2-disulfide

intermediates were identified. Five were shown to contain exclusively native disulfides,

and those that adopted non-native disulfides have been suggested to be kinetically

important intermediates. This original BPTI model was recently reexamined using

 
modern separation and analytical methodologies (17, 18 , 24), it was concluded that there

 existed five species of well-populated intermediates (two l-disulfide and three 2-disulfide

species) and all of them contain only native disulfide bonds. Despite the inconsistency,

the model of BPTI folding maintains three principal conclusions: (a) the folding

intermediates consist of only one- and two-disulfide species; (b) specific interactions that

stabilize the native BPTI play a crucial role in guiding the folding early on and hence

dictating the formation of limited numbers of well-populated intermediates that consist

mainly of native disulfides. The rate-limiting step of BPTI folding is the intramolecular
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rearrangements of two-disulfide intermediates to generate the immediate precursor that

rapidly forms the third and final native disulfide.

However, although this approach has limited success so far, the problem remains

nontrivial. The number of possible disulfide intermediates increases rapidly with the

number of cystines in the protein, and success has been claimed with proteins having only

three or fewer disulfide bonds. The determination of a folding pathway for a three

disulfide protein is already a difficult undertaking, there being 74 possible different

internal disulfide-bonded intermediates excluding the reduced and native states. The

separation of intermediates and the determination of disulfide structures are formidable

tasks. A clearly defined pathway for formation of a three-disulfide species has been

proposed only in the case ofBPTI.

Traditionally, folding intermediates were trapped by addition of iodoacetate, a

reagent that alkylates free thiols and thereby prevents further oxidation or thiol-disulfide

exchange. However, this method was recently questioned. The rearrangement of

intermediates during trapping with iodoacetate was observed for both BPTI (17) and

ribonuclease A (25) since thiol-disulfide exchange is expected to occur on the same time

scale as alkylation by iodoacetate. For example, alkylation of thiols with 100 mM of

iodoacetate occurs with a half-time of about 1 second at pH 8, which is on the same time

scale as the kinetics of disulfide rearrangement (17). This could be a more severe

problem for partially structured intermediates where steric hindrance would retard the rate

of alkylation of some thiols (26). As an alternative, acid quenching was proposed.

Because the thiolate anion is the reactive species in thiol/disulfide exchange, it is possible

to quench folding extremely rapidly by lowering the pH. The subsequent reversed-phase
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HPLC at pH 2 is well suited for separation of acid-quenched intermediates without

introducing significant rearrangements during the separation. A practical advantage of

acid quenching is that it is reversible. As a result, it is possible to purify an acid-

quenched intermediate and subsequently to allow further rearrangement or folding to

occur (17, 27). On the other hand, the intermediatestrapped by acid have to be modified

before the disulfide bond structure can be defined. In this respective, it is a cumbersome

procedure.

Both of the above trapping methods were attacked by Rothwarf and Scheraga

(19), who insisted that the criteria for a good blocking agent are that it block quickly,

completely, and without modifying the protein at sites other than thiols. They proposed

2-aminoethyl methanethiosulfonate [(NH2)CZHSSS02CH3] (AEMTS) as a trapping agent

because it reacts specifically and much more quickly with thiol groups and thus prevents

thiol/disulfide bond exchange. However, the trapping by AEMTS is based on the SH/S-S

exchange reaction between an intermediate and the reagent to form mixed disulfide

bonds, thus disulfide scrambling during analytical processing is still questionable.

Recently, Happersberger et al (28) proposed a novel method for trapping protein~

folding intermediates by selective modification of bis-cysteine sulfhydryls with

phenylarsonous acid derivatives (PAA), forming cyclic dithioesters in a wide pH range in

the presence of two suitably spaced sulflaydryl groups of a peptide or protein, thereby

allowing trapping and characterization of protein folding intermediates which have not

yet formed covalent disulfide bonds. But, derivatization by this reagent depends too

much on the structural accessibility of bis-cysteine SH groups which undergo the reaction

and, therefore, is limited in practical use.
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The isolation of intermediates can be achieved by ion exchange chromatography,

based on charge differences of species under separation. The information about the state

of disulfide bonding is thus predictable from the elution order. However, the low column

efficiency of ion chromatography prevents it from becoming a powerful tool for the

separation of individual intermediates. Reversed-phase HPLC has been proven to be a

better alternative for the separation, especially for the separation of small protein isomers.

In addition to the inconsistency of trapping methods, the conventional approach

for recognition of disulfide bond structures of folding intermediates is very tedious and

cumbersome. Problems mentioned in chapter 4 still plague the methodology.

To summarize, disulfide bond structure elucidation of protein folding

intermediates is still a touchy and formidable problem in protein chemistry. There is a

large demand for the development ofnew techniques.

In chapter 4, we have developed a novel methodology to assign disulfide bond

pairings in proteins by partial reduction/cyanylation/cleavage/mass mapping. We have

demonstrated that the methodology can minimize disulfide bond scrambling and be

applicable to proteins containing closely spaced or adjacent cysteine residues. In this

chapter, we exploit the feasibility of our novel methodology to study disulfide structures

in folding intermediates and its potential advantages over conventional approaches.

Figure 5.2 illustrates our new procedure. After folding is initiated, the folding

intermediates are trapped by CDAP acidic solution (pH 3) which specifically cyanylates

free sulfhydryl groups and thus effectively quenches the folding process. After separation

by reversed-phase HPLC, the folding intermediates are identified by MALDI-MS, and

the disulfide bond structures characterized by our novel approach described in chapter 4.
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reduced/unfolded protein

J
fold at pH 8.5

trapped and quenched

by CDAP acidic solution

 
v

trap intermediates

HPLC

separate intermediates

Our novel approach

determine disulfide structure

Figure 5.2. New approach for disulfide mapping of protein folding intermediates

Compared to the conventional approach, our new methodology introduces two

techniques into the folding area: the disulfide trapping technique and the disulfide

mapping technique. These improvements provide several important advantages. First,

the trapping reaction, occurring in acidic solution, greatly reduces the risk of

sulflrydryl/disulfide exchange that bothers iodoacetate trapping. Secondly, the CDAP

quantitatively cyanylates free sulflrydryl groups to stop further folding. Unlike acid

quench, which is totally reversible and requires further chemical modification in order to

determine the disulfide structure of the folding intermediates, the cyanylated

  

 



 
 

intermediates
ca

new approach.

advantages over

6 .
usnsncrrsr

L_

Figure

We us

protein contai

an example tc

Prelin

were recently

intermediate:

trap the inte

iOdoacetatet

determined

dlSUlflde Sir

We

CDAP tech



 

209

intermediates can be directly subjected to characterization of disulfide structure by our

new approach. Thirdly, our disulfide bond mapping technique itself provides unique

advantages over conventional techniques, as demonstrated in previous chapters.

6 14 20 31 33 42
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Figure 5.3. Disulfide linkage ofhuman epidermal growth factor (hEGF).

We used recombinant human epidermal growth factor (hEGF), a small, compact

protein containing 53 amino acid residues linked by three disulfide bonds (Figure 5.3), as

an example to demonstrate the feasibility of our proposed methodology.

Preliminary results on the disulfide structures of folding intermediates of hEGF

were recently reported by Chang et al (29). In this paper, the distribution of disulfide

intermediates is difi‘erent depending on whether iodoacetate or acidic quench was used to

trap the intermediates, suggesting possible thiol/disulfide exchange in the process of

iodoacetate trapping. The disulfide structures of a few well-populated intermediates were

determined by classical methods, indicating that most of them contain non-native

disulfide structure.

We isolated and identified over 18 disulfide folding intermediates trapped by the

CDAP technique. The disulfide structures of seven well-populated were characterized by
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our new approach. Our methodology is simpler, faster, and more sensitive than the

conventional one. Although the final goal of characterizing disulfide bond intermediates

is to elucidate the folding pathway of the protein, this chapter will be only focused on the

methodology development.

11. Experimental Section

Mass Spectrometry

MALDI mass spectra were obtained on a Voyager Elite time—of-flight (TOF) mass

spectrometer (PerSeptive Biosystems Inc., Framingham, MA) equipped with delayed

extraction and a model VSL-337ND nitrogen laser (Laser Science, Newton, MA). The

accelerating voltage in the ion source was set to 20 kV. Grid voltage and guide wire

voltages were 93.6% and 0.2% of the accelerating voltage, respectively. Data were

acquired in the positive linear DE mode of operation. Time-to-mass conversion was

achieved by external and/or internal calibration using standards of bradykinin (m/z

1061.2), bovine pancreatic insulin (m/z 5734.5), ), and horse skeletal myoglobin (m/z

16,952) obtained from Sigma Chemical Co. (St. Louis, MO). All experiments were

performed using or-cyano-4-hydroxycinnamic acid (Aldrich Chemical Co., Milwaukee,

WI) as the matrix. Saturated matrix solutions were prepared in a 50% (v/v) solution of

acetonitrile/aqueous 0.1% TFA, and mixed in equal volumes with peptide or protein

samples, and applied to a stainless-steel sample plate. The mixture was allowed to air dry

before being introduced into the mass spectrometer.

  

 



 
 

Materials

Recomb

Escherichia Cc

purity of the p

active when

hydrochlorid
e

hydrochlorid
e

citric acid, sor

pyridinium te

further purific

0.1 M citrate

at 20°C fOl‘i

buffer at pH j

Folding EXT

The:

absence of r

0-1 M Citrr

reducing ag

hours, The

the reduced;

The

with 0.05



211

Materials

Recombinant human epidermal growth factor (hEGF) was derived from

Escherichia Cali. Cells and was supplied by Protein Institute Inc., Broomall, PA. The

purity of the protein was greater than 97%. The recombinant hEGF is fully biological

active when compared with standard. Tris(2-carboxyethyl)phosphine (TCEP)

hydrochloride was purchased from Pierce Chemical Co. (Rockford, IL). Guanidine

hydrochloride was a product of Boehringer—Mannheim Biochemicals (Indianapolis, IN).

citric acid, sodium citrate, hydrochloric acid, acetic acid, and 1-cyano-4-dimethylamino-

pyridinium tetrafluoroborate (CDAP) were purchased fiom Sigma and used without

further purification. Acetonitrile and TFA were of HPLC grade. The TCEP solution in 
0.1 M citrate buffer at pH 3.0 was prepared as 0.10 M stock solution and stored under N2

at -20°C for weeks with little deterioration. The 0.10 M CDAP solution in 0.1 M citrate

buffer at pH 3.0 was freshly prepared prior to use.

Folding Experiments

The folding experiments described here were performed in Tris-HCl buffer in the

absence ofredox agents to control the folding. hEGF (1.0 mg) was dissolved in 0.2 ml of

0.1 M Citrate buffer, pH 3.0, containing 6 M of guanidine-HCI and 0.1 M of TCEP

reducing agent. The denaturation and reduction of hEGF was carried out at 37°C for 2

hours. The reaction mixture was separated by HPLC and the fraction corresponding to

the reduced hEGF was collected, recovered, dried and stored at -20°C.

The reduced and denatured proteins were refolded by diluting the protein sample

with 0.05 M Tris-HCl buffer, pH 8.5 to a frnal protein concentration of 1 mg/ml. The

—;  
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protein was subjected to folding in the open air. Folding intermediates were trapped in a

time course manner by mixing aliquots of the sample (0.1 ml) with 10 ul of 0.5 M HCl

solution containing freshly prepared 0.2 M CDAP. The pH of the solution was adjusted

to 3 if necessary. The cyanylation of free sulfhydryl groups was performed at room

temperature for 15 minutes. The trapped intermediates were separated by HPLC. The

fractions were collected manually and identified by MALDI-TOF MS. Those with 0 Da,

50 Da, 100 Da, 150 Da mass increases from the intact protein correspond to the 3-

disulfide (III- or N), 2-disulfide (II-), l-disulfide (I—), and O-disulfide (R) species,

respectively.

Disulfide Mapping of Purified, Well Populated Folding Intermediates

Depending on the number of disulfide bonds formed in the intermediates,

different strategies were applied to the disulfide mapping of folding intermediates (15, 17,

29). In additional to the 2-disulfide and l-disulfide bond intermediates, MALDI analysis

indicated there are two 3-disulfide bond intermediates with quite different retention time

from native hEGF, indicating they have scrambled disulfide bond structures. The

disulfide bond assignment of these two intermediates was performed according to the

procedure described in chapter 4. Again, the approximate amount of each intermediate

was estimated by the relative peak area in the HPLC chromatogram. The procedure is

exactly the same as we described in chapter 4. The quantity of the intermediates

subjected to the treatment can be roughly estimated from the ratio of a given peak to the
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total peak areas representing all the protein intermediates. The concentration of the

TCEP and CDAP can thus be calculated to ensure optimal results of the treatment.

For 2-disulfide intermediates, a portion of the purified and cyanylated

intermediate was subjected to the same treatment as the 1-disulfide intermediates. This

approach was applied to define the location of the two free sulfhydryl groups by mass

mapping of the resulting peptides. Another portion of the same intermediate was

subjected to partial reduction/cyanylation/cleavage/mass mapping, as described in chapter

4, to determine the disulfide bond structure. In additional to the original 2-disulfide

protein, the mixture of partially reduced/cyanylated isomers contains two l-disulfide

species and one O—disulfide species (completely reduced/cyanylated cysteine). The

disulfide mapping ofthe products is described below.

For those containing only one disulfide bond (l-disulfide intermediates), the

purified and cyanylated intermediates were directly subjected to chemical cleavage by

adding 2ul of l M NH4OH aqueous solution containing 6 M guanidine-BC] to dissolve

the protein residue. Then an additional 5 ul of 1 M NH4OH were added, and cleavage of

the peptide chain was performed at room temperature for one hour. Excess ammonia was

removed in a vacuum system. Truncated peptides, which may still be linked by a residual

disulfide bond, were completely reduced by reacting with 2141 of 0.1 M TCEP solution at

37°C for 30 minutes at pH 3-5 to minimize the possibility of reoxidation. Samples were

diluted with 100a] of a 50% (v/v) acetonitrile/0.1% TFA solution prior to analysis by

MALDI-MS.
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HPLC Separation

I Both the purification of the reduced and denatured hEGF and the separation of

trapped intermediates were performed by reversed-phase HPLC with linear gradient

elution using Waters model 6000 pumps controlled by a PC computer. UV detection was

at 215 nm. The column was a Vydac C18 (#218TP54, 10pm particle size, BOO-A pore,

4.6x250 mm). The chromatographic conditions resembled those used by Chang et al (29)

to facilitate the comparison. Solvent A was water containing 0. 1% TFA. Solvent B was

acetonitrile/water (9:1, v/v) containing 0.1% TFA. The gradient was 14—34% solvent B

linear in 15 min, 34-56% solvent B linear from 15 min to 50 min. The flow rate was 1

ml/min. The HPLC fractions were collected manually and the masses of the collected

protein isomers were determined by MALDI-MS. Appropriate fractions were then dried

for further use.

III. Results and Discussion

A. Refolding of hEGF under Controlled Conditions

The refolding conditions used in our experiments were the same as described in

the Chang’s paper (29). The hEGF samples were also obtained from the same source.

However, in Chang’s report, the reduction and denaturation of the native protein was

achieved by adding dithiothreitol (DTT) in pH 8.5 buffer. In our experiments, the

reduction and denaturation of the protein was performed in TCEP pH 3 solution.

Complete reduction is possible under this condition and reoxidation of the reduced
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species is minimized. In Chang’s experiments, the reduced/unfolded hEGF was desalted-

by passing though a PD-lO column (Pharmacia) equilibrated in 0.1 M Tris-HCl buffer,

pH 8.5. The folding of the desalted protein was initiated immediately by diluting with

the same Tris-HCl buffer to a final protein concentration of 1 mg/ml. Our experiments

with the same procedure showed that the recovery of the protein from PD-lO column is

typically low, although the procedure is simple. Only ~60% of the protein was

recovered. Furthermore, the recovered protein has to be subjected to irnmediate refolding

experiments, otherwise, the kinetics of the folding will be inaccurate. In our experiments,

the desalting was done on an HPLC column which also purifies the protein from other

impurities. Aliquots of reduced protein could be stored in dryness without detectable

oxidation for months at -20°C, because the mobile phase (pH 2) stabilizes the protein.

The formation of disulfide bonds is governed by the thiol/disulfide bond

concentration. By varying the concentration of small molecular weight thiol and

disulfide components in solution, the distribution of intermediate disulfide forms as well

as the rate of regeneration of native protein can be controlled in a predictable manner.

Various redox agents, GSH/GSSG (reduced/oxidized glutathione), DT’I‘”‘/D'I"I“"’d

(oxidized/reduced dithiothreitol), and Cys/Cys—Cys (cysteine/cystine) were typically used

to control the folding process, while the controlled folding was performed in Tris-HCI.

alone the folding is catalyzed by oxygen in air. The disulfide intermediates of hEGF

obtained from controlled folding were extensively studied by Chang et al (29) and served

as standards for measuring the efficiencies of EGF folding in the presence of various

redox agents. In our experiments, only controlled folding was performed in order to

   

 

 

 

 

 



 

compare the re

Sll'llCillIC mappt

B. Trapping:

Conver

alkylation of r

alkaline condi

Recently Tor

iodoacetamid

advocated th

thiol/disulfid

Common me

and the pat}

However, t

iodoacetate .

either of the

Weissman;

and further

anion. 0r.

because ty

Conditions,

The

alkaline c.



216

compare the results and to illustrate the feasibility of our methodology for disulfide

structure mapping.

B. Trapping of Folding Intermediates

Conventional methodology to trap (or quench) the folding process utilizes the

alkylation of sulfhydryl groups by iodoacetate (iodoacetic acid or iodoacetamide) under

alkaline conditions, although the fidelity of iodoacetate trapping was recently questioned.

Recently Torella et a1 (30) found that alkylation by iodoacetic acid, other than

iodoacetamide, results in a side reaction at histidine residues. Scheraga’s group (9, 19)

advocated the use of AEMTS as a trapping agent, in Spite of the potential risk of 
thiol/disulfide exchange, because of the fast reaction kinetics. Acid quenching is another

common method to stop folding. The intermediates quenched by folding can be isolated

and the pathway of the intermediate can be further studied by “stop—go” experiments.

However, the kinetics and the distribution patterns of intermediates trapped by

iodoacetate and acidic solution are frequently different, implying the possible error during

either of the two trapping methods. The plausible kinetic analysis of acid quenching by

Weissman and Kim (17) indicated that acid quenching can effectively slow down folding

and further thiol/disulfide exchange by. reducing the concentration of reactive thiolate

anion. On the other hand, the results from iodoacetate trapping should be cautious

because the thiol/disulfide exchange can hardly be eliminated under the reaction

conditions.

The cyanylation of sulfhydryl groups by NTCB (chapter 2) was performed under

alkaline conditions. However, CDAP was proved to be a useful alternative for the
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cyanylation of SH groups under acidic conditions. Our experiments with the CDAP

reagent indicated that, although the kinetics of the cyanylation is not as efficient as that of

alkylation, the cyanylation can be finished at pH 3 within 15 min at room temperature,

under which the thiol/disulfide exchange can be minimized. Not only can the CDAP

effectively trap intermediates in low-pH to minimize the exchange reaction, but also the

cyanylated products can be subjected to disulfide mapping after isolation. The pH change

from folding (pH 8.5) to cyanylation (pH 3.0) was easily accomplished by acidifying the

solution with a small volume of HCl solution containing CDAP, as described in the

experimental section. The pH was important for a successful cyanylation by the CDAP,

as the lower pH (<2) would slow down the reaction greatly, whereas the higher pH (>4.5)

would catalyze the hydrolysis of the CDAP reagent. The final pH of the reaction was

monitored by a pH meter.

C. Separation of Folding Intermediates by HPLC

Folding intermediates of hEGF trapped at 30min, 3h, 24h, and 48h, respectively,

were separated by HPLC (Figure 5.4). In order to interpret these chromatograms,

structural information of the fractionated intermediates was analyzed by MALDI-TOF

MS. A total of 18 peaks were identified at different time points. Peaks 1, 3, and 4

represent 3-disulfide species. Peaks 2, 5, 6, 7, 10, and 12 represent 2-disulfide bond

species. Peaks 13, 14, 16, and 17 are l-disulfide bond species. Peak 18 is the

reduced/unfolded hEGF. [Peaks 8, 9, 11, and 15 contain both 2- and 1-disulfide species.

The results revealed that the intermediates consist of eight l-disulfide isomers and nine 2-
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Figure 5.4. HPLC separation of CDAP-trapped folding intermediates ofhEGF at

different time courses.
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disulfide isomers. Most l-disulfide species eluted after 2-disulfide species, while there

are some overlaps or reversed order. '

It was apparent that along the folding process, equilibrium existed among isomers

of each disulfide species. The HPLC profiles at 10- (data not shown) and 30-min of

folding are essentially the same although the relative ratio of the most populated 2-

disulfide Species and the reduced/unfolded species is different. At 30 minutes, about 40%

of the species presented as the reduced/unfolded isomer, whereas it almost disappeared

after 3 hours of folding. The 3-disulfide species began to appear as a main peak, while

the 2—disulfide species dominated. After 24 hours of folding, the 2-disulfide species

almost disappeared and the native hEGF dominated. After 48 hours, only the 3-disulfide

species were detected, representing complete folding. The HPLC profiles presented here

are similar to some of Chang’s results (29), however, there are some differences. In

Chang’s paper, thirteen 2—disulfide isomers were identified, some of them overlaped with ,.

3- or 1-disulfide species. We were able to detect nine discernible 2-disulfide isomers.

This is not surprising as the sensitivity of our detection system was substantially lower

than it should be. Unlike Chang’s chromatogram in which the two peaks representing the

non-native 3-disulfide isomers contain a considerable amount of 2-disulfide species,

MALDI-MS analysis showed that the corresponding peaks (3 and 4) in our

chromatograms represented pure isomers.

As a comparison, the HPLC profiles obtained by different trapping techniques

(iodoacetate, acid, or CDAP) at different time points are shown in Figure 5.5. The three

profiles show almost the same pattern in terms of the appearance of disulfide

intermediates. It should be noted however that, in Chang’s experiments, the HPLC
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profiles of acid—trapped intermediates did not fully resemble those of iodoacetate-trapped

counterparts. It is understandable in terms of the difference in the hydrophobicity of

isomers trapped by different manners. The hydrophobicity of alkylated protein differs

from the underivatized isomers. Therefore, the relative retention time could change more

or less. However, it is beyond understanding that the majority of iodoacetate-trapped 2-

disulfide intermediates were eluted within three fractions, whereas acid-trapped 2-

disulfide intermediate(s) were accumulated within one fraction (marked as 11). Chang et

al (29) assumed all the three fractions coeluted in acid-trapped HPLC profile, which

means that all the three isomers had the same hydrophobicity before modification, while

the hydrophobicities were substantially different after alkylation. This eXplanation is

farfetched. Fortunately, the hydrophobicity of hEGF isomers before and after

cyanylation does not change greatly (the polarity of SH and SCN is similar while SH and

SCN groups are both small species), direct comparison of HPLC profiles obtained from

acid and CDAP trappings is reasonable. It is noteworthy that the HPLC chromatogram of

intermediates trapped by the CDAP technique is similar to that representing the

intermediates trapped with acid. In both cases, only one peak corresponding to the most

populated 2-disulfide intermediate(s) was obtained. To exclude the possibility that the

peak could contain more than one 2-disulfide species, as suggested by Chang (29), the

characterization of the disulfide structure of the species was carried out (see below) and

our results indicated unambiguously that the peak contains ONLY one 2-disulfide

intermediate. This result confirms that acid trapping provides a more accurate

measurement of folding process. The two major isomers observed by Chang in the
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chromatogram representing iodoacetate trapping could be from thiol/disulfide exchange

caused by alkylation under alkaline condition.

It was apparent that along the folding process, equilibrium existed among isomers

of each disulfide species. For instance, the concentration of 1- and 2-disulfide

intermediates ascended and then descended as folding progressed, but the relative ratio of

fractions for each kind of isomers remain constant. Scrambled 3-disulfide species

behaved similarly during the folding. These data supported the conclusion drawn by

previous reports (29) that, like other proteins, the folding pathway of the hEGF was

characterized by a sequential flow of unfolded EGF (R) through three groups of

equilibrated intermediates, namely, 1-, 2-, and 3-disulfide (scrambled) isomers. In our

experiments, about 40% of the folding intermediates remained as scrambled species

(Figure 5.4, 48-h sample). The exposure to air for another 48 hours cannot automatically

convert the scrambled species to the native form (furthermore, long hours of exposure to

alkaline medium results in minor oxidation of some amino acids such as Met, His and

Tyr, and a mass shift from the intact protein would be observed), due to the lack of free

thiols to catalyze the disulfide reshuffling.

D. Disulfide Mapping of Well Populated Intermediates

Traditionally, this can be achieved by a number of strategies. The most common

one is “peptide mapping” by isolating and analyzing every enzyme-fragmented peptide.

Alternatively, it can be done by selective labeling of disulfide bonds after reduction with

a color or fluorescent thiol-specific reagents (17, 31). Both methods need microgram
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amounts of intermediates, multiple enzymatic digestions, HPLC separation of peptides,

and numerous attempts of sequence analysis.

As we demonstrated in chapters 2-4, the mass mapping of the cleavage products

of cyanylated proteins provides specific information on the number and location of

sulflaydryl groups and disulfide bond pairsf This strategy is also applied to the disulfide

structure determination of the folding intermediates of hEGF. The procedures for

defining disulfide structure in 1-, 2- and 3-disulfide species differ slightly, but the

chemistry behind the methodology is exactly same. A total of seven well populated

intermediates (marked with III-A, III-B, II-A, I-A, I-B, LC, and I-D in Figure 5.4) were

successfully characterized by our strategy.

3-Disulfide Intermediates

After 48-h folding (Figure 5.4, 48-h), three well populated species were separated.

Mass analysis by MADLI indicated all three species are 3-disulfide isomers. The first

peak showed the identical retention time as the native hEGF. . Disulfide mapping

confirmed that the isomer is the native hEGF (data not shown). The latter two peaks

were two non-native isomers with scrambled disulfide structures. The two peaks were

collected and subjected to the partial reduction/cyanylation/cleavage/mass mapping, a

strategy described in chapter 4. The control of partial reduction is important but is never

as straightforward as the protocols used in chapter 4. The molar amounts of protein

isomers were estimated from the HPLC peak area and the concentration of the TCEP and

CDAP was thus calculated.

Table 5.1 shows the expected nr/z of fragments resulting from cleavage of 15

possible cyanylated disulfide isomers. Figure 5.6 shows the HPLC separation of partially
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Table 5.1. Expected m/z values for possible fragments resulting fiom the cleavage

of 15 singly reduced/cyanylated hEGF isomers

 

 

Reduction Reduction
F t m/ F t m/of Disulfide ragmen Z 0f D1S111fid6 ragmen Z

1.5 551.5 1-13 1423.4

6-14 6-13 915.9 14-42 1441 3160.6

1453 4837.6 4253 1721.0

1.5 551.5 1-19 2047.1

6-20 619 1539.6 2031 2030 1344.6

20-53 4214.0 3163 2913.3

1-5 551.5 149 2047.1

6-31 6-30 2840.2 2033 2082 1560.8

31-53 2913.3 33-53 2697.2

15 5515 1-19 2047.1

633 6-32 3056.4 2042 2041 2536.9

3353 2697.2 4253 . 1721.0

1.5 551.5 130 3347.7

642 6-41 4031.5 31-33 31-32 261.3

4253 1721.0 33-53 2697.2

143 1423.4 130 3347.7

1420 14-19 667.7 3142 3141 1236.3

20-53 2913.3 42-53 1721.0

1—13 1423.4 1-32 3563.9

1431 1430 1968.3 3342 33-41 1020.1

31-53 2913.3 4253 1721.0

1.13 1423.4

14-33 1432 2184.5

3353 2697.2
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Figure 5.6. HPLC separation of III—A and its partially reduced/cyanylated species.

     



++

++ +1

 
 

33-4l

 

 
 

1000

Figure 5.

0f the th]

COHespO.

and e re]



 
 

226

 

 
 
 

 

  
 

     
 

 

42-53

A

6-41'

++

l [A l 141*

42-53 33-53

B

1

1-13

++ 14—32

H \l 14-53* I

WW. .5...

42-53 31.-53

C

33-41
*

m

V:

S; 1.19 8

W. f_ .4 f4; W A

1000 2000 3000 4000 5000 6000

m/z

Figure 5.7. The MALDI mass spectra ofpeptide mixtures resulting from the cleavage

of the three singly reduced/cyanylated species of non-native hEGF III-A, A-C

corresponding to the HPLC peaks 1-3 in Figure 5-6, respectively. The symbols ++

and * represent the doubly-charged species and B-elirnination products, respectively.
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reduced/cyanylated protein isomer III-A. Mass analysis of the peaks showed that peaks

1-3 were singly reduced/cyanylated species, the peak eluted at 42.5 min was a completely

reduced EGF which should be typically present as a small peak. This atypical

distribution of the partially reduced species suggests that the opening of the first two

disulfide bonds facilitate the reduction of the last one, resulting in the accumulation of

completely reduced species. Figure 5.7 shows the MALDI mass mapping of the cleavage

products corresponding to HPLC peaks 1-3 in Figure 5.6, respectively. The MALDI

spectrum (Figure 5.7A) of the cleavage products of HPLC peak 1 in Figure 5.6 shows

fragments 6-41, 42-53, and an overlapped B-elimination product 1-41. The small

fragment 1-5 was missing. It is clear that cleavage occurs at Cys6 and Cys42. Therefore,

Cys6 is connected to Cys42 as a disulfide bond.

From the cleavage products of HPLC peak 2 in Figure 5.7, fragments 1-13, 14-32,

and 33-53 were detected, indicating peptide chain cleavage at Cysl4 and Cys33 (Figure

5.7B). An overlapped B-elimination product, 14-53, corroborates with the conclusion.

Therefore, Cysl4 is linked to Cys42. However, this assignment was questioned by the

fragment 42-53, indicating that Cys42 also underwent cleavage. Apparently a minor

degree of cleavage must have occured at Cys42, either by the disulfide split and

cyanylation, or by some disulfide exchange during cleavage process, or both. The peak

intensity of this fragment is so strong that further experiments were performed to confirm

the assigmnent.

Although fragment 42-53 is indicated in the MALDI spectra of cleavage products from

HPLC peaks 1-3, the absolute concentration of the fragment is quite different in the
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Figure 5.8. Comparison ofHPLC profiles of cleavage products of two singly

reduced/cyanylated III-A isomers. (A) and (B) are represented by peaks 1 and

2 in Figure 5-6, respectively.
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three cases. The cleavage products from HPLC peaks 1 and 2 were re-fractionated under

the same HPLC conditions (Figure 5.8). The MALDI analysis of the fractions indicated

that the fraction eluting at 17.5 min corresponded to fragment 42—53. It was clear that this

fragment represented one of the major cleavage products in HPLC peak 1 (Figure 5.7A),

while the fragment 42-53 in the mixture of the cleavage products from HPLC peak 2 was

so small compared to other fragment(s) that it could be neglected. However, this

fragment indeed plagued every MALDI spectrum due to its high response. As a matter of

fact, the peak corresponding to fragment 42-53 was still intense on MALDI even if the

mixture of cleavage products from HPLC peak 1 was diluted by 100-fold. That means

1% contamination by fragment 42—53 could generate a false information and jeopardize

the data interpretation.

The mixture of the cleavage products from HPLC peak 3 showed the presence of

the fragments 1-19, 20-30, 31-53 (Figure 5.7C), indicating the linkage of last disulfide

pair (CysZO-Cys31) which is already deducible after the first two pairs were defined.

Again, the MALDI spectrum is also plagued by a trace of the undesired fragment 42-53.

The disulfide structure in hEGF isomer III-B was subjected to analysis by the

same strategy. Figure 5.9 shows the HPLC separation of the partially reduced/cyanylated

Species. Peaks 1-3 are three singly reduced/cyanylated isomers, as confirmed by mass

analysis by MALDI. The MALDI analysis of cleavage products from these peaks are

Shown in Figure 5.10A-C. Figure 5-10A shows the fragments 6-13, 14-53, and a [3-

elimination product 1-13. It is clear that Cys6 is hooked to Cysl4. A small peak
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Figure 5.9. HPLC separation of III-B and its partially reduced/cyanylated species.
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Figure 5.10. The MALDI mass Spectra of peptide mixtures from the cleavage of the

3 singly reduced/cyanylated species of non-native hEGF III-B, A-C corresponding

to the HPLC peaks 1-3 in Figure 5.9, respectively.
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corresponding to the fragment 42-53 can be ignored. The MALDI spectrum (Figure

5.10B) of the cleavage products corresponding to HPLC peak 2 in Figure 5.9 shows

fragments 1-32, 33, 41, 42-53, and two overlapped peptides corresponding to the B-

elimination products 1-41 and 33-53, respectively. Disulfide bond linkage 33-42 can be

conclusively assigned. In this spectrum, the fragment 42-53 presents as a huge peak and,

therefore, cannot be ignored. From the disulfide structure of the first two pairs, the third

pair, CySZO-Cys31, can be deduced, which is confirmed by the analysis by MALDI of the

fragments in Figure 5.10C. In addition to the expected fragments, l-19, 20-30, 31-53,

and a B-elimination product 1-30, two undesired fragments, 31-41 and 42—53, can confuse

the assignment, as these fragments indicate that Cys42 is also a cleavage site. Frankly,

the MALDI is limited in this case for an unambiguous assignment, although the fragment

31-53 can be used as evidence that Cys42 is a minor cleavage site. The HPLC

fractionation of the cleavage products combined with the MALDI identification or

HPLC/ESI experiments should be informative to clarify the uncertainty.

2-Disulfide Intermediates

In our folding experiment, only one 2-S-S intermediate (II-A) was collected and

the disulfide bond structure characterized. This most abundant intermediate counts for

55% and >70% of the total population at 30-min and 3-h folding, respectively. The

HPLC isolated, cyanylated II-A was subjected to partial reduction/cyanylation. Figure 5-

11 shows the chromatogram of the partially reduced/cyanylated products. In addition to

the original 2-disulfide species, two l-disulfide and one O-disulfide species arise from the
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Figure 5.11. HPLC separation of II-A and its partially reduced/cyanylated species.
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partial reduction and cyanylation. That is, the HPLC peak 1 (Figure 5.11) has one

disulfide opened, peaks 2 and 3 have two disulfides opened, and peak 4 has all three

disulfides opened, resulting in a familiar partial reduction pattern.

It should be pointed out that the HPLC fraction II-A in Figure 5.4 could contain

more than one unresolved species, as suggested by Chang (29). From the HPLC pattern

of the partially reduced protein isomers, it is clear that the original speak II-A represents a

pure intermediate, other species, if any, are very minor. If the fraction contains more than

one species, the partially reduced products of those species Should be much more

complicated than the present pattern. Obviously it is not the case.

Although the disulfide structure of the II-A can be directly mapped from cleavage  
products of the species represented by HPLC peaks 2 and 3 in Figure 5.11, it is much

easier to locate first the cyanylated cysteine residues. The localization of the SH groups

in II-A will greatly help the subsequent identification of the MALDI data of the cleavage

products related to the reduced disulfide bonds, as the latter usually give more complex

spectra. The MALDI spectrum (Figure 5.12A) of the cleavage products corresponding to

peak II-A shows fragments 6-19, 20—53, and B-elimination product 6-53, indicating that

cleavage occurred at cysteine residues 6 and 20, which represent two unoxidized SH

residues. The peak 1-53 represents an intact II-A that did not undergo any cleavage

whatsoever under our eXperimental conditions.

The MALDI Spectrum (Figure 5.12B) of the cleavage products from HPLC peak

2 in Figure 5.11 shows fragments 6-19, 33-41, 42-53 and a B-elimination product 33-53,

indicating that another disulfide pair, 33—42, must have been reduced, cyanylated and
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Figure 5.12. The MALDI mass spectra of peptide mixtures from the cleavage of (A)

the cyanylated hEGF II-A, (B) and (C) the partially reduced/cyanylated species of

II-A, corresponding to the HPLC peaks 1 and 2 in Figure 5.11, respectively.
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cleaved. Therefore, Cys33 is connected to Cys42. Likewise, the MALDI spectrum

(Figure 5.12C) of the cleavage products from HPLC peak 3 in Figure 5.11 shows

fragments 6-13, 20-30, 14-30, and 31-53, indicating cleavage at cysteine residues 6, 14,

20, and 31, respectively. There is a minor degree of undesired cleavage at Cys42,

resulting in the formation of fragments 31-41 and 42-53.

In summary, intermediate II-A, the most populated species during the early stage

of folding, contains a native structure, Cysl4-Cys31 and Cys33-Cys42.

l-Disulfide Intermediates

The recognition of disulfide structures in 1-disulfide intermediates ' is

straightforward. The strategy is based on the mass mapping of cleavage products of the

cyanylated 1-disulfide species. Instead of looking at the MALDI peaks corresponding to

the cleavage Sites, the absence of such peaks represents the “uncleaved sites”, that is,

those still linked by a disulfide bond. For a protein containing 6 cysteine residues, there

are fifteen possibly l-disulfide intermediates. The possible fragments corresponding to

cleavage at cyanylated cysteine residues of the 15 isomers are listed in Table 5.2. Since

some of the fragments may not be detected by MALDI, the mass mapping of the products

from the completely reduced/cyanylated hEGF was used as a “figureprint” spectrum of

the cleavage products. It is immediately clear that the fragment 1-5 cannot be detected by

MALDI, while fragment 42-53 is very sensitive to MALDI detection. This profile helps

the interpretation ofMALDI data from other intermediates, especially if ambiguity arises.

The MALDI spectra of the cleavage products of the four well populated 1-

disulfide intermediates are shown in Figure 5.13. Figure 5.13A is the MALDI spectrum
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Table 5.2. Fragments of cleavage products corresponding to 15 cyanylated l-disulfide

intermediates of hEGF

 

Disulfide Disulfide

 

ZLinkage Fragment m/ Linkage Fragment m/z

149 2047.1 1-5 551.5

2030 1344.6 6-19 1539.6

6-14 31-32 262.3 1442 2030 1344.6

3341 1020.1 3132 262.3

4253 1721.0 3363 2697.2

143 1423.4 1.5 551.5

1430 1968.3 6-13 915.9

6-20 31-32 262.3 2031 14-32 2184.5

3341 1020.1 3341 1020.1

4253 1721.0 4253 1721.0

1-13 1423.4 1.5 551.5

1449 667.7 6-13 915.9

6-31 2032 1560.8 2033 14-30 - 1344.6

3341 1020.1 3141 1236.3

42-53 1721.0 4253 1721.0

143 1423.4 14 551.5

14.19 667.7 6-13 915.9

6-33 2030 1344.6 2042 1430 1968.3

3141 1236.3 31-32 262.3

4252 1721.0 3363 2697.3

143 1423.4 16 551.5

1419 667.7 613 915.9

642 2030 1344.6 3133 14-19 667.7

3132 262.3 2041 2536.9

33-53 2697.2 4253 1721.0

1.5 551.5 1.5 551.5

630 2840.2 6-13 915.9

1420 31-32 262.3 3142 14-19 667.7

3341 1020.1 2032 1560.8

4253 1721.0 3353 2697.2

1-5 551.5 16 551.5

6-19 1539.6 613 915.9

1431 2032 1560.8 3342 14-19 667.7

3341 1020.1 2030 1344.6

4253 1721.0 3163 2913.3

16 551.5

619 1539.6

1433 2030 1344.6

3141 1236.3

4253 1721.0
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Figure 5.13. Disulfide mapping of l-disulfide folding intermediates ofhEGF.
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of cleavage products corresponding to HPLC I-A in-Figure 5.4. Fragments 1-13, 14-30,

33-41 and 42-53 were detected, implying chemical cleavage at a cyanylated cysteine at

position 14, 31, 33, and 42, respectively. Obviously, no cleavage occurs at Cys6 and

Cys20. Otherwise, fragments 1-5, 6-13, 14-19, and 20-30 would arise, giving m/z at

551.5, 915.9, 667.7, and 1344.6, reSpectively. Therefore, Cys6-Cys20 linkage is

deduced. It is notable that this intermediate has a native disulfide structure, which was

not detected in Chang’s experiments (29). The second l-disulfide intermediate (I-B)

Showed MALDI peaks corresponding to fragments 6-13, 14-30, 33-53, and 42-53,

respectively. Cleavage occurs at Cys6, 14, 31, 33, and 42, but not Cys20. Extensive

experiments indicated that the cleavage at Cys42 was very minor in comparison with the

cleavage at other sites. Since fragment 33-53 is very intense, a reasonable conclusion can

still be drawn that Cys42 does not present as a free sulfhydryl. Therefore, Cys20 is

connected to Cys42. The MALDI spectrum for I-C (Figure 5.13C) is Simple to interpret.

Fragments 6-30, 33-41, and 42-53 show that Cys6, 31, 33, 42 are cleavage sites.

Therefore, the disulfide pair 14-20 can be deduced. By the same strategy, the MALDI

spectrum (Figure 5.13D) of I-D shows peaks for the fragments 1-19, 20-30, 33-42, and

42-53, suggesting the Cys6-Cysl4 linkage. The disulfide structures of the last two

intermediates are in agreement with the structures proposed by Chang et al (29). By our

strategy, we were able to recognize the disulfide structure in LA and LB, neither of which

was assigned by Chang et al. Among the four well populated l-disulfide intermediates,

only one has a native disulfide structure.
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IV. Aspects for Further Improvement

One of the most important features of our methodology is the simplicity. Only a

few fragments were produced, each of them is relevant tolthe assignment of (disulfide

structures. Some undesired fragments may be observed, but they rarely affect the

assignment of disulfide bonds because our methodology only relies on the recognition of

specific cleavage at cysteine residues. However, if the side products correspond to the

cleavage at undesired cysteine site(s), the data interpretation would no longer be

straightforward. This Situation is more complicated by the fact that the MALDI response

is not proportional to concentration or amount of analytes. Even a trace amount of an

impurity may give a high MALDI response, as seen by the fragment 42-53 in the case of

hEGF. Fortunately, HPLC can provide quantitative information on the relative

concentration of analytes, if ambiguity arises. The most straightforward way is to

perform HPLC/ESI analysis of cleavage products so that information on both quantities

and masses of the analytes can be obtained.

Our CDAP trapping provides advantages over both iodoacetate trapping and

acidic quenching. Effective trapping can be achieved in most cases as demonstrated by

the MALDI analysis of the trapped intermediates. However, the CDAP concentration

and the pH must be controlled because of the possible side reactions (see chapter 3) and

the instability of CDAP at higher pH (hydrolysis). As the available SH groups vary in the

folding course and the concentrations of various intermediates differ greatly, the optimal

CDAP concentration is difficult to control. It should be a good investment to study more

stable and specific novel reagents that can cyanylate SH groups in acidic solution.

ThiocyanOpyridine (TCP) (32) (see chapter 3) may act as such a reagent. Another
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reagent, 4-thiocyanatoaniline (TCNA), was introduced in Biemann’s group several years

ago (33). This reagent was claimed to be a usefiil alternative to NTCB. But the

capability of this reagent to modify SH groups in acidic solution remains to be examined.

V. Conclusions

To summarize, seven species of well populated intermediates in the refolding of

hEGF have been isolated and characterized, which included four l-disulfide, One 2-

disulfide, and two 3—disulfide scrambled species (Figure 5.14), of which only two have

native disulfide structure. Among the seven intermediates, I-A and LB are newly

identified; the disulfide structures of the other five intermediates are the same as these

published previously (29). These results demonstrate the feasibility of our methodology.

The significance of these intermediates to the folding pathway of hEGF needs to be

further specified.

Our trapping technique, based on the cyanylation of free thiol groups under acidic

conditions, showed similar results to those of acid trapping in terms of the distribution of

intermediates during the folding process. This technique circumvents problems

associated with the traditional iodoacetate trapping and greatly facilitates the subsequent

characterization of disulfide structures of isolated folding intermediates. Our strategy for

the determination of disulfide structures by chemical cleavage and mass mapping of the

fragments is much simpler, faster, and conclusive, although the undesired cleavage at

Cys42 indeed occurred in some cases.

This methodology opened a new door to the application of our chemistry. The

preliminary experimental results presented in chapters 4 and 5 also show the potential to
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characterize disulfide structures of folding intermediates of even more complicated

proteins, such as those containing adjacent cysteine residues (e. g., IGFs).
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