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Editors’ preface

Progress in. research depends upon development of technique. No
matter how important the cerebral element may be in the planning of
experiments, a tentative hypothesis cannot be converted into an
accepted fact unless there is adequate consciousness of the scope and
limitation of existing techniques; moreover, the results may be mean-
ingless or even positively misleading if the technical ‘know how’ is in-
adequate.

During the past ten or fifteen years, biochemical methods have
become specialized and sophisticated to such a degree that it is now
difficult for the beginner, whether undergraduate, graduate or special-
ist in another field, to grasp all the minor but important details which
divide the successful from the unsuccessful experiment. In order to
cope with this problem, we have initiated a new series of Laboratory
Manuals on technique. Each manual is written by an expert and is
designed as a laboratory handbook to be used at the bench.

It is hoped that use of these manuals will substantially reduce or
perhapseven remove that period of frustration which so often precedes
the successful transplant of a specialized technique into a new en-
vironment. In furtherance of this aim, we have asked authors to place
special emphasis on application rather than on theory; nevertheless,
each manual carries sufficient history and theory to give perspective.
The publication of library volumes followed by pocket paperbacks is an
innovation in scientific publishing which should assist in bringing

these manuals into the laboratory as well as into the library. In under-
v



Vi EDITORS’ PREFACE

taking the editing of such a diverse series, we have become painfully

conscious of our own ignorance but have been encouraged by our

board of advisers to whom we owe many valuable suggestions and, of

course, by our authors who have co-operated so willingly and have so
patiently tolerated our editoral intervention.

T.S. & E. Work

Editors
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CHAPTER 1

Introduction

Chemical modification of proteins is performed for a variety of
reasons. In basic research, the two most widely used applications are
in amino acid sequence analysis, and in the identification of residues
at the catalytic and binding sites of proteins. There is a growing
awareness of the fact that a large number of chemical modification
reactions on proteins occur in vivo, and that such modifications have
profound importance in affecting the biological functions of these
macromolecules. Indeed, the naturally occurring amino acid deriva-
tives in proteins offer valuable clues to the preparation of chemically
related protein derivatives with potentially interesting biological
activities.

The discussion of analytical procedures (ch. 2) includes methods for
the quantitation of both chemically introduced and naturally occurring
derivatives of amino acid residues. Since the amino- and carboxyl-
terminal residues of proteins are frequent targets of chemical modifica-
tion, methods for end-group analysis are presented. Methods for the
analysis of amino sugars and carbohydrates are included in recogni-
tion of the rapidly growing interest in the modification of glycoproteins
(e-g. pituitary glycoprotein hormones, constituents of cell membranes,
etc.).

Procedures involving group-specific reagents, resulting in the
modification of one type of amino acid side-chain (e.g. sulfhydryl), are
discussed in ch. 3. Selection of methods for detailed presentation was
based either on the high specificity of the modification, or on unique
applicability to a general purpose, e.g. the preparation of biologically-

active protein derivatives radio-labeled to a high specific activity. No
10



Ch. 1 INTRODUCTION 11

complete coverage of all available methodology is intended, and many
other experimental procedures may be found in the books and reviews
referred to later in this chapter.

Group-specific reagents have been used often to achieve a site-
specific modification of a native protein. Since the successful applica-
tions are largely the result of chance, experimental procedures are not
given (but may be found in the review references listed below). Rather,
attention is focussed on a consideration of the factors which lead to the
frequently observed unexpected ‘specificity’ of such reagents.

A discussion of the various types of ‘affinity’ reagents for the binding
and catalytic sites of proteins is presented in ch. 5 together with
guidelines for the synthesis of typical compounds of each type. In
affinity labeling, the information on the binding specificity of a protein
for its normal ligand is exploited in the design of a substrate analogue
bearing an active group.

There is an abundance of recent literature on the chemical modifica-
tion of proteins. The laboratory-oriented treatment of the subject in
Methods in Enzymology, vol. XI (Hirs 1967) and vol. XX VB (Hirs and
Timasheff 1972) is particularly comprehensive and valuable. A mono-
graph by Means and Feeney (1971) is also an excellent source of
references and methods.

Affinity labeling has been reviewed in detail by Singer (1967),
Baker (1967), and Shaw (1970a, b), and photoaffinity labeling by
Knowles (1972).

Other recent reviews include those of Cohen (1968, 1970), Freedman
(1971), Glazer (1970, 1975), Riordan and Sokolovsky (1971), Spande
et al. (1970), Stark (1970), and Vallee and Riordan (1969).

The characterization of proteins and their derivatives is outside the
scope of this monograph. It is necessary to emphasize, however, that
modification of native proteins frequently gives rise to complex
mixtures of products. The complexity of the situation is not immediately
apparent solely from the stoichiometry of the modification reaction.
The now classical case of the reaction of native bovine pancreatic
ribonuclease A with iodoacetic acid at pH 5.5 may be cited in this

context. One carboxymethyl group is introduced per molecule of
Subject index p. 201



12 CHEMICAL MODIFICATION OF PROTEINS

ribonuclease, but this is the consequence of the formation of two
products in unequal amounts, 1-carboxymethyl-his-12-ribonuclease
and 3-carboxymethyl-his-119-ribonuclease (Crestfield et al. 1963).

There is a growing list of oligomeric enzymes which display the
phenomenon of ‘half-of-the-sites reactivity’ (Levitzki et al. 1971), in
which only half of the active sites react with chemically reactive
substrate analogues. In such cases, it is necessary to discriminate
between the case in which approximately half of the molecules fail to
react because of prior denaturation, and cases in which bona fide
‘half-of-the-sites reactivity’ exists.

Finally, treatment with reagents such as tetranitromethane, may lead
to products in which the expected tyrosine derivative is absent. The
extent of formation of such derivatives is difficult to assess from amino
acid analyses.

It is appropriate, therefore, to examine protein derivatives, following
site-specific modification by electrophoretic and chromatographic
methods. Acrylamide gel electrophoresis, both in the presence and
absence of sodium dodecylsulfate (Gordon, this series, vol. 1), and
isoelectric focusing on polyacrylamide gels offer convenient, rapid, and
highly sensitive means of examining protein derivatives for homo-
geneity. Ion-exchange chromatography (Peterson, this series, vol. 2)
and gel filtration (Fischer, this series, vol. 1) are powerful tools for the
resolution of complex mixtures of derivatives. The following compendia
summarize much of the relevant literature and references:
polyacrylamide gel electrophoretic procedures (Maurer '1971); protein
purification (Jakoby 1971); peptide fractionation (Hirs 1967).



CHAPTER 2

Chemical characterization
of proteins and their derivatives

2.1. Amino acid analysis with special reference to problem
amino acids and common derivatives

In many studies of chemical modification of proteins (or peptides) it is
essential to determine which amino acid residues have reacted with the
reagent being investigated, and the extent of modification. It is not
generally appreciated how difficult this can be, particularly for large
proteins (or peptides) with multiple residues of the same type. Ideally,
the amino acid sequence of the modified protein should be known, and
peptides bearing the modified residues should be isolated and
characterized. This is greatly facilitated if the modified residues have
markers (radioactive, highly fluorescent, etc), which may be detected
with high sensitivity. However, in many instances it is desirable as an
initial or supplemental method to use amino acid analysis to monitor
the results, and even in the ideal situation, peptides with modified
groups must be analyzed.

Although the precision of analysis with our present technology is
often 1 to 3 9, the quantitative release of many amino acids and amino
acid derivatives from proteins is often difficult and lowers the overall
precision. For example, if constant-boiling HCl (about 5.7 N) is used
to hydrolyze a protein in vacuo at 110°C for 24 hr (these conditions are
those most commonly used), the amounts of aspartic acid, asparagine,
serine, threonine, glutamic acid, glutamine, valine, isoleucine,
methionine, tyrosine, tryptophan, cysteine and cystine present in the

13 Subject index p. 201



14 CHEMICAL MODIFICATION OF PROTEINS

hydrolysate may be different from the amounts in the protein
hydrolyzed. The differences are small for some of these amino acids
(histidine and phenylalanine are sometimes also in this category), but
large for others. Although some of these amino acids do not have side-
chains that are usually modified in proteins, any amino acid can be the
NH,-terminal or COOH-terminal residue of a protein and have
reactive a-amino or a-carboxyl groups; therefore, quantitative
analysis of all amino acids is important. Fortunately, if control
samples are hydrolyzed in the same manner as the experimental
samples, many problems can be corrected. Some of the problems in
preparing and analyzing protein hydrolysates will be discussed below.

2.1.1. Preparation of proteins for hydrolysis

It is essential that proteins, evaluated by amino acid analysis, are
homogeneous as judged by several physical and chemical criteria (gel
electrophoresis, column chromatography, end group analysis, etc.).
The purified protein should be separated from substances of low mole-
cular weight, such as inorganic salts, by dialysis against 0.1 M NaCl for
at least 1 day (to displace other salts) and then against several changes
of deionized water until chloride ions cannot be detected with AgNO,
in the outer solution. Aliquots of the protein solution (or finely
dispersed suspension) can then be lyophilized to dryness and used for
the determination of ash content (combustion to constant weight in a
platinum crucible over an open flame), water content (drying weighed,
air-equilibrated samples to constant weight under vacuum at 105°C),
nitrogen content (micro-Kjeldahl or Dumas procedures), phosphate
determination, carbohydrate analysis (see §2.13), spectroscopy, metal
analysis, amino acid analysis, etc. Alternatively, the entire protein
preparation may be lyophilized to dryness, extracted with absolute
ethanol and ether to remove any lipid material (Light and Smith, 1963),
and weighed portions used for the determinations listed above. It is
often desirable to separate prosthetic groups from the protein (if
possible without modifying amino acid residues) prior to amino acid
analysis. If an accurate extinction coefficient for the protein has been
determined, it is often convenient to use it as a measure of protein



Ch.2 CHEMICAL CHARACTERIZATION 15

content rather than the value determined by weighing.

After analysis of the protein, the dry weight (less ash) of the aliquot
used for analysis should equal the combined weights of the amino
acids recovered (calculated from the moles of amino acids found less
1 mole of water per mole of amino acid) plus any other known con-
stituents (phosphate, carbohydrate, prosthetic groups, metal ions, etc.).
If this is not the case (within experimental error), thorough examination
of the protein for other unknown constituents should be made.
Constituents of the protein may be expressed as moles per g (or
100000 g) of protein, or if the molecular weight of the protein is known,
as moles per mole of protein. In some cases moles per 100 moles of
amino acids or molar ratios (based on one amino acid) are used.

2.1.2. Acid hydrolysis of peptides and proteins

Aliquots of the soluble or suspended protein, which has been suitably
prepared for acid hydrolysis (§ 2.1.1), are lyophilized in appropriate
glass containers that will withstand the hydrolysis conditions. For this
purpose ordinary Pyrex or Kimax test tubes have been used, but many
laboratories (including our own) prefer tear-drop glass bulbs with long
stems that can be made easily in the laboratory or purchased commer-
cially. The hydrolysis tubes should be cleaned with hot HNOj; (con-
centrated HNO, diluted with an equal volume of water) or other
appropriate glass cleaner, and then thoroughly rinsed with deionized
water and dried before use. The amount of protein to be hydrolyzed
will vary with the size, composition and availability of the protein.
However, with most amino acid analyzers currently in use (e.g. the
Beckman 120C), it is preferable to have at least 0.01 ymole (but less than
0.60 umoles) of each amino acid for each column required for analysis,
although amounts less than this can be determined less precisely.
Therefore, for a protein with a molecular weight of 20000 and having a
single residue of histidine, a minimum of 0.4 to 0.5 mg of protein should
be hydrolyzed for analysis with an analyzer which requires two columns
for complete analysis.

The lyophilized protein is dissolved or suspended in 1 to 2 ml of
5.7 N HCI, which is usually prepared by glass distillation, repeated
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16 CHEMICAL MODIFICATION OF PROTEINS

once or twice to form the constant boiling mixture. One drop of
5% (w/v) aqueous phenol is usually added for protective purposes. It is
necessary to exclude oxygen from the tube during hydrolysis in order
to recover maximum Yyields of the amino acids. Although this can be
done by alternatively evacuating and flushing the tube with nitrogen,
we have found that gradual evacuation of the tube with the aid of a
high vacuum (mechanical) pump and then warming the tube for 30 sec
in a 40°C bath with gentle agitation while it is still being evacuated, is
an effective method of removing oxygen. Many protein samples will
tend to froth under these conditions, and to prevent sample loss it may
be necessary to freeze the samples in dry ice-acetone and gently thaw
under vacuum, prior to warming, After this procedure the tubes are
sealed under vacuum with an oxygen torch and placed in an oven at
110°C for the desired time. The sealing operation may be facilitated by
having the hydrolysis tube connected through a short piece of rubber
tubing to a stopcock which can be closed and removed from the vacuum
system. The standard time of hydrolysisis 24 hr,but longer times may be
necessary for quantitative estimation of some amino acids (see below).

After hydrolysis is complete the tubes are cooled, scored and opened,
and the acid is removed, either by rotary evaporation or in a heated
desiccator over NaOH at 40-50°C. In our laboratory it is standard
procedure to examine 1/10 of each hydrolysate by high-voltage paper
electrophoresis at pH 1.9 (see Appendix 1) prior to analysis to ensure
that appropriate amounts are analyzed. Some amino acid derivatives
(oxidation products of methionine, methylated lysines, etc.) are also
sometimes observed by this procedure. It is usually helpful to add an
internal standard, either prior to hydrolysis to reveal hydrolytic losses
or prior to analysis to reveal analytical losses. For this purpose we
have used norleucine (0.03 pmoles). This amino acid elutes after
leucine on the 60 cm column.

2.1.3. Analysis and calculations

The hydrolyzed samples, as prepared above, are dissolved in buffer and
analyzed as recommended by the analyzer manufacturer. With a
Beckman 120C analyzer we routinely dilute the samples to 1.0 ml with
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the recommended pH 2.2 buffer and 0.4 ml is used for each column. The
amounts of each amino acid are determined by manual or automatic
integration of the area under each amino acid peak. If automatic
integration is used, the chart should be examined to be sure that the
integration values correspond with the relative positions and peak
heights obtained. The calculated amounts of the amino acids (usually
in umoles) can then be converted to moles of amino acid per mole of
protein or per 100000 g of protein by using the appropriate correction
values for the amount of protein hydrolysate actually used for each
column of the analyzer.

There has been a recent trend towards the use of high pressure
systems and reagents other than ninhydrin to increase sensitivity and
speed (e.g. see Moore 1972). Although not yet in general use, such
systems hold considerable promise for the future. Expanded scales and
one-column systems of analysis have also been used to boost sensitivity.
However, in most of these more sensitive systems, the baseline is
usually not as straight and free of drift as in the two-column systems,
and there are often more problems encountered with interfering
substances. At present we would recommend the use of the common
commercial analyzers without special modifications (except for the
possible inclusion of expanded scale modes) for the greatest accuracy
in routine work. However, for situations where samples are obtained
in limited amounts or where many samples need to be analyzed
quickly, some of the newer systems may well be worthy of considera-
tion. The application of fluorescamine to the quantitative fluorimetric
determination of picomole quantities of amino acids, peptides and
proteins is of particular interest in this context (Udenfriend et al. 1972).

It should be noted that for a protein having 20 residues of one amino
acid (e.g. leucine), the precision of the results obtained by analysis of
acid hydrolysates of this protein would usually indicate 20 + 1 residues.

As mentioned in the introduction to ch. 2, if the procedures described
in §2.1.2 and §2.1.3 are used with only one time of hydrolysis, quantita-
tion of at least 13 of the 20 common amino acids may be in error.
Special methods that may be utilized to obtain more accurate analyses
of these ‘problem amino acids’ and their derivatives are given below.
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18 CHEMICAL MODIFICATION OF PROTEINS

Many of the details of analysis to be described in this article are based
on procedures used in our own laboratory. An attempt will be made to
give credit for other procedures. Beckman 120B and 120C analyzers
have been used routinely in our own studies.

2.2. Serine, threonine, tyrosine and derivatives
2.2.1.  Analysis

These 3 amino acids are often partially destroyed by acid hydrolysis
with the amount of destruction dependent on the time of hydrolysis.
With some proteins there is little or no loss of threonine or tyrosine,
but serine destruction is rather constant in all proteins. It has been
common practice to correct serine values by 109 for each 24 hr of acid
hydrolysis, and sometimes threonine and tyrosine values are corrected
by 59; as a first approximation of the extent of destruction.

The most accurate method of analysis for serine, threonine and
tyrosine in proteins is to hydrolyze the proteins for several different
times (e.g. 24, 48 and 72 hr) and extrapolate the values to ‘0’ time. In
general, the more times that are utilized, the more accurate will be the
extrapolation. Extrapolation of the NH, content of these hydrolysates
to 0 time will also give an estimate of the number of amides present in
the protein, if care has been used to exclude NH; during purification
of the protein. The inclusion of phenol in the hydrolysates has generally
decreased the rates of destruction, particularly for tyrosine. If serine
phosphate (§ 2.12.4) or similar derivatives are present, the extrapolated
curve will be more complex due to different rates of destruction.

Since most derivatives of serine and threonine are not stable to acid
hydrolysis, they will not be discussed here. However, those occurring
naturally in proteins are described in § 2.12.4. It should be noted that
0-maleylated derivatives and similar derivatives of serine and threonine
have been found as side-products of reactions used to modify other
residues in proteins (e.g. ch. 3).

2.2.2. Halogenated and nitrated derivatives of tyrosine
A common finding, if proteins are hydrolyzed with undistilled HCl or
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in the absence of phenol, is the conversion of some tyrosine to
halogenated derivatives or ‘tyrosine-X’, which is usually the 3-chloro-
derivative (see Sanger and Thompson 1963). Exposure of certain
peptides or peptide hydrolysates to polluted air (‘smog’) has also
caused some of the tyrosine to be converted to a substance which
elutes in the nitrotyrosine position on the analyzer. It is conceivable
that this substance is indeed nitrotyrosine, produced from nitrogen
oxides or other pollutants in the air. Halogenated and nitrated
derivatives of tyrosine may also be prepared by specific chemical
modification reactions (§ 3.7).

The halogenated and nitrated derivatives of tyrosine may be
analyzed by continuing elution of the 60 cm column past the elution of
phenylalanine. Elution volumes, determined for one run with a
Beckman 120C analyzer, were 204 ml for phenylalanine, 223 ml for
nitrotyrosine and 264 ml for tyrosine-X. The various halogenated
derivatives of tyrosine would undoubtedly elute from this column at
different positions as was found for elution from a 15 cm column
operated according to Spackman et al. (1958): tyrosine 17.5 ml;
3-chlorotyrosine, 26.0 ml; 3.5-dichlorotyrosine, 33.3 ml; 3-bromo-
tyrosine, 31.5 ml; 3,5-dibromotyrosine, 47.5 ml; 3-iodotyrosine,
427 ml; 3,5-diiodotyrosine, 87.5 ml; 3-chloro- 5-bromotyrosine,
39.5 ml; lysine, 52 ml; NH,, 77.5 ml (see Sanger and Thompson 1963).
In a regular 2-column analysis of a peptide or protein, the presence of
peaks on the short column between the positions of phenylalanine and
tryptophan is often indicative of halogenated or nitrated derivatives of
tyrosine, but further confirmation in other systems should be obtained.
We have found that a 60 cm column, eluted with the usual short column
(basic) buffer gives excellent separations of many of these derivatives.

Sanger and Thompson (1963) also reported the high voliage
electrophoretic migrations of the halogenated derivatives at pH 1.85
(2% formic acid, 8% acetic acid, 1 hr at 4000 volts; this system should
be comparable to the pH 1.9 electrophoresis described in the Appendix).
All migrate slower than tyrosine in this system: tyrosine, 22.5 cm;
3-chlorotyrosine, 19.3 cm; 3,5-dichlorotyrosine, 16.5 cm; 3-bromo-
tyrosine, 18.0 cm; 3,5-dibromotyrosine, 14.8 cm; 3-iodotyrosine,
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17.0 cm; 3,5-diiodotyrosine, 13.0 cm; and 3-chloro-5-bromotyrosine,
15.7 cm. The migrations in pH 8.9 electrophoresis are also reported.
Nitrotyrosine has a migration of 0.87 compared to 1.00 for tyrosine in
pH 1.9 electrophoresis. It should be noted that these derivatives have
lower color values than tyrosine and that quantitation is generally not
good after acid hydrolysis.

2.3. Valine andisoleucine

During acid hydrolysis of proteins, valine and isoleucine are often
released more slowly than other amino acids due to steric hindrance of
hydrolysis by the fS-branched sidechains. The Ile-Ile bond is
particularly resistant to hydrolysis and is cleaved to the extent of
about 50% in 24 hr at 110°C. This could mislead an investigator into
the belief that one residue of isoleucine was present in a given peptide
rather than two. The Val-Val, Val-Ile and Ile-Val bonds are also
slowly hydrolyzed, being 60-75 % cleaved in 24 hr at 110°C. Therefore,
if the amounts of valine and isoleucine appear to reach a plateau after
72 hr of hydrolysis, these values may be used; otherwise, hydrolysis
for 120 hr may be required to obtain quantitative values. Small amounts
of alloisoleucine, which elutes from most analyzer columns just before
isoleucine, should be included in the isoleucine determination.

2.4. Aspartic acid, glutamic acid, asparagine and glutamine

The amounts of aspartic acid, asparagine, glutamic acid and glutamine
in a protein cannot be determined by analysis of acid hydrolysates
alone. In order to obtain these values it is necessary to determine the
complete sequence or to analyze enzymic hydrolysates which have
been prepared by successfully hydrolyzing quantitatively all peptide
bonds in the protein (see § 2.11). Since this is often impractical or
difficult to do, it has been customary to report the combined values of
aspartic acid and asparagine as Asx (or aspartic acid) and glutamic
acid and glutamine as Glx (or glutamic acid). These values can be
obtained after acid hydrolysis by the usual procedures outlined above,
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since the amides are quantitatively converted to the acids under these
conditions. If the amide content has been estimated by extrapolation
of the NH; content of the hydrolysates to 0 time (see § 2.2.2), the
combined content of the aspartic acid plus glutamic acid can be
estimated, but the amount of either individual component cannot
be determined. The combined content of glutamine and asparagine can
also be estimated after treatment of the protein with concentrated HCI
in a closed container for 10 days at 37°C (Rees 1946) or with 2 N HCI
for a few hours at 100°C (Leach and Parkhill 1955). In this latter
procedure, it is necessary to do timed hydrolyses with extrapolation
to O time for accurate results. In these and other procedures which
depend on the production of NH 5, controls should be run to determine
the amount of free NH; before hydrolysis.

A complex procedure for determining the content of asparagine and
glutamine separately in proteins has been described (see Chibnall et al.
1958). This procedure makes use of esterification of the protein,
reduction of the resulting esters of aspartic acid and glutamic acid
with lithium borohydride and hydrolysis of asparagine and glutamine
to the acids in which form they are analyzed. Despite the side reactions
for which corrections must be made, this method, in conjunction with
total enzymic hydrolysis, may be useful to those who must
quantitatively estimate these 4 amino acids.

[t should be noted that if asparagine and glutamine are released from
a protein (e.g. by enzymic hydrolysis § 2.11.4), methods are available
for analyzing them separately (see Benson et al. 1967; Tower 1967).

2.5. Cysteine, cystine, methionine and derivatives

These 3 sulfur-containing amino acids and their derivatives are
susceptible to oxidation and other destructive reactions. Even when
great care has been taken to remove all oxygen from hydrolysis tubes,
considerable losses of cysteine and cystine are found after acid
hydrolysis, and this usually prevents direct quantitation of these
amino acids in proteins. However, total cysteine plus half-cystine
content may be determined as cysteic acid after performic acid
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oxidation (§ 2.5.1) or as S-sulfocysteine, Estimation of cysteine or half-
cystine individually may be made by making other derivatives (§ 3.8),
some of which may be analyzed spectrophotometrically and others
by amino acid analysis (see below). Since cysteine elutes in the same
position as proline, it may be necessary to convert any free cysteine to
cystine by air oxidation or to S-sulfocysteine (see below) after acid
hydrolysis in order to obtain good results for proline.

It should be noted that total cysteine plus half-cystine can also be
determined as S-sulfocysteine after acid hydrolysis in the absence of
oxygen (Inglis and Liu 1970). This is apparently possible because
derivatives of cystine and cysteine that form during acid hydrolysis can
be reduced with dithiothreitol to cysteine which is then converted to the
S-sulfo derivative by tetrathionate (§ 3.8.8). For proteins which contain
tryptophan, tetrathionate (Na,S,0g) should also be included in the
6 N HCl prior to hydrolysis. S-sulfocysteine elutes from a 60 cm column
of a Beckman 120C analyzer in the same position as cysteic acid
(unretarded position) and other substances like O-phosphoserine, and
therefore it is necessary to run control samples to detect interfering
substances. S-sulfocysteine has a lower 570 nm/440 nm ratio than
cysteic acid and has a color value of 74 9/ that of aspartic acid under the
described conditions of formation. The most widely used procedure
for the determination of the half-cystine and cysteine content of
proteins is carboxymethylation or carboxyethylation.

If appropriate precautions have been taken in the preparation of a
protein, and if oxygen is completely removed before hydrolysis,
methionine will usually be recovered from acid hydrolysates in yields
greater than 95%;,. However, in some proteins (particularly those that
are chemically modified) and in many peptides the methionine may be
at least partially oxidized to the sulfoxide or sulfone forms, and even
though these may be analyzed with amino acid analyzers (see below),
the total yield of methionine (and oxidized products) is usually some-
what low. A good check on total methionine content in a peptide or
protein is obtained by analyzing for methionine sulfone after performic
acid oxidation, since methionine and its sulfoxides are quantitatively
converted to the sulfone by this procedure.
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2.5.1. Performic acid oxidation (for analytical work)

After oxidation of unmodified proteins with performic acid (§ 3.8.1) the
methionine will all be present as methionine sulfone, and the cysteine
and cystine will be present as cysteic acid. The method for oxidizing
proteins with performic acid on a preparative scale (§ 3.8.1) has been
modified for analytical studies (Moore 1963), to allow rapid destruction
of excess performic acid. However, tryptophan is still destroyed by the
performic acid in this modified procedure, and quantitation of tyrosine
may be complicated by the formation of halogenated derivatives
(§2.2.3).

The performic acid is prepared in the usual manner by allowing a
mixture of 1.0 ml of 30% (w/v) H,O, and 9.0 m} of 889/ (w/v) formic
acid to stand at room temperature for 1 hr, after which it is cooled
to 0°C. A known amount of protein, usually the amount used for
routine hydrolysates, is dissolved in 1 to 2 ml of the reagent in a cooled
hydrolysis tube. If the protein does not dissolve readily in the cold
reagent, it can usually be dissolved first in 0.1 ml of 1009 formic acid
at room temperature. The mixture is kept at 0°C for 4 hr after which
performic acid is destroyed by the addition of 0.15 ml of cold 48 ¢, (w/v)
HBr per ml of performic acid reagent used. The bromine which forms,
as well as the formic acid solution, can best be removed from the
hydrolysis tube by rotary evaporation under high vacuum (mechanical
pump) at 40°C with NaOH pellets in the condenser trap ; the condenser
should be cooled with dry ice in ethanol. Acid hydrolysis of the
oxidized sample and analysis of the resulting hydrolysates are perform-
ed in the usual manner (§2.1.2).

25.2. Cysteic acid

Cysteic acid is the major product of performic acid oxidation of
cysteine and cystine in proteins, and is usually produced in yields of
more than 90%,. Cysteic acid is not retarded by the resins generally
used in amino acid analyzers and therefore elutes at the breakthrough
volume (about 429 of the elution volume of aspartic acid). However,
since other substances such as O-phosphoserine can also elute in this
position, it is essential to analyze hydrolysates made both before and
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after performic acid oxidation of the protein to determine if interfering
substances are present. Cysteic acid has a color value of 1019 that of
aspartic acid (Spackman et al. 1958), and in electrophoresis at pH 1.9 it
has a mobility of 0.47 towards the anode compared to 1.00 towards the
cathode for aspartic acid.

2.5.3. S-Carboxymethylcysteine (SCMC) and S-carboxyethylcysteine

S-Carboxymethylcysteine is prepared by alkylation of cysteine with
iodoacetic acid (§3.8.2). Iodoacetamide gives the amide derivative,
which is converted to SCMC by acid hydrolysis. Since SCMC (and
other derivatives of cysteine) is especially susceptible to oxidative and
other destructive reactions, it may be helpful in some instances, to
include one drop of 5% mercaptoacetic acid (or some other reducing
agent) in addition to the phenol in the 6 N HCI prior to hydrolysis.
However, blanks should be run (no protein) to correct for any inter-
fering ninhydrin-positive substances derived from the reducing agent.
SCMC elutes from the 60 cm column of a Beckman 120C analyzer at a
volume of 46 ml compared to 52 ml for aspartic acid. The color value
for SCMC is 929 that of aspartic acid (Spackman et al. 1958).

It has recently been observed that SCMC can cyclize, particularly at
acid pH (optimally at pH 3) to give a thiazine derivative which is
ninhydrin-negative (Bradbury and Smyth 1973)(§ 3.8.3). For this reason
it may often be preferable to make the S-carboxyethylcysteine derivative
in proteins (§ 3.8.3) as it does not readily undergo this type of reaction
(Bradbury and Smyth 1973). S-carboxyethylcysteine elutes from a
60 cm column of a Beckman 120C analyzer between serine and glutamic
acid; its color value should be similar to that of SCMC.

2.54. §-Aminoethyicysteine (SAEC)

This positively-charged derivative is prepared from cysteine and
ethylenimine (§ 3.8.4) and is often used to introduce additional sites of
tryptic hydrolysis into proteins. SAEC has a mobility of 2.07 compared
to 1.00 for aspartic in pH 1.9 electrophoresis, and elutes from a 20 cm
(basic) column of a Beckman analyzer at 82 ml compared to 74 ml for
lysine and 96 ml for histidine (Schroeder et al. 1967). SAEC has a color
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value of 929 that of lysine and 88 9/ that of leucine, if losses due to acid
hydrolysis are included (Hofmann 1964).

2.5.5. S-Methyicysteine (SMC)

S-Methylcysteine, which is a neutral derivative produced by alkylating
cysteine with methyl-p-nitrobenzenesulfonate (§ 3.8.6) has a mobility of
1.04 compared to 1.00 for aspartic acid in pH 1.9 electrophoresis and
elutes from the 60 cm column at the trailing edge of the proline peak
(Heinrikson 1971). This often prevents accurate estimation of proline,
but if the proline content is low, there is little problem in quantitating
the SMC derivative. If better separations are desired, the investigator
suggests the use ofa 150 cm column, but it also seems likely that changes
in ionic strength or pH of the buffer or changes in the temperature of the
column would also allow better separations with the 60 cm column.
The color values for SMC are 98 %; (unhydrolyzed) or 899 (including
correction values for losses during acid hydrolysis) that of alanine.
A decomposition product (possibly the sulfone) is formed during the
first 22 hours of acid hydrolysis, but not thereafter, and elutes at the
position of the leading edge of aspartic acid. Perhaps the amount of
this decomposition product could be reduced if phenol or a reducing
agent is included during hydrolysis (§ 2.1.2).

2.5.6. Thialaminine

Thialaminine, or the basic ethyltrimethylammonium derivative of
cysteine, is prepared from cysteine and (2-bromoethyl)trimethyl-
ammonium bromide (§ 3.8.5). Thialaminine is stable to acid hydrolysis
for periods of at least 72 hr at 106°C, elutes from a 10 cm column of
PA-35 resin on the Beckman analyzer between lysine and histidine and
has a color value 869 that of lysine (Itano and Robinson 1972).

Another basic derivative of cysteine, S-(4-pyridylethyl)-L-cysteine
has also been characterized. It elutes from the short column of the
analyzer just before arginine and has a color value of 1029/ that of
leucine (Friedman et al. 1970).

2.35.7. S-Succinylcysteine (S-1,2-dicarboxyethyl-L-cysteine)
S-Succinylcysteine is the product formed from the reaction of cysteinyl
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residues in proteins with maleic anhydride (§ 3.1.3.2). Proteins in which
the cysteinyl residues have been titrated with N-ethylmaleimide
(8 3.89.2) also give S-succinylcysteine and ethylamine in equal
amounts after acid hydrolysis (Smyth et al. 1964). The best yields are
obtained after 72 hr of hydrolysis (Smyth et al. 1964) and after careful
removal of oxygen (yields as high as 95%,; Guidotti and Konigsberg
1964). If the ratio of ethylamine to S-succinylcysteine is greater than 1
after acid hydrolysis of the protein, either the protein was not completely
separated from the reagent (N-ethylmaleimide) which also gives
ethylamine on hydrolysis, or other groups may also have reacted.
The reagent has been shown to react with the nitrogens of lysyl side-
chains, histidyl rings and a-amino groups (Holbrook and Jeckel
1969).

S-Succinylcysteine elutes from the long column before both
S-carboxymethylcysteine and aspartic acid; with the 150 cm column
system of Spackman et al. (1958), Smyth et al. (1964) obtained an
elution volume of 108 ml for S-succinylcysteine compared to 131 ml
for aspartic acid. The color value of S-succinylcysteine is 1099/ that
of aspartic acid. Ethylamine elutes from a 15 ¢cm short column at
117 ml compared to 135 ml for arginine; the color value of ethylamine
was determined as 8.3 (which is 429/ that of aspartic acid on the other
column),

2.5.8. Methionine sulfone

Methionine sulfone is a product of oxidation of proteins with performic
acid (§ 2.5.1) or other strong oxidizing agents. Milder oxidation of
methionine gives the sulfoxide derivatives (§ 2.5.9.), which are also
converted to the sulfone by performic acid. In general, quantitative
yields of methionine sulfone are obtained by oxidation with performic
acid. Methionine sulfone is stable to acid hydrolysis and elutes from
most analyzer columns immediately after aspartic acid. Since the
elution position of methionine sulfone is more sensitive to temperature
changes than that of aspartic acid, these two amino acids may not be
well resolved in some systems. However, temperature adjustments of
the columns usually allow better separations to be obtained with the
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60 cm columns; alternatively, the 150 cm system described by Moore
etal. (1958)and Spackman et al. (1958) can be used for better resolution.
The color value for methionine sulfone is the same as for aspartic acid
(Spackman et al. 1958).

2.5.9. Methionine sulfoxides

These derivatives of methionine (isomers) may be obtained by mild
oxidation of proteins or peptides with reagents like H,O, under
controlled conditions (see also § 3.5). They are also found in peptides
and proteins (particularly if denatured) which have been exposed to
air for prolonged periods. Since the usual conditions of acid hydrolysis
convert much of the sulfoxide to methionine (see Ray and Koshland
1960), the extent of methionine oxidation may not be recognized, un-
less other analytical procedures are utilized (see below). In our own
laboratory we have studied peptides in which the methionine sulfoxides
are recovered from acid hydrolysates in 5-30%, yield, and the combined
recoveries of methionine and methionine sulfoxides are usually in the
range of 85-95%,

Methionine sulfoxides elute from most analyzer columns just prior
to aspartic acid; there are two separate peaks observed with the
150 ¢cm column system of Spackman et al. (1958) and sometimes with
the 60 cm column systems in current use. The color value for methionine
sulfoxides is 99 % that of aspartic acid (Spackman et al. 1958).

At present there are three methods which can be used for analyzing
methionine sulfoxides quantitatively in peptides and proteins:
analysis after complete enzymic hydrolysis (see § 2.11), analysis after
alkaline hydrolysis (see below) and analysis after converting the non-
oxidized methionine to the carboxymethyl sulfonium derivative,
followed by oxidation of the methionine sulfoxides to the sulfone with
performic acid (see § 2.5.10). The enzymic method will usually give
excellent results with peptides (less than about 30 residues) if care is
taken to prevent further oxidation during the reaction and handling
of the hydrolysate (a nitrogen barrier is recommended). However, for
larger peptides and proteins, incomplete enzymic hydrolysis may give
erroneous results, and one of the other two methods is recommended.
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Methionine sulfoxide may be released essentially quantitatively by
hydrolysis with 159 (~4.4 M) NaOH (see Neumann et al. 1962). The
procedure described by these investigators calls for hydrolysis of 5 mg
of protein in special vapor-tight, screw-cap Telfon vials, but it is
possible to hydrolyze 1 mg or less if the hydrolysis is carried out in
hydrolysis tubes with small volumes and containing a polypropylene
liner to hold the sample in a manner similar to that described by
Hugli and Moore (1972). Convenient liners for these small amounts of
protein and NaOH are small conical plastic tubes (such as the micro
sample tube, Dynalab Corp., Rochester, N.Y.). The dried sample is
dissolved in 0.2 ml of 15 %, NaOH (freshly made from 50 %, NaOH each
time) for each mg of protein, and after evacuating the tube cautiously
to remove bubbles without loss of sample, the tube is sealed and placed
inan oven at 110°C for 16 hr. Alternatively, the tube may be successively
evacuated and flushed with nitrogen several times before sealing. After
hydrolysis the tube is cooled before opening, and the solution is
acidified with 0.19 ml of 6 N HCI and 0.1 ml of 1.1 M citric acid
(containing 0.05 ml of thiodiglycol per ml) per 0.2 ml of 159, NaOH
used, to give a final pH lower than 2.2. The solution is diluted to 1.0 ml
for each mg of protein hydrolyzed, and aliquots of 0.5 to 1.0 m! are
analyzed (e.g. on the 60 cm column of a Beckman 120C analyzer). The
150 cm column system described by Moore et al. (1958) may also be
used.

The method described above gives direct analysis of methionine
sulfoxide content in proteins. Another method makes use of carboxy-
methylation of methionine at acid pH to give the carboxymethyl-
sulfonium derivative (§ 3.5). Methionine sulfoxide, which is not affected
by the carboxymethylation reaction, is then oxidized to the sulfone
which is stable to acid hydrolysis and can easily be quantitated. This is
possible because methionine carboxymethyl-sulfonium salts are not
affected by performic acid oxidation, although they are degraded by
acid hydrolysis. Therefore, the methionine sulfone content is equal to
the methionine sulfoxide content plus any sulfone that may have been
initially present (shown by analysis before oxidation).
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2.5.10. Methionine carboxymethylsulfonium salts

These derivatives of methionine (isomers) are prepared by treating
proteins with iodoacetic acid; the reaction is most specific for
methionine at acid pH (§ 3.5). These derivatives are not affected by
performic acid oxidation (see under methionine sulfoxide), but are
degraded by acid hydrolysis to give methionine, carboxymethyl-
homocysteine, homoserine and homoserine lactone (Gundlach et al.
1959).

Carboxymethylhomocysteine elutes from most analyzer columns
just after proline, and the other two derivatives are discussed below.
It should be possible to quantitate the carboxymethylsulfonium
derivative after complete enzymic hydrolysis (see § 2.11), since it has
been shown that they elute as two peaks just prior to aspartic acid
(Gundlach et al. 1959). The amount of carboxymethylsulfonium
derivative present can best be quantitated by oxidizing the non-
carboxymethylated methionine to methionine sulfone (§ 2.5.9) and
subtracting the amount of methionine sulfone from the total methionine
content of the protein to obtain the amount of methionine carboxy-
methylsulfonium salts.

2.5.11. Homoserine and homoserine lactone

Treatment of proteins with cyanogen bromide results in cleavage of the
peptide chain COOH-terminal to methionyl residues with con-
comitant conversion of the methionine to homoserine lactone which
is in equilibrium with homoserine. In certain instances (e.g. -Met-Ser-
or -Met-Thr-) some of the methionine is converted to homoserine
without peptide bond cleavage (see Schroeder et al. 1969). Homoserine
and its lactone are also products of the breakdown of the carboxy-
methylsulfonium salts of methionine (§ 2.5.10).

Homoserine elutes from the 60 cm column of a Beckman 120C
analyzer just prior to glutamic acid and has a color value 959 that of
leucine (Hofmann 1964). Better separation of homoserine and glutamic
acid can be achieved by lowering the pH of the eluting buffer to 3.20
(Ambler 1965) or to 2.80 (Schroeder et al. 1967). Homoserine has a
mobility of 1.37 compared to 1.00 for aspartic acid in pH 1.9 electro-
phoresis. Subject index p. 201
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Homoserine lactone elutes from the short column (basic) immediately
after NH, and has a color value of 57 %; that of lysine (Hofmann 1964).
The mobility of the lactone in electrophoresis at pH 1.9 is 2.45 com-
pared to 1.00 for aspartic acid. The lactone gives a yellow-brown color
with ninhydrin (homoserine gives a blue color).

Solutions of homoserine and its lactone slowly reach equilibrium
under most conditions at room temperature. As a result, samples of
these derivatives prepared for analysis often gradually change in
concentration even during the chromatographic steps, and color
values usually reflect such losses. Acidic conditions favor lactone
formation, and trifluoroacetic acid at 20°C for 1 hr can be used to
convert essentially all of the homoserine (free or in peptides) to the
lactone form (Ambler 1965). Alkaline conditions favor homoserine
formation, but may often be too harsh for many peptide procedures
(see Ambler 1965).

2.6. Tryptophan and derivatives

Little or no tryptophan will usually be found in protein hydrolysates
prepared with acid in the usual manner. Mercaptans added to the
6 N HCI usually increase the yields of tryptophan (Matsubara and
Sasaki 1969), and substitution of p-toluenesulfonic acid (with added
3-(2-aminoethyl) indole) in place of the HCI has been used to good
advantage (Liu and Chang 1971).

At the present time the hydrolytic methods of choice for tryptophan
analyses appear to be with methanesulfonic acid in the presence of
added 3-(2-aminoethyl) indole (see Moore 1972) or with NaOH in the
presence of starch (Hugli and Moore 1972). Both methods will be
described below, but it should be noted here that hydrolysis with NaOH
has the advantage that carbohydrate in the protein sample does not
affect the yields of tryptophan as it does in the acid hydrolysates. Other
methods of tryptophan analysis involving spectrophotometry
(Goodwin and Morton 1946 ; Edelhock 1967), titration with N-bromo-
succinimide (Spande and Witkop 1967), or the formation of colored
derivatives (Spies and Chambers 1948; Barman and Koshland 1967;



Ch. 2 CHEMICAL CHARACTERIZATION 31

Spies 1967 ; Scoffone et al. 1968) may be used to give initial estimates or
verification of tryptophan content. It should also be possible to obtain
good tryptophan analyses after complete enzymic hydrolysis (§ 2.11).

Hydrolysis of proteins with methanesulfonic acid is carried out in
the usual type of hydrolysis tube with 4 N methanesulfonic acid,
containing 0.2 %/ 3-(2-aminoethyl) indole, at 115°C for 24 hr (Liu; see
Moore 1972). The acid mixture is available in sealed vials from Pierce
Chemical Corp. The usual precautions to remove oxygen should be
followed. Since the acid is not volatile, it is necessary partially to
neutralize the cooled hydrolysate with an equal volume of 3.5 N NaOH
and dilute with water to a volume 5 times the volume of acid used for
hydrolysis. The procedure recommends the use of 1 ml of the methane-
sulfonic acid mixture (for about 2-5 mg of protein), which would result
in 5 ml of diluted hydrolysate. Since 1-ml aliquots are analyzed (see
below), only 209 of the protein hydrolyzed is utilized for each analysis.
However, where the amount of protein available for hydrolysis is
limited, it should be possible to scale down the amounts of materials
used to levels such as 0.2 ml of the acid mixture for 0.5 mg of protein if
appropriately smaller hydrolysis tubes are used.

Aliquots of 1 ml of the hydrolysate are used for analysis with the
short (basic) column of a Beckman analyzer; elutions from a 10 cm
column of PA-35 resin being: tryptophan, 30 ml; lysine, 37 ml;
histidine, 45 ml; and arginine, 82 ml. However, mannosamine and
galactosamine coelute with tryptophan in this system and if they are
present (determined by extending a 60 cm column run for 60 ml past
phenylalanine; see also § 2.13.1), a 20 cm column of the same resin at
55°C, eluted at 50 ml per hr with 33 ml of 0.2 N sodium citrate buffer
at pH 4.25 and then with 230 ml of 0.35 N buffer at pH 5.28, should be
used (Liu and Chang 1971). The elution volumes in this system are:
tyrosine, 42 ml; phenylalanine, 46 ml; glucosamine, 82 ml; manno-
samine and galactosamine, 90 ml; tryptophan, 98 ml; lysine, 125 ml;
histidine, 136 ml; arginine, 250 ml. The color value obtained for
tryptophan in this system is 78 % that of lysine. With proteins
hydrolyzed with HCI (or in the presence of some HCI), an acid
decomposition product may be observed at 94 ml in this system.
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Hydrolysis of proteins (1 to 5 mg) with 42 N NaOH (0.6 ml) in the
presence of partially hydrolyzed starch (25 mg) has been reported by
Hugli and Moore (1972) to give yields of tryptophan greater than 979
for several proteins. These investigators used the bottom portions of
polypropylene centrifuge tubes as liners in regular glass hydrolysis
tubes to avoid silicate formation. It is also possible to hydrolyze
smaller amounts of protein in smaller volumes if small conical plastic
tubes (such as the micro sample tube, Dynalab Corp., N.Y.) are used in
smaller hydrolysis tubes. Care should be taken not to melt the plastic
liners when sealing the tubes. In practice, the protein (in 0.1 ml of
0.005 N HCl or NaOH is added to a 10.9 x 50 mm liner inside a
16 x 150 mm thin-walled Pyrex test tube, and 0.5 ml of S N NaOH
(freshly prepared from 50%; NaOH) is added after adding 25 mg of
partially hydrolyzed starch. The addition of [-octanol (5 ul of a 1%
solution in toluene) aids in preventing frothing during evacuation.
A constriction (to about 2 mm) is made in the glass tube near the middle,
and the lower portion is cooled in a dry ice acetone bath for 1.5 min
(do not freeze). The tube is evacuated with a high vacuum pump by
repeatedly opening and closing a stopcock while tapping the tube to
dislodge air bubbles. When the pressure has stabilized between 25 and
50 microns of mercury, the tubes are sealed and placed in an oven for
hydrolysis at 110°C for 16 hr. If Val-Trp or lle-Trp bonds are present,
(or if it is not known if they are present) it is necessary to hydrolyze one
sample for at least 98 hr at 110°C or 48 hr at 135°C, since these bonds
are only slowly hydrolyzed. After carefully cooling the hydrolysates
(to prevent loss of sample), the tubes are opened and 0.5 ml of 0.2 M
citrate buffer at pH 4.25 (without Brij 35) is added and mixed. The
solution is then transferred with several rinses of buffer to a chilied
(dry ice) 2.5 ml (or 5 ml) volumetric flask, containing 0.42 ml of 6 N HC],
and diluted to volume with the pH 4.25 buffer. The precautions of using
pH 4.25 buffer and the chilled HCI are for the purpose of avoiding
losses of tryptophan, known to occur in most acidic solutions.

Aliquots of 1.0 ml of the diluted hydrolysates are analyzed on the
short column (Beckman analyzer), eluted at 50 ml per hour with a buffer
prepared by diluting the usual pH 5.3 buffer to give a final Na*
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concentration of 0.21 M (the final pH is 5.4) (Hugli and Moore
1972). This buffer separates tryptophan from lysinoalanine, which is a
product formed from lysine and dehydroalanine during alkaline
hydrolysis of many proteins (Bohak 1964); tryptophan, 37 ml;
lysinoalanine, 55 ml; lysine, 68 ml; and histidine, 79 ml. These results
are for a 0.9 x 8 cm column of Beckman PA-35 resin, but better results
are often obtained on a 12 cm column, which allows more time for the
baseline to be established after the neutral and acidic amino acids are
eluted. Any ornithine formed from arginine during alkaline hydrolysis
will elute just prior to lysine. Hexosamines (see § 2.13) are destroyed
by alkaline hydrolysis, and neither they nor hydroxylysine (see
§ 2.12.1.3) interfere with the tryptophan analysis. The color value for
tryptophan in this particular system was determined to be 799 that of
lysine (Hugli and Moore 1972).

[-Formyltryptophan. This derivative of tryptophan, which is
formed in proteins by formylation in anhydrous formic acid saturated
with gaseous HCI (§ 3.6.1), is not stable to acid or alkaline hydrolysis,
but could be obtained after complete enzymic hydrolysis of derivatized
proteins (§ 2.11). With a 0.9 x 7 cm short (basic) column on a Beckman
120B Analyzer, 1-formyltryptophan elutes in 53 ml compared to 37 ml
for tryptophan (Previero et al. 1967a). In paper chromatography with
1-butanol:acetic acid : water (4:1:5, v/v) tryptophan has an R; of 0.50
and 1-formyltryptophan has an R; of 0.58. The amount of derivative
formed in proteins may be determined by lyophilization of the solution
after the formylation reaction has ceased (usually by 40 min as measured
by change in absorbance at 298 nm) and measuring the absorbance at
298 nm of an aliquot of the protein dissolved in 8 M urea at pH 4.
The molar extinction coefficient of 1-formyltryptophan has been
calculated as 4880 at 298 nm, and the change in absorbance at 298 nm
can be used as a measure of tryptophan content in proteins where this
is not known (Previero et al. 1967b).

Other derivatives of tryptophan which may also be obtained after
enzymic hydrolysis of derivatized proteins are those obtained by
reaction with sulfenyl halides (Scoffone et al. 1968) and 2-hydroxynitro-
benzyl bromide (Barman and Koshland 1967) (§ 3.6.2).
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2.7. Lysine derivatives

Analyses for lysine after acid hydrolysis of proteins are usually
quantitative and reliable, unless the lysines have been exposed to
certain types of reagents (e.g. cyanate, nitrous acid). In a few proteins
some lysines are e-N-methylated (see § 2.12.1.2); the methyllysines are
stable to acid hydrolysis and emerge from many analyzer columns as a
shoulder on the trailing edge of lysine, thus making lysine quantitation
less precise (see § 2.12.1). Methyllysine may also be formed in proteins
by chemical modification (§ 3.1.1.3). Many derivatives of lysine are not
stable to acid hydrolysis (e.g. e-N-acetyllysine) and will not be discussed
here, but those which occur naturally in proteins are discussed in
§2.12.1.

2.7.1. e-N-Carboxymethyllysines

Both thee-N-monocarboxymethyl and the e-N-dicarboxymethyl deriv-
atives of lysine are formed by reaction of proteins with iodoacetate at
alkaline pH values at which lysyl residues are at least partially un-
protonated (§ 3.8.2). Both derivatives are stable to acid hydrolysis
under the usual conditions.

Both the mono- and di-derivatives are analyzed with the longer
column used for analysis of the acidic and neutral amino acids. In the
original studies of Gundlach et al. (1959), the 150 cm column was
used: e-N-dicarboxymethyllysine, 90 m}; aspartic acid, 122 ml;
e-N-monocarboxymethyllysine, 335 ml; and methionine, 341 ml. The
dicarboxymethyl derivative elutes after cysteic acid but before
methionine sulfoxides. To our knowledge other analytical systems
have not been used, but the 60 cm column may not give adequate
separations, especially for the mono-derivative, since it elutes prior to
methionine which is already close to the buffer change peak. It seems
likely that by appropriate manipulation of times of buffer change, the
pH or ionic strength of the buffer, or the temperature of the column,
good separations could be obtained with the 60 cm column.

2.7.2. Homoarginine
Homoarginine is the product of guanidination of lysyl residues with
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either 0-methylisourea or reagents such as I-gnanyl-3,5-dimethyl-
pyrazole nitrate (see §3.1.1.2). Like arginine, homoarginine is stable to
acid hydrolysis, but not to alkaline hydrolysis.

Homoarginine elutes from the short (basic) column of the analyzer
after arginine; e.g. with one system homoarginine has an elution
volume 1.33 times that of arginine (Habeeb 1960). The color constant
should be similar to that of arginine. The migration of homoarginine
in a number of chromatographic systems has been described (Bell 1962).
Homoarginine has a mobility of 2.20 compared to 1.00 for aspartic
acid in pH 1.9 electrophoresis.

2.7.3. Deamination products of lysine

Treatment of proteins with nitrous acid can lead to deamination of the
lysyl residues as well as of the NH,-terminal residues. Kurosky and
Hoffmann (1972) have identified three products of lysine deamination
which elute from the 60 cm column of a Beckman 120C Analyzer at (1)
the position of glutamic acid, (2) 7 min before glycine and (3) 10 min
before tyrosine. Products (2) and (3), which are the major products
formed, are believed to be e-hydroxynorleucine and its lactone
respectively. The most accurate method for analyzing for lysine
deamination is to measure the loss of lysine rather than to measure the
three derivatives.

2.7.4. Homocitrulline
The g-amino groups of lysyl residues in proteins may be carbamylated
by cyanate to give homocitrulline residues (§ 3.1.2.1). It should be noted
that some carbamylation of proteins can occur in urea solutions that
have not been deionized to remove cyanate. The extent of modification
is often difficult to assess, however, since acid hydrolysis of fully
carbamylated proteins under the usual conditions gives homocitrulline
plus 17-33% free lysine (Stark and Smyth 1963). Although the lysine
recovery (in %)is variable, depending on the protein studied, for a given
protein the lysine recovery is apparently constant.

If accurate quantitation of homocitrulline content of a protein is
necessary, complete enzymic hydrolysis (§ 2.11) might be tried.
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Homocitrulline elutes from most analyzer columns just prior to valine.
Alternatively, the unreacted lysines can be converted under denaturing
conditions to other acid-stable derivatives (homoarginine, methyl-
lysines, carboxymethyllysines) which can be quantitated after acid
hydrolysis (above and § 2.12). The homocitrulline content can then be
assumed to be the difference between the total lysine content and the
content of the acid-stable derivative. Alkaline hydrolysis of
carbamylated proteins gives quantitative conversion of homocitrulline
to lysine (Stark and Smyth 1963), and this can be used to check the
homocitrulline content of the protein in which the other lysines have
been converted to another derivative that does not give lysine by
alkaline hydrolysis (see also § 3.1.2.1.).

2.8. Histidine and derivatives

Although analyses for histidine after acid hydrolysis are usually
satisfactory, the values found may be slightly low, particularly after
chemical modification of other residues. This has often led to estimates
of the number of residues in a protein that are too high, when histidine
has been used to calculate a one-residue value.

Naturally-occurring derivatives of histidine (methylhistidines and
phosphohistidines) are described in § 2.12.2. The carboxymethyl-
histidines are the best characterized derivatives of histidine formed in
proteins in vitro.

2.8.1. Carboxymethylhistidines

Nitrogens 1 and 3 in the imidazole ring of histidyl residues in proteins
may be alkylated with iodoacetic acid (generally in a much slower
reaction than alkylation of cysteinyl residues) to give three carboxy-
methyl derivatives: 1-carboxymethylhistidine, 3-carboxymethyl-
histidine and 1,3-dicarboxymethylhistidine (§ 3.4). In general, the
3-carboxymethyl derivative is formed most rapidly. These derivatives
are stable to acid hydrolysis under the usual conditions (but excess
reagent must be removed) and may be analyzed on the long column of
most analyzers as described below.
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Using the 150 cm column of Spackman et al. (1958), Crestfield et al.
(1963) showed that 1,3-dicarboxymethylhistidine elutes about 55 ml
before aspartic acid (124 ml), 1-carboxymethylhistidine elutes about
9 ml after glutamic acid (177 ml) and 6 ml before proline (193 ml), and
3-carboxymethylhistidine elutes about 16 ml after alanine (264 ml).
The color values of the dicarboxymethyl- and monocarboxymethyl-
derivatives were determined as 96 % and 99 9 that of serine respectively,
and 97 % and 1009, that of glycine respectively.

The dicarboxymethyl derivative has been characterized in electro-
phoretic and chromatographic systems, and all three derivatives were
separated by ion exchange chromatography in pyridine-formic acid
buffer at pH 3.25 (Banaszak and Gurd 1964).

2.8.2. Other derivatives of histidine

Many derivatives of histidine are not stable to acid hydrolysis and are
not discussed here (however, see § 2.12.2 for those that occur naturally
in proteins). Brief mention should be made of the iodination of
histidyl residues by HOI (§ 3.7.2). The mono- and diiodohistidines
can be identified and distinguished from the iodinated tyrosines by
high voltage paper electrophoresis in 1 M formic acid (Roholt and
Pressman 1972) after complete enzymic hydrolysis of the protein or
peptide (§ 2.11; Roholt and Pressman 1972). Quantitation and
identification are facilitated by the use of radiolabeled reagent.

2.9. Arginine and derivatives

There is usually little difficulty in obtaining satisfactory analyses for
the arginine content of proteins hydrolyzed with acid under the usual
conditions. There are few derivatives of arginine that are included in
the scope of this treatise. Derivatives of arginine obtained by treating
proteins with diketones appear to be the best described to date (see
§ 3.2), but acid hydrolysis destroys these derivatives with 129
regeneration of arginine noted in at least one instance (Yankeelov
1970).
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2.10. Other amino acids

As stated previously, any amino acid may be the NH,-terminal or
COOH-terminal residue of a protein and be subject to destructive
reactions during chemical modification studies. In general in addition
to some of the amino acids described above, analyses for glycine,
alanine and leucine are usually very statisfactory. Values for phenyl-
alanine are sometimes slightly low, and due to its lower color value,
proline gives less precise results than other amino acids, particularly
for proteins with low proline contents.

2.11. Complete enzymic hydrolysis of proteins and peptides

Because of the lability of several amino acids and many of their
derivatives under conditions generally required for quantitative
hydrolysis of peptide bonds, a number of attempts have been made to
use enzymes under mild conditions to hydrolyze proteins and peptides
completely. In theory this seems possible, but in practice it has been
difficult to achieve.

In retrospect some of the major difficulties encountered in attempts
to hydrolyze proteins completely with enzymes are: (1) inability to
maintain proteins (or regions of proteins) in a completely denatured
state under the mild conditions employed for enzymic hydrolysis (it
has been demonstrated that many native proteins are highly resistant to
proteolysis); (2) the formation of peptide aggregates which are resistant
to proteolysis; (3) the presence of certain bonds (e.g. those involving
proline) or sequences (e.g. several acidic residues in a cluster) which are
poorly hydrolyzed by most enzymes; (4) the presence of blocking
groups (e.g. a-N-acetyl) and large prosthetic groups (e.g. covalently
bound heme in cytochrome c) which restrict proteolysis in certain
regions; (5) the formation of a, f- or B-peptide bonds from aspartyl
residues (these are not hydrolyzed by most proteases); and (6) the
cyclization of glutamine which often causes low yields of glutamine
in hydrolysates; if glutamine occurs as the NH,-terminal residue of
peptides, it is difficult to hydrolyze these peptides completely. In
addition, it should be noted that proteins containing disulfide bonds
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are often not hydrolyzed completely by enzymes unless the disulfide
bonds are reduced (and preferably alkylated, § 3.8.2). In general each
protein must be examined as an individual case, since a procedure
successful for one protein may not work well for another. Peptides are
generally hydrolyzed more successfully by enzymes than are proteins.

Some recommended procedures that may be tried are described
below. Regardless of the method used, the important criterion for
success is the quantitative recovery of those amino acids or derivatives
in which one is interested. For example, if one has made a radiolabeled
derivative of cysteine in a protein, all of the radioactivity must be
demonstrated to elute in the position of this derivative after complete
enzymic hydrolysis; if it does not, it is not certain whether the enzymic
hydrolysis was incomplete or if other residues have also been modified.

Although any of several combinations of proteases can be used,
ideally, one or more non-specific endopeptidases should be used first
to convert the protein into many small peptides. These small peptides
can then be degraded to amino acids by aminopeptidases and prolidase
(hydrolyzes X-Pro bonds). Sometimes, carboxypeptidases are also
used. Although leucine aminopeptidase has been used as the amino-
peptidase (see Hill and Schmidt 1962), it may be preferable to use
aminopeptidase M (Rohm and Haas, supplied by Henley and Co. of
N.Y.), since this enzyme removes most residues at acceptable rates.
Leucine aminopeptidase removes hydrophobic residues most rapidly,
whereas some other residues are removed very slowly. Most procedures
should probably include the use of prolidase (Miles) since many
aminopeptidases do not cleave X-Pro bonds at appreciable rates. If it
is found that proline is not released quantitatively by these procedures,
the use of citrus leaf carboxypeptidase C (Rohm and Haas) can be tried
after the initial endopeptidase hydrolysis and before the addition of
aminopeptidase M and prolidase. Carboxypeptidase C (also yeast
carboxypeptidase Y —see Hayashi et al. 1973) hydrolyzes proline
bonds (as well as all others), but if proline is at or adjacent to the NH,
terminus of a peptide, it would probably not be released. In all
procedures a control consisting of the enzymes only should be run in
parallel with the hydrolyzed sample, and corrections should be made
for any amino acids found by analysis of the control. Subject index p. 201
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2.11.1. Procedure |: pepsin, subtilisin, aminopeptidase M, prolidase

This method may often be useful with proteins that can be maintained
in a largely denatured state at acid pH. The protein (usually about
10 mg per ml) may be denatured in solvents like 6 M guanidinium
chloride or 8 M freshly deionised urea and dialyzed exhaustively
against 59, formic acid at room temperature at about pH 2. If cysteine
or cystine residues are present, these should be reduced and alkylated
(8 3.8.2) prior to enzymic hydrolysis.

Pepsin* (1 %; by weight) is added to the protein in 5 % formic acid at
pH 2 and hydrolysis is allowed to proceed at 40°C for at least 6 hr
(overnight is often preferable). The peptide mixture is lyophilized and
redissolved or suspended in 0.2 M NH,HCO, to give a final pH
between 7.5 and 80 (adjust with NHj; if necessary). The pepsin is
denatured by the high pH.

Subtilisin* (19, by weight) is added, and hydrolysis is allowed to
proceed at 40°C for at least 6-8 hr (or overnight). The subtilisin is
subsequently inhibited by incubation with 0.1% (v/v) diisopropyl-
fluorophosphate (DFP) for 1 hr at 40°C. In some instances it may be
possible to omit the use of subtilisin after pepsin, or pronase or papain
may be found to give better results.

MnCl, (0.025 M) is added to the peptide mixture obtained by the
above procedure (at pH 7.5 to 8.0) to a final concentration of 0.005 M
and aminopeptidase M (2000 mU per ml of peptide mixture) and
prolidase (imidodipeptidase ; 100-200 units per ml of reaction mixture)
are added ; hydrolysis is allowed to proceed for at least 16-24 hr. The
enzymic hydrolysate is lyophilized to dryness over P,0;, redissolved
in 5% acetic acid and lyophilized again. This procedure is usually
sufficient to remove most of the NH, so that analysis for the basic
amino acids can be made. Repeated additions of water (or 5% acetic
acid) and lyophilization can be used to reduce the NH, content further,
if desired.

The times of hydrolysis and the amounts of enzymes added (2 or
more additions of pepsin or subtilisin may sometimes prove beneficial)

* See Appendix II.
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may be increased to give better hydrolysis if evidence is obtained for
incomplete hydrolysis. Preliminary evidence for incomplete hydrolysis
may be obtained by a peptide map of the hydrolysate (use at least
0.05 umoles of the protein) using electrophoresis at pH 19 in the first
direction (see Appendix) and chromatography in 1-butanol-acetic
acid-water (200:30:75, v/v) as the second direction. Comparison of this
map with a map of a standard mixture of amino acids (plus any
derivatives that may be present) may demonstrate additional
ninhydrin-positive spots that may correspond to unhydrolyzed
peptides. Unhydrolyzed peptides are sometimes also detected as
additional peaks eluting from the columns of amino acid analyzers.
Peptides frequently have poor color values and are not detected as
easily as the amino acids.

2.11.2. Procedure 2: use of insoluble enzymes

A newly described procedure for complete enzymic hydrolysis of
proteins and peptides (Brown and Wold 1973) makes use of several
proteases which are covalently attached to insoluble supports
(Cuatrecasas et al. 1968). The advantages of using these enzymes in the
insoluble form are that the enzymes may be easily removed from the
products, and there is little or no hydrolysis of the enzymes themselves
which reduces the corrections for controls. One disadvantage of the
insoluble proteases may be that the size of the insoluble particles
introduces steric factors hindering the hydrolysis of large peptides
or proteins.

Although the details of the hydrolysis procedure are yet to be
published in detail (see Brown and Wold 1973), the first hydrolysis is
with agarose-bound aspergillopeptidase A* at pH 1.5-2.0 for 18 hr.
The resulting peptide mixture is then hydrolyzed simultaneously with
agarose-bound pronase* and aminopeptidase M* for 16 hr in borate
buffer at pH 7.6, and finally with agarose-bound prolidase* for 2 hr in
the same buffer. [t may prove helpful (not indicated in the procedure)to
add the prolidase at the same time as the aminopeptidase M, since it

* See Appendix 11.
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has been demonstrated that X-Pro dipeptides are often found in
aminopeptidase M hydrolysates as diketopiperazines which are
resistant to the action of prolidase (e.g. see Waley et al. 1970). The
proteases are presumably removed by filtration or centrifugation (with
washing).

2.11.3. Procedure 3: papain, leucine aminopeptidase, prolidase

This early procedure for enzymic hydrolysis of proteins was reported
by Hill and Schmidt (1962) to be successful for hydrolysis of several
proteins. Papain was found to be superior to subtilisin or a combination
of trypsin and chymotrypsin for the initial hydrolysis. The method
might be improved if aminopeptidase M (discovered after the method
was developed) is used in place of the leucine aminopeptidase, but to
our knowledge this has not been tested. The problem with diketo-
piperazine formation from X-Pro dipeptides in aminopeptidass M
hydrolysates of peptides (see above) may make this substitution less
desirable than it would seem at first.

In this procedure, 1-2 pmoles of protein (0.1-0.5% in water) at
pH 7.0is heated at 95°C for 3 min to denature the protein. After cooling,
buffer (0.2 M sodium acetate at pH 5.2) is added to a final concentration
of 0.03 to 0.05 M, and the mixture is incubated at 40°C for 10 min.
Sodium cyanide (0.1 M, neutralized to pH 7.0) is added as activator to
a final concentration of 0.01 M, and papain (C, of 1.2 to 1.5)* in a
0.5 to 1.09 solution is added to give a final weight equal to 1 to 5%
that of the protein. After hydrolysis for 18-24 hr at 40°C in a closed
container, the pH is adjusted to 2 to denature the papain, and a
measured aliquot is lyophilized to dryness.

The dried peptide mixture is redissolved in 1-2 ml H,O and adjusted
to pH 8.4-8.6 with dilute NaOH. Tris buffer (other buffers can be
substituted to prevent interference with any subsequent analyses)
(0.5 M at pH 8.5) and MnCl, (0.025 M) are added to give final con-

* The specific activity (C;) is expressed as K, (first-order rate constant calculated
in decimal logarithms) per ml of protein N per ml of reaction mixture and is determined
at a substrate concentration of 0.05 M «-N-benzoyl-L-argininamide at pH 5.5 and
39°C in the presence of 0.005 M cysteine and 0.001 M EDTA.
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centrations of 0.005 M. Leucine aminopeptidase (4 to 6 mg, C, =88)
and prolidase (0.5 to 1.0 mg, C;=20) are added, and hydrolysis is
allowed to proceed for 15 to 24 hr at 40°C. The enzymes are inactivated
by adjusting the pH to 2 with 1 N HC], and prior to analysis the amino
acids are removed from the proteins by dialysis, gel filtration or other
methods.

2.11.4. Analysis of enzymic hydrolysates

Tryptophan, asparagine, glutamine and any other acid-labile
derivatives will be the major components which are present in enzymic
hydrolysates but not in acid hydrolysates. If cysteine and cystine are
converted to S-carboxymethyl! cysteine (§ 3.8.2), this will be present in
both the acid and enzymic hydrolysates. Tryptophan may be analyzed
as indicated in §2.6. Asparagine and glutamine can be quantitated
together as a single peak in many common analyzer systems employing
a temperature change which separates the amides from the serine
position where they elute in most routine systems. The color values for
asparagine and glutamine are 939, and 879, respectively, that of
aspartic acid (Spackman et al. 1958). By the use of a lithium buffer
system, asparagine and glutamine can be separated from each other
and from other amino acids, thus allowing them to be quantitated
individually (Benson et al. 1967).

Acid-labile derivatives may elute from analyzer columns in the
positions of other amino acids, and therefore, may be missed and
interfere with accurate quantitation of the other amino acids. M odifica-
tion of column temperature, buffer pH, buffer ionic strength, etc. may
often be necessary to give good resolution of some of these derivatives.

2.12. Naturally-occurring amino acid derivatives in proteins

An ever-increasing number of amino acid derivatives is found to occur
naturally in proteins. These include &-N-methyllysines, e-N-acetyl-
lysine, x-N-acetyl derivatives of various residues, N-methylhistidines,
N-phosphohistidines, N-methylarginines, phosphoserine, phospho-
threonine, hydroxyproline, hydroxylysine, trimethylhydroxylysine,
tyrosine sulfate, iodotyrosines, carbohydrate moieties and coenzymes
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covalently bound to various residues, lysine condensation products in
proteins like elastin, adenyl groups covalently bound to tyrosine
residues, covalently bound ADP-ribose moieties, etc. Many of these
derivatives are acid-labile and would not be detected after acid
hydrolysis of the proteins.

To the investigator studying chemical modification of proteins,
derivatives like those listed above are of interest for two primary
reasons : (1) some derivatives are sites of modification and (2) complete
modification of a particular class of amino acid functional groups with
a reagent may not be possible because of the presence of these deriva-
tives. For any protein being investigated by chemical modification and
containing these types of derivatives, any results and conclusions must
account for the effects of these derivatives.

2.12.1. Lysine derivatives

2.12.1.1. e-N-Acetyllysine
This derivative of lysine has thus far been identified only in histones
(see DeLange and Smith, 1971, 1974), but may also be produced in
other proteins by chemical acetylation, e.g. with acetylimidazole, or
acetic anhydride. Since the e-amide bond is acid-labile, this derivative
may be present in other proteins, which have not been hydrolyzed and
analyzed by enzymic methods (see § 2.11).

e-N-Acetyllysine may be identified (see DeLange et al. 1969a) by
paper electrophoresis at pH 1.9 (migration of 0.7 compared to 1.0 for
alanine), paper chromatography in 1-butanol : glacial acetic acid :H,O
(200:30:75 v/v) (migration is 0.85 that of tyrosine) or 1-butanol:
pyridine: glacial acetic acid : H,O (90:60:18:72 v/v) (migration is 0.89
that of valine). With the 60 cm column of a Beckman 120B analyzer,
e-N-acetyllysine elutes at 77 min compared to 86 min for glycine and
92.5 min for alanine. We have used the average color value, calculated
as indicated by the analyzer manufacturer, as the color value for
estimating the amount of this derivative. (The average color value is
obtained by averaging the color values for the amino acids resolved on
the long column of the analyser with the exception of proline and
cystine).
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2.12.1.2. e-N-Methyllysines

The e-N-methyllysines have been found in histones (see DeLange and
Smith, 1971, 1974), cytochromes ¢ (see DeLange et al. 1970), flagellin
(see Glazer et al. 1969), ribosomal proteins (Comb et al. 1966) and
muscle proteins (see Paik and Kim, 1971 for a review). In some proteins
(e.g. calf thymus histone III) e-N-monomethyllysine, e-N-dimethyl-
lysine and e-N-trimethyllysine are all three present, whereas in other
proteins only one derivative (e.g. cytochromes ¢) or two of the deriva-
tives (e.g. calf thymus histone 1V) are present. Methylated lysines can
also be formed in proteins by chemical modification in vitro (§ 3.1.1.3).

The e-N-methyllysines are stable to acid hydrolysis and may be
identified with the aid of an amino acid analyzer. With many routine
analyzer systems e-N-monomethyl- and ¢-N-dimethyllysine elute as a
shoulder or a partially resolved peak on the trailing edge of the lysine
peak. If a 60 cm column is eluted with the buffer usually used for the
15 cm column these two methylated lysines are well resolved from
lysine but not from each other. ¢-N-trimethyllysine usually elutes with
lysine or slightly ahead of it in these systems (15 cm or 60 cm column
eluted with pH 5.28 buffer).

Paik and Kim (1967) developed a method utilizing the 60 cm column,
eluted at 30°C with a citrate buffer (0.2 M) at pH 5.84, which resolved
all three methyllysine derivatives from each other and from other
basic amino acids. It has been found that the separations are sensitive
to slight changes in pH, column temperature, ionic strength and the
type of resin used. In our own laboratory we have used a 48 cm column
of Durrum DC-2 resin (Appendix IT) (DeLange et al. 1970) which gives
excellent resolution, but requires at least 7 hr (18 hr if arginine analyses
are required). Seely et al. (1969) have used a column (0.9 x 15 cm) of
Aminex A-5 resin (Appendix IT), eluted at 25°C with buffer at pH 6.48
(prepared by adding NaOH to the usual pH 5.28 buffer) to give resolu-
tions in 2 hr (or even less) that should be adequate for many purposes.
In this system at a flow rate of 34 ml per hr. the elution volumes and
color constants (in parentheses) were: lysine, 47.5 ml (43.5); e-N-mono-
methyllysine, S5 ml (39.7); &-N-dimethyllysine, 59.5 m! (39.2); and
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e-N-trimethyllysine, 63 ml (35.5). Histidine elutes just before lysine and
NH, elutes just after e-N-trimethyllysine. All of the acidic and neutral
amino acids elute before 28 ml.

Benoiton et al. (1971) have found that lysine and e-N-monomethyl-
lysine have similar 570/440 nm ratios after reaction with ninhydrin as
measured with the analyzer, and that e-N-dimethyllysine and e-N-
trimethyllysine also have similar 570/440 nm ratios, but the 570/440 nm
ratios of the two pairs are different. This provided a method for
estimating from the 570/440 nm ratio the content of e-N-monomethyl-
lysine and e-N-dimethyllysine in hydrolysates that are analyzed in
systems in which these two derivatives are not separated. For other
analyzer systems that have been used to study methylated lysines, see
the references cited above and also Deibler and Martenson (1973).

The methylated lysines can also be separated and identified by
paper chromatographic systems. However, in electrophoresis at
pH 1.9 all three derivatives migrate similarly to arginine. They also
migrate with lysine during chromatography in I-butanol:glacial
acetic acid :water (200;30:75 v/v), but are partially resolved in 1-
butanol:pyridine :glacial acetic acid:water (90:60:18:72 v/v) for
40 hr: lysine and e-N-trimethyllysine, 1.00; e-N-monomethyllysine and
e-N-dimethyllysine, 1.18; and arginine, 1.38 (see DeLange et al. 1969b).

The best paper resolutions of the methyllysines are obtained by
descending chromatography for 16-18 hr at room temperature (21°C),
using m-cresol: 889, phenol:borate buffer (190:165:45 v/v) with
papers dipped (and then dried) in 0.1 M EDTA (adjusted to pH 7.0
with NaOH) essentially as described by Stewart (1963) except that
Whatman No. 3 paper (57 cm in length) can be used in place of No. 52
paper, and the papers do not need to be dipped in acetone. The
borate buffer is prepared by dissolving 3.944 g of boric acid in water,
adjusting the pH to 9.3 with NaOH and diluting to 1 liter. Because of
the pH 9.3 buffer used, better colors are obtained with a ninhydrin
reagent buffered at a lower pH (e.g. 0.1 9 ninhydrin in 957 ethanol:
glacial acetic acid: collidine (50:15:2)). The R; values are lysine, 0.18;
arginine, 0.30; histidine, 0.43; &-N-monomethyllysine, 0.44; ¢-N-
dimethyllysine, 0.76; e-N-trimethyllysine, 0.88 (DeLange et al. 1969b).
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Histidine and e-N-monomethyllysine can be distinguished by their
different colors with ninhydrin (supplemented by the use of Pauly
reagent) or by using two-dimensional separations (e.g. pH 1.9 electro-
phoresis, followed by the cresol-phenol system). ¢&-N-Monomethyl-
lysine has a color with the ninhydrin reagent similar to that of lysine
(blue-grey) whereas the other two derivatives give colors similar to
arginine {blue-violet), and histidine gives a yellow-brown color.

2.12.1.3. Hydroxylysine

Hydroxylysine is found in collagen and gelatin and possibly some other
other proteins (see Vickery 1972). It is formed in vivo by oxidation of
lysyl residues in these proteins at the -carbon. Hydroxylysine is stable
to acid hydrolysis, but undergoes racemization under the usual
conditions of hydrolysis to give a mixture of the natural hydroxylysine
and allo-hydroxylysine.

Several analytical systems appear to be satisfactory for the resolution
and quantitation of hydroxylysine. If a protein is suspected of having
hydroxylysine, perhaps several systems should be used. Spackman et al.
(1958) resolved the hydroxylysines from a number of other components
on a 50 cm column of Amberlite IR-120, eluted at 30°C with 0.38 N
sodium citrate buffer at pH 4.26; hydroxylysine, 131 ml; allo-hydroxy-
lysine, 137 ml; and lysine 218 ml. The hydroxylysines elute after the
amino sugars in this system. Knox et al. (1970) showed that hydroxy-
lysine is eluted just before lysine from a 0.9 x 7 cm column of PA-35
resin, eluted with 0.255 M sodium citrate buffer at pH 5.0 (see also
Hugli and Moore 1972). An early system developed by Piezand Morris
(1960) was later modified (Miller and Piez 1966) to give an accelerated
method for analyzing for all of the constituents of collagen. The resins
(PA-28 at 55°C or AA-15 at 60°C) were eluted in a column (0.9 x 51 cm)
at 80 ml/hr with a gradient established with a Varigrad containing
various amounts of pH 291 citrate buffer and 0.4 M sodium citrate
in the chambers. Hydroxylysine elutes at about 213 ml, between
phenylalanine (197 ml) and ammonia (246 ml). The color value for
hydroxylysine is about the same as that of lysine (Spackman et al.
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1958). Hydroxylysine has a mobility of 2.26 compared to aspartic acid
in pH 1.9 electrophoresis.

2.12.14. Trimethylhydroxylysine (THL) and its phosphate (THLP)
These two derivatives have been identified in proteinacious material
from cell walls of diatoms (Nakajima and Volcani 1970). In pH 1.9
electrophoresis they migrate 24 cm (THLP) and 6.1 cm (THL)
towards the negative electrode, respectively, at 33.3 volts/cm for 20 min.
In the analyzer system of Dus et al. (1966), THLP elutes in about the
same position as threonine, and THL elutes between NH; and arginine
(a buffer peak also elutes in this region). In the complex analyzer
system of Hamilton (1963), THLP elutes at a volume about 2.4 times
that of cysteic acid and 0.58 that of aspartic acid.

2.12.1.5. Desmosine, isodesmosine and related derivatives
Lysine (and hydroxylysine) residues in collagen and elastin are
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converted to a variety of aldehyde and aldol products which can
condense to form desmosine (derived from four lysines) or other types
of cross-links {see Traub and Piez 1971; Piez 1968). Desmosine and
isodesmosine are the best characterized of these derivatives, and
they may be analyzed after acid hydrolysis. In the analyzer system
of Piez and Morris (1960), which was later modified by Miller and
Piez (1966), these two derivatives elute in the order isodesmosine-
desmosine between phenylalanine and hydroxylysine and have color
values 3.6 times that of leucine (see also Miller et al. 1965).

2.12.1.6. Other lysine derivatives

The ¢-amino groups of lysyl residues serve as attachment sites of a
number of coenzymes in proteins (e.g. biotin in pyruvate carboxylase,
pyridoxal phosphate in phosphorylase, lipoic acid in lipoate acetyl-
transferase) and form covalent intermediates in several enzymic
reactions (e.g. transaldolase, aldolase, etc.). Discussion of all of these
naturally-occuring derivatives of lysine will not be attempted in this
treatise, but the investigator using chemical modification of proteins
should be aware of their possible presence and effect on the results of
his experiments. It should be noted that e-N-phospholysine has been
reported in nucleoside diphosphate kinase (Wélinder 1968).

2.12.2. Histidine derivatives

3-Methylhistidine. This derivative, but not the I-methyl or 13-
dimethyl derivatives, has been reported in myosin and actin (Asatoor
and Armstrong 1967; Johnson et al. 1967; Elzinga 1971; Huszar and
Elzinga 1971) and histones (Gershey et al. 1969).

The 3-methylhistidine is easily distinguished from the 1-methyl
derivative (formed by alkylation, § 3.4) by electrophoresis at pH 6.5
(Johnson et al. 1967) as well as with automatic analyzers (Spackman
et al. 1958 ; Johnson et al. 1967 ; Elzinga 1970). In general a longer short
column (0.9 x 15 cm or 0.9 x 20 c¢m) is required for good separations of
3-methylhistidine from histidine (the 3-methyl derivative elutes
between histidine and NH; in these systems). The color value of
3-methylhistidine is 859 that of histidine (Spackman et al. 1958).
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N-Phosphohistidine. Histidyl residues, phosphorylated at either
nitrogens 1 or 3 in the ring, have been reported in enzymes like succinate
thiokinase (Kreil and Boyer 1964 ; Hultquist et al. 1966) and nucleoside
diphosphate kinase (Norman et al. 1965; Walinder 1968, 1969) and in
histone (Smith et al. 1973). These derivatives are unstable to acidic
conditions, but stable under alkaline conditions. Therefore, analyzer
systems have not been employed, but chromatography on columns
(1.2x 44 cm) of Dowex 1-X8 with KHCO; (gradient of 250 ml of
0.2M KHCOj; to 250 ml of 0.8 M KHCO;) has been used (see Walinder
1968). :

2.12.3. Methylarginines

Arginyl residues in which the nitrogens of the guanidine group are
methylated have been reported in nuclear acidic protein (Friedman
et al. 1969), histone (Paik and Kim 1970), myosin (Reporter and Corbin
1971) and in the basic protein of myelin (Carnegie 1971 ; Baldwin and
Carnegie 1971 ; Brostoff and Eylar 1971). Three derivatives, N -mono-
methylarginine, N N€dimethylarginine (unsymmetrical) and
NG, N'C-dimethylarginine (symmetrical) have been identified (not all
in each protein) in the different proteins.

The analyzer system described by Deibler and Martenson {1973} is
probably the most effective method for separating the methyl-
arginines from each other and from other methylated amino acids.
However, e-N-trimethyllysine was not studied in this system which
utilizes Durrum DC-2A resin in a column (0.9 x 30 c¢m) eluted at
45 ml/hr with sodium citrate buffer (0.35 M in sodium ion) at pH 5.80
or 5.835. The initial elution is at 28°C, but at 200 min the temperature
is changed to 55.5°C and the buffer to pH 4.70 (0.35 M in Na*). Under
these conditions the following elution times (in min) are obtained with
the pH 5.835 buffer: lysine, 142; e-N-monomethyllysine, 161; &-N-
dimethyllysine, 171; histidine, 187; 3-methylhistidine, 203; 1-methyl-
histidine, 220; ammonia, 222; N°, N®.dimethylarginine, 345:
NC N'¢-dimethylarginine, 365; N%monomethylarginine, 416;
arginine, 434. Similar results are obtained with the pH 5.80 buffer.

Several electrophoretic and chromatographic systems have also



Ch. 2 CHEMICAL CHARACTERIZATION 51

been used to separate and identify the methylarginines (see Reporter
and Corbin 1971 and Nakajima et al. 1971).

2.124. O-Phosphoserine and O-phosphothreonine

O-Phosphoserine has been reported in a number of proteins in which
it appears to function as an intermediate in enzymic reactions (e.g.
phosphoglucomutase), as a regulator of enzymic activity (e.g. phospho-
rylase) or protein function (e.g. histones), and as a nutritive component
(e.g. casein). O-Phosphothreonine has been reported in some of these
proteins, but generally to a much more limited extent and only in
those which also contain O-phosphoserine.

These derivatives are not stable to complete acid hydrolysis of
proteins, but may be recovered in limited amounts after partial acid
hydrolysis. For example, after 90 min of hydrolysis at 100°C in 5.7 N
HCI about 30%; of the covalently-bound phosphate in phospho-
glucomutase was recovered as O-phosphoserine (Milstein 1964), but
after 20 hr of hydrolysis at 105°C in 5.7 N HCI, no O-phosphoserine
was found (Murray and Milstein 1967). The amount liberated at a
certain time will depend on the nature of the residues around the
phosphoserine residues in each protein. Hydrolysis of peptides
containing O-phosphoserine may often give low yields of serine
(e.g. see Nolan et al. 1964). Complete enzymic hydrolysis of proteins
or peptides containing O-phosphoserine is the only presently available
method for quantitative recovery of this derivative.

In most analyzer systems O-phosphoserine and O-phospho-
threonine elute at the same volume as cysteic acid (the unretarded
position) and can, therefore, interfere with analyses for cysteic acid
(and vice versa). The color value for O-phosphoserine is 1.04 times the
average value calculated for the amino acids (except proline and
cystine) eluted from a 60 cm column in a two-column system (Beckman
manuals). It should be noted that O-serine sulfate and O-threonine
sulfate, which can be formed during preparation of hydrolysates in the
presence of sulfate (Moore 1963 ; Murray and Milstein 1967), also elute
in this position. Electrophoresis at pH 3.5 is an effective means of
separating O-phosphoserine from other amino acids, since it migrates
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further than aspartic acid towards the positive electrode (see Murray
and Milstein 1967). O-Phosphothreonine has a migration slightly less
than O-phosphoserine in this system. O-Phosphoserine has a mobility
of 0.21 towards the anode as compared to a mobility of 1.00 for aspartic
acid towards the cathode on pH 1.9 electrophoresis.

2.12.5. Derivatives of tyrosine

Tyrosine O-sulfate is present in fibrinogen of certain species (Jevons
1963) and in gastrin (Gregory et al. 1964). It is not stable to acid
hydrolysis (62 % is converted to tyrosine in 0.5 N HCI at 100°C), but
is stable to alkaline hydrolysis (e.g. 0.2 M Ba(OH), at 125°C for 24 hr).
Although it has apparently not been determined with analyzers,
tyrosine-O-sulfate may be identified by column chromatography on
Dowex 2 (Hill and Schmidt 1962) and by several electrophoretic and
chromatographic systems (Jevons 1963; Doolittle 1965). At pH 3.9
tyrosine O-sulfate migrates slightly faster than aspartic acid toward the
positive electrode.

The thyroid protein, thyroglobulin, contains 3-monoiodotyrosine,
3,5-diiodotyrosine and several iodinated thyronine derivatives
(Salvatore and Edelhoch 1973). Iodohistidines may also be present in
this protein. 3-Bromotyrosine has been reported in serum proteins
(Firnan and Fritze 1972). Methods for separating and analyzing these
and other halogenated tyrosines are presented in § 2.2.3.

2.12.6. Hydroxyprolines

Hydroxyproline has long been known to be a constituent of collagen
and gelatin (see Harrington and von Hippel 1961) and thought to be a
constituent of elastin (see Piez 1968). Only recently has it been verified
that peptides obtained from elastin do contain hydroxyproline (Foster
etal. 1973). Until 1962 only the 4-hydroxy derivative had been identified
in collagen, but in that year the 3-hydroxy derivative was also reported
to be present in small amounts (Ogle et al. 1962; Irreverre et al. 1962a).
More recently, 3,4-dihydroxyproline has been found in diatom cell
walls (Nakajima and Volcani 1969).

Hydroxyprolines usually elute before aspartic acid in most analyzer
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systems (e.g. see Spackman et al. 1958 ; Miller and Piez 1966 ; Hamilton
1963). The cis or allo isomers, which are rarely found in proteins, elute
later near the position of threonine; in some systems 3-hydroxyproline
(trans) elutes just prior to methionine sulfoxides, and 4-hydroxyproline
(trans) elutes between methionine sulfoxides and aspartic acid
(Hamilton 1963; Irreverre et al. 1962b; Glimcher et al. 1964). With
a 150 cm column system, 3,4-dihydroxyproline elutes in a position
similar to the trans-3-hydroxyproline (Nakajima and Volcani 1969).

2.12.7. Other derivatives of amino acids

In addition to those derivatives given above it should be mentioned
that many other derivatives have been reported in proteins. A partial
listing of these is given here to make the investigator aware of the types
of derivatives that may play some role in chemical modification
experiments. Some of these derivatives are dehydroalanine {e.g. Girot
et al. 1969), covalently-bound pyruvate (e.g. Wickner et al. 1970),
covalently-bound lipid (Braun and Bosch 1972), e-(y-glutamyl)lysine
(Pisano et al. 1969; Harding and Rogers 1971), y-carboxyglutamic acid
(Stenflo et al. 1974; Magnusson et al. 1974), citrulline (Steinert et al.
1969), pyrrolidone carboxylic acid (Doolittle and Armentrout 1968),
flavin covalently bound to histidine (Walker and Singer 1970),
pantotheine covalently bound to histidine (Vanaman et al. 1968).
Carbohydrate can be covalently attached to asparagine (Hunt and
Dayhoff 1970), serine and threonine (Traub and Piez 1971), lysine
(Braun and Bosch 1972), hydroxylysine (Traub and Piez 1971) and
a-amino groups (Bookchin and Gallop 1968).

2.13. Analysis of carbohydrates in glycoproteins

Many proteins of various types have been shown to be glycoproteins,
which are defined as those proteins containing covalently-bound
carbohydrate. Various neutral carbohydrates (glucose, mannose,
galactose, fucose), N-acetylated hexosamines {N-acetylglucosamine,
N-acetylgalactosamine) and sialic acids {N-acetylneuraminic acid,
N-glycolylneuraminic acid) have been identified in the carbohydrate
moieties of glycoproteins, and the attachment sites have been shown
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to be through the side chains of asparaginyl, seryl, threonyl, hydroxy-
lysyl, hydroxyprolyl and lysyl residues (Spiro 1970; §2.12). Since
carbohydrates in glycoproteins represent highly specific, natural
chemical modifications, and since the carbohydrates may be modified
by certain chemical modifications in the laboratory, it is of value to the
investigator to be able to analyze for the carbohydrates in glyco-
proteins.

2.13.1. Identification of a protein as a glycoprotein

Many glycoproteins (but not all) contain N-acetylhexosamines which
may be converted in about 509 yield to the hexosamines by acid
hydrolysis in 6 N HCl for 24 hr at 110°C (§ 2.1). The hexosamines may
be identified with the analyzer, using either the 15 cm column (elution
between phenylalanine and lysine, Spackman et al. 1958) or the 60 cm
column (elution after phenylalanine, Beckman Technical Bulletin
A-TB-008, 1964). The use of the 60 cm column generally seems prefer-
able, since tryptophan, halogenated tyrosines, etc. are more likely to
interfere with analyses on the short column. Depending on the resin
being used, glucosamine may coelute with phenylalanine on the 60 cm
column unless the buffer change is made at an earlier time than usual.
In one analysis the buffer change was made at 78 min, just before
glycine (elution time, 84 min), and phenylalanine eluted at 164 min,
glucosamine at 174 min and galactosamine at 184 min (DeLange 1970).
Quantitative analysis of hexosamines should be made after cleavage
as described in § 2.13.2.

If a protein does not contain hexosamines, one other test for the
presence of neutral sugars should be made. This can be done by paper
chromatography (Carsten and Pierce 1963; Spiro 1965) or gas
chromatography (§ 2.13.3) after appropriate hydrolysis (§ 2.13.2), or a
simple colorimetric reaction, such as the orcinol method (below), may
be used.

Proteins to be analyzed for hexoses by the orcinol method (Winzler
1955) should be free of extraneous carbohydrate. The protein (2-10 mg)
is dissolved in 0.1 N NaOH (1.0 ml), and a blank of 0.1 N NaOH
(1.0 ml) and a standard of galactose and mannose (0.1 mg of each in
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1.0 ml of 0.1 N NaOH) are also prepared. To all 3 tubes orcinol-H,SO,
reagent (8.5 ml) is added, and the contents of the tubes are mixed. The
orcinol-H,SO, reagent is freshly prepared from 7.5 volumes of
Reagent A (60 ml of concentrated H,SO,, 40 ml of H,O) and 1 volume
of Reagent B (1.6 g of orcinol, recrystallized from benzene, in 100 ml
of H,0). The tubes are capped with glass marbles to minimize evapora-
tion and placed in a water bath at 80°C for exactly 15 min. The tubes
are cooled in tap water, and the absorbances at 540 nm are determined.
For qualitative testing, greater sensitivity may be obtained at 420 nm,
but more substances interfere at this wavelength, and quantitation is
less precise because the color values for the various hexoses differ much
more at the lower wavelength. Sialic acids do not react with orcinol
and hexosamines do not interfere at 540 nm. The optical density is
linear to a total amount of 0.5 mg of hexose. If the protein is colored,
another blank should be run with protein but no orcinol present.

An alternate colorimetric method for hexoses is the anthrone
procedure (Spiro 1965).

2.13.2. Release of carbohydrates from glycoproteins

In order for quantitative analyses to be made of the carbohydrates
present in glycoproteins, it is necessary to cleave the carbohydrate
under conditions where destruction is minimized. Fucose and the
sialic acids are particularly susceptible to destructive reactions, and
this may often necessitate cleavage of the carbohydrate under more
than one condition to obtain quantitative results for all constituents
present. Most methods of cleavage (other than total enzymic hydrolysis,
which is usually very difficult to achieve) (see Spiro 1972) lead to
partial or total loss of the N-acetyl groups. In general higher yields are
obtained if reagents are of high purity (e.g. redistilled HC, if used),
oxygen is excluded, etc. The procedures to be described below may
need to be modified to suit the particular protein being studied. It is
usually recommended that preliminary experiments utilizing varying
times, temperatures, etc., be conducted to determine optimum condi-
tions of release.

Sialic acids can usually be liberated from glycoproteins with 0.1 N
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H,S0O, at 80°C for 1 hr (Spiro 1965). This is probably because of the
terminal positions of these substances in the carbohydrate moieties
of glycoproteins, and the lability of the particular glycosidic bond.
Complex polysaccharides containing sialic acids, may require more
stringent conditions of hydrolysis such as 2 N methanesulfonic acid
in anhydrous methanol (Liu 1972). However, more stringent hydro-
lysis in aqueous media usually leads to greater destruction of sialic
acids. Neuraminidases may also be used to release sialic acids (see
Liu 1972).

The neutral sugars can usually be released from glycoproteins with
1 N HCI (or H,S0O,) at 100°C for 4-6 hr, although in some instances
2 N HCl or longer times may be required (see Spiro 1972). Since fucose
is in terminal positions in the carbohydrate chains of glycoproteins,
and since it is more susceptible to destruction, 0.5 N HCI or shorter
times of hydrolysis will usually improve the yield of this sugar. Fucose
may be determined by a specific colorimetric test (Spiro 1965).

The N-acetylhexosamines can usually be quantitatively released (as
the hexosamines) from glycoproteins with 4 N HCI at 100°C for 6 hr
(Spiro 1972). However, under these conditions the other carbohydrate
components will undergo varying amounts of destruction.

From the comments above it is obvious that no single condition of
cleavage is generally satisfactory for the quantitative release and
recovery of all carbohydrates in glycoproteins. Two procedures are
described below which may be satisfactory for many purposes. In the
first, sialic acids are lost, but the procedure lends itself to the later
formation of the alditol acetates of the neutral sugars and their
analysis by gas chromatography (§ 2.13.3). This is an excellent method
of analysis, since only one product for each sugar is obtained. After
this procedure the hexosamines may also be determined with the
analyzer. In the second procetlure sialic acids are also obtained, but
the methyl derivatives formed are best analyzed after further deri-
vatization which results in more than one peak for many of the
carbohydrate derivatives during gas chromatography (§ 2.13.3).

Method 1 (Kim et al. 1967). The glycoprotein (usually 1-2 mg) is
hydrolyzed for 24 hr with 1.5 ml of 0.25 N H,SO, and 200 mg of
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Dowex 50-X12 (200400 mesh, H* form) with continuous rotation in
an oven at 100°C. Inositol (50 pg; replaces glucose in original method)
and norleucine (25 ug) are added in 0.2 ml H, O as internal standards
(50 ug of galactosamine may also be used if none is present in the
protein). After cooling, the mixture is placed on a small column (e.g.
disposable pipette, 0.6 x 10 cm with a glass wool plug) and washed
with glass-distilled water. The filtrate is adjusted to pH 5.0-5.5 with
saturated Ba(OH),, and the precipitate is collected by centrifugation
and washed with hot H, O twice. The combined washes and supernatant
fraction are passed through another column of Dowex 50, H* (100 mg),
then a column of Dowex 2-X8 (200400 mesh, formate form), and
finally lyophilized to dryness. This fraction (neutral sugars) may be
converted to alditol acetates and analyzed by gas chromatography
(§ 2.13.3). The combined resins from all 3 columns are eluted in a small
column with 10 ml of 6 N HC1. Aliquots (e.g. 5 ml) are taken to dryness
and analyzed for hexosamines by the procedure described in § 2.13.1.
The yield of hexosamine was generally 85-89 % as judged from recovery
of internal standard (galactosamine).

Method 2 (Clamp et al. 1967). The glycoprotein (0.1-0.5 mg),
together with an internal standard (0.05-0.1 mg of D-mannitol), is
refluxed in a 10 ml pear-shaped flask with 1 N HCI (from dry gas) in
anhydrous methanol (2-5 ml) at 80°C (oil bath) for 24 hr. After cooling,
the solution is neutralized with silver carbonate and 0.05-0.1 ml of
acetic anhydride is added to the mixture which is left at room tempera-
ture for 6 hr. This step is to reform the N-acetyl derivatives which are
partially deacetylated during methanolysis. The mixture is filtered ; the
filtrate is evaporated under reduced pressure at 40°C and finally dried
ina vacuum desiccator over P, O, for 12 hr. This carbohydrate material
is suitable for forming the trimethylsilyl derivatives which may be
analyzed by gas chromatography (§ 2.13.3.2) (Clamp et al. 1967).
However, more than one peak for most carbohydrates is obtained. The
recovery of sialic acids is a definite advantage of this procedure.

2.13.3. Analysis of carbohydrates in glycoproteins
Although several systems have been developed for analysis of carbo-
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hydrates in proteins, only 2 will be given here to illustrate 2 approaches
which are rather different despite their common use of gas chromato-
graphy. Other methods, particularly anion exchange chromatography
of the borate-complexes of the neutral sugars, may be of special interest
(see Spiro 1972). The two methods that follow are those used to
analyze the carbohydrates obtained by cleavage as described in
§ 2.13.2 (Methods 1 and 2).

Method I (Kim et al. 1967). The dried filtrate obtained after hydro-
lysis and passage through 3 small columns (Method 1 § 2.13.2) is
redissolved in 0.5 ml of H,0O and treated with NaBH, (5 mg/mg of
monosaccharide) at 4°C overnight. Glacial acetic acid is added to
acidify (to pH 4.5) and destroy excess reagent. The reduced mixture is
passed through a column of Dowex 50 (50 mg, H* form} and rotary
evaporated to dryness. Absolute methanol (3 ml) is added, and the
mixture is heated to 50°C for 30 sec and evaporated to dryness at
room temperature. The treatment with methanol is repeated twice more
to remove borate as methyl borate.

The sugar alcohols from above are acetylated by refluxing at 100°C
for 20 min in 0.3 ml pyridine and 0.2 ml glacial acetic acid. After drying
over NaOH pellets and concentrated H,SO,, the alditol acetates are
dissolved in pyridine (1 ul/10-20 ug of carbohydrate) and 0.3 to 0.5 ul
1s injected for each gas chromatographic run. The instrument used was
a Model 1609 (F +M Scientific Corp., Avondale, Penn.) equipped with
a hydrogen flame detector and a column (0.125 inches by 10 feet) of
Gas Chrom Q (60-80 mesh), precoated with 39, ENCSS-M (Applied
Science Laboratories, State College, Penn.). It was operated at 175°C
with a port temperature of 300°C, a detection temperature of 215°C
and at 45-50 ml/min. Fucose is detected at about 6 min, mannose at
20 min, galactose at 23 min, and glucose at 26 min. For further details
of this system see Laine et al. (1972). The overall recovery of the neutral
sugars was in excess of 859,. The hexosamines are analyzed as
described in § 2.13.2 (Method 1) and § 2.13.1; glucosamine has a color
value 1.02, and galactosamine 0.89 of the average color value for the
long column which is calculated as described in § 2.12.1.1. Sialic acids,
il present, should be analyzed as described below or after milder
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cleavage conditions as described in § 2.13.2. It should be noted that
after methanolysis with 2 N methanesulfonic acid as catalyst and
subsequent saponification, the methoxyneuraminate product can be
analyzed with an analyzer (Liu 1972). Methoxyneuraminate elutes
from the 60 cm column at a volume of about 0.61 that of aspartic acid
and has a color value 58 9/ that of aspartic acid.

Method 2 (Clamp et al. 1967 ; Laine et al. 1972). The dried mixture
of carbohydrates (2-2000 ug of sugar) obtained by methanolysis
(Method 2, §2.13.2) istriturated with pyridine (redistilled) : hexamethyl-
disilazane: trimethylchlorosilane (5:2:1) at room temperature for
30 min. The NH,Cl that forms is settled out,and 1 ul of the supernatant
is injected for gas chromatography. Alternatively, the supernatant may
be dried ina stream of nitrogen and redissolved in CS, for injection. The
instrument used was a F &M Hewlett-Packard 402 gas chromatograph
with flame ionization detectors. It was operated at a nitrogen gas flow
of 35 ml/min with a detector temperature of 280°C. The column
(3 mm x 2 m) contained 39 SE-30 on 100/120 Supelcoport (Supelco,
Inc.), and was operated with a temperature gradient of 150°C to 250°C
with a change of 3°C per min. L-Fucose elutes as 3 peaks at about
4-6 min, D-mannose as 2 or 3 peaks at about 9-11 min, D-galactose as
3 peaks at about 9-11 min, D-glucose as 2 peaks at about 12-13 min,
2-acetamido-2-deoxy-D-galactose as 3 peaks at about 15-17 min,
2-acetamido-2-deoxy-D-glucose as 3 peaks at about 15-18 min and
N-acetylneuraminic acid as 3 peaks at about 25-27 min. In all cases
one or two of the peaks represent the bulk of the material and all
peaks can be assigned with the exception of overlap between some of
the peaks of D-mannose and D-galactose.

2.14. End-group methods

Procedures for the determination of NH,-terminal and COOH-
terminal residues in proteins and peptides can be utilized to assess the
presence and extent of modification of a-amino and a-carboxyl groups
in addition to side-chain modifications. These procedures are especially
useful in pinpointing the exact residues in the sequence which have
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been modified. In many instances this will require cleavage of the
protein to smaller fragments which may then be isolated and examined
by these methods. However, in some instances (see example in § 2.15)
the modified residues are sufficiently close to the ends of the poly-
peptide chain to be determined without cleavage of the protein.

2.15. Sequential degradation and determination of amino-
terminal residues ( Edman degradation)

With the development of automated instruments (sequenators) for the
sequential degradation of proteins and polypeptides from the amino
terminus (Edman and Begg 1967) the problem of identifying modified
residues in proteins has been greatly simplified. However, if the
modified residues are not sufficiently near the amino terminus (usually
within 30 residues), the protein must be cleaved to obtain peptides
containing the modified residues near enough to the NH,-terminal
ends that their identities and positions can be determined. Although
considerable progress has been made in the technology of sequencing
smaller peptides with sequenators, this is not always practical or
possible. The major problem has been the extraction of smaller
peptides into the solvents used to extract excess reagents or the
derivatives of the NH,-terminal residues. For this reason and also
because many investigators do not have access to a sequenator, a
method for degrading peptides manually will be given below. This
method works best for peptides which dissolve in the reagents indicated.
For proteins or even very large peptides, a method such as that
described by Schroeder (1972a) will usually give better results,
especially if more than one degradative step is necessary. Where the
quantitation of only the NH,-terminal residue is desired, the cyanate
method (Stark 1967a, 1972a) can be used in addition to the manual or
automated release of the NH,-terminal residue by the Edman
procedure and its quantitative estimation by gas-liquid chromato-
graphy (see below).

Although it is not within the scope of this treatise to describe the
methodology used with sequenators, an example of their usefulness in
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studying chemical modification will be described. Histones are
modified in vivo by acetylation (also methylation and phosphorylation,
see DeLange and Smith 1971, 1974). In some histones the a-amino
groups are acetylated (in addition to lysine residues) and this precludes
direct examination of the internal sites of acetylation by the Edman
procedure. However, histones I1b2 and 111 have free e-amino groups
and this enabled Candido and Dixon (1972) to examine these histones
(from trout testis) which had been acetylated intracellularly with
14C-labeled acetate. Each residue that was released by the Edman
procedure (using a sequenator) was examined for radioactive material
and it was found that lysyl Residues 14 and 23 (major sites) and 9 and
18 (minor sites) were partially acetylated in histone III and lysyl
Residues 5, 10, 13 and 18 were partially acetylated in histone IIb2. This
type of approach should be applicable to many other studies of chemical
modification.

Manual Edman degradation. Although there are many variations in
procedure that can be used to achieve satisfactory Edman degrada-
tions of proteins and peptides, all of them make use of the same basic
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reactions. In order to repeat this procedure over many steps, it is
important that all reagents and solvents be highly purified (e.g.
sequenator-grade chemicals, Beckman or Pierce Chemical) and that
oxygen or other oxidants be excluded to allow high yields at each step.
One such procedure that has been used in our own laboratory is
described below. It is essentially as described by Peterson et al. (1972).
All reagents are sequenator grade.

The peptide (usually 50-250 nmoles) is dissolved in 100 ul of coupling
buffer (0.4 M dimethylallylamine in 1-propanol:H,O, 3:2 (v/v)
adjusted to pH 9.5 with trifluoroacetic acid) in a 3 ml conical glass
stoppered centrifuge tube. After replacing the air with nitrogen by
briefly evacuating the tube in a desiccator under vacuum and re-
pressurizing with nitrogen, phenylisothiocyanate (5 pl) is added under
a stream of nitrogen and the tube is stoppered as the nitrogen stream is
withdrawn. The tube is mixed and placed in a 50°C heating block for
20 min, after which the contents are dried at 40°C with a stream of
nitrogen (in a fume hood)until the liquid is gone and then in a desiccator
under high vacuum (mechanical pump) for 15 min over CaCl,. After
repressurizing with nitrogen, the dry, derivatized peptide is extracted
under nitrogen with 100 ul and then 50 ul of benzene. The last traces
of benzene are removed with a stream of nitrogen and finally in a
desiccator under high vacuum for 15 min. After repressurizing with ni-
trogen, the derivatized peptide is ready for cleavage as described below.

To the derivatized peptide is added 100 ul of trifluoroacetic acid
under nitrogen, and the tube is stoppered and placed in a heating block
at 50°C for 7 min. The trifluoroacetic acid is evaporated with a stream
of nitrogen at 25-40°C in such a way that a thin film is formed for
several cm up the sides of the tube, and finally in a desiccator under
high vacuum. The dried peptide film is then extracted 3 times with
ether (50-200 ul each depending on the solubility of the peptide). The
ether must be free of peroxides (absence of yellow color 5-10 min after
mixing equal volumes of ether and 4% (w/v) aqueous KI). Storage of
ether over FeSO, crystals and under nitrogen is usually effective in
preventing peroxide formation. The last traces of ether are removed
from the peptide with a stream of nitrogen, and the peptide can be
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stored at this stage until the next degradative cycle is started. If it is
necessary to hydrolyzea sample of peptide for analysis, this is done by re-
moving an aliquot of the peptide after dissolvingit in the coupling buffer.

The combined ether extract (which may be washed with 0.01 N HCI
to remove peptide material) is evaporated to dryness with a-stream of
nitrogen and 50 ul of 1 N HCl is added. After mixing, the thiazolinone
derivative of the NH,-terminal residue is converted to the phenyl-
thiohydantoin by incubation at 80°C (temperature block) for 10 min.
If Asx or Glx residues are expected, 80°C for 3 min may give better
results and for threonine, proline and serine, 50°C for 10 min may be
better (Li and Yanofsky 1972). After cooling, the phenylthiohydantoin
is extracted into ethyl acetate (100-200 pl for each of 3 extractions),
which is then evaporated with a stream of nitrogen. The phenylthio-
hydantoins of arginine, histidine and cysteic acid will usually remain
in the aqueous phase and may be recovered by lyophilization and
dissolving the residue in methanol.

The phenylthiohydantoins may be identified directly by thin layer
chromatography or gas-liquid chromatography (see below). Alter-
natively, they can be hydrolyzed at 140°C in 5.7 N glass-distilled HCl
in vacuo (see § 2.1.2 for other details) in the presence of phenol (1 drop
of 5% phenol in water) to regenerate the amino acid, which can be
identified with an analyzer or by pH 1.9 electrophoresis. The regenera-
tion is not quantitative, and several amino acids, particularly serine
and threonine, are usually destroyed completely.

Thin layer chromatography of phenylthiohydantoins can be carried
out on Eastman K301R plates with fluorescent indicator (Jeppsson
and Sjoquist 1967) or on sheets of Eastman 6060 silica gel (Peterson
etal. 1972).* In either case 2 solvents are used routinely for development,
and if positive identification of the phenylthiohydantoin has not been
made with these systems, other solvents are used (Jeppsson and
Sjoquist 1967). With smaller peptides the use of either Solvent V
(heptane: propionicacid :ethylenechloride, 58:17:25v/v) or Solvent IV
(heptane : n-butanol: 759 formic acid, 50:30:9 v/v) may be adequate
* A useful thin layer chromatography system has been described by Inagami and
Murakami (1972).
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for identification. In other instances it is necessary to develop with
Solvent V first (requires about 1 hr) and, after drying, with Solvent IV
(requires about 2 hr) to give better separations. The sheets are equili-
brated for 30 min in a tank lined with Whatman 3MM paper, which
is saturated with solvent, prior to ascending chromatography in the
same tank. After drying at 100°C for 15 min the phenylthiohydantoins
of tryptophan, tyrosine, asparagine and histidine are slightly yellow
and those of glycine, threonine and serine are slightly pink. These
colors are often helpful in making identifications.

For gas-liquid chromatography of phenylthiohydantoins of amino
acids we routinely use a Beckman GC-65 instrument as recommended
by the manufacturer, but many other instruments can also be used.
The nature of the packing material in the columns is of critical import-
ance, and usually more than one type is required for positive identifica-
tions (see Pisano 1972). Silylation of some of the phenylthiohydantoins
is important in order to obtain a good response and to allow iden-
tification by shifting the elution position (analyses for the phenyl-
thiohydantoins of aspartic acid, glutamic acid, lysine, serine, threonine,
S-carboxymethylcysteine and cysteic acid are all improved after
silylation). Although several solvents can be used, we routinely
dissolve the phenylthiohydantoin in ethyl acetate (usually 20 ul) and
inject 1 ul aliquots. If silylation is necessary, this is usually carried out
directly on the column by injecting 1 gl of the sample which has been
‘sandwiched’ between two 1 ul aliquots of silylating reagent in a
Hamilton syringe. Any sample remaining is usually hydrolyzed with
HCI (see above) to regenerate the amino acid which is identified by
electrophoresis at pH 1.9 or with an analyzer for confirmation. The
phenylthiohydantoin of arginine is usually identified (from the aqueous
phase) by the Sakaguchi reaction after electrophoresis at pH 1.9 (with a
standard). For other details of gas-liquid chromatography of phenyl-
thiohydantoins see Pisano and Bronzert (1969) and Pisano (1972).

2.16. Determination of COOH-terminal sequences

Although the COOH-terminal residues of proteins and peptides may
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be determined after hydrazinolysis (see Fraenkel-Conrat and Tsung
1967; Schroeder 1972a), and it is possible to degrade sequentially
many proteins and peptides from their COOH termini (see Stark
1972b), most COOH-terminal sequence information is derived from
hydrolysis of proteins and peptides with carboxypeptidases. Until
recently, carboxypeptidases A and B were those usually utilized for
this purpose, but recently carboxypeptidase C (citrus leaf, Rohm and
Haas) and carboxypeptidase Y (yeast, see Hayashi et al. 1973) have
been used, since either of these enzymes shows limited variation in the
rates of hydrolysis of various peptide bonds and even hydrolyzes those
bonds involving proline at appreciable rates. This is to be compared
with carboxypeptidase B which hydrolyzes only bonds involving
COOH-terminal lysine and arginine, and carboxypeptidase A which
hydrolyzes bonds involving COOH-terminal hydrophobic residues
much faster than bonds with other COOH-terminal residues. Neither
carboxypeptidase A nor B usually hydrolyzes bonds involving proline
in the penultimate position at appreciable rates. However, the greater
specificity of carboxypeptidases A and B can be used to great advantage
with certain peptides or proteins, and because of this and their
commercial availability (and cheaper price), it is anticipated that
carboxypeptidases A and B will continue to be used at least initially
until it can be demonstrated whether satisfactory results can be
obtained with the more recently introduced enzymes.

Proteins or large polypeptides can be conveniently hydrolyzed with
carboxypeptidases inside dialysis tubing. The released amino acids are
easily collected by removing the dialysate (or aliquots) at prescribed
times. To illustrate how this can be done, the following example is
given.

The protein (0.55 umoles, 22 mg)is dialyzed against 0.1 M NH,HCO,
at pH 8.0 to give a final solution that is 4.0 mg/ml. Carboxypeptidase B
(0.22 mg, treated with diisopropylfluorophosphate (DFP), see below)
is added and after gentle mixing, 1.0 ml is dialyzed against 20 ml of
0.1 M NH,HCO, (pH 8.0) for 30 min at 40°C with stirring of the
dialysate. The remainder of the mixture is incubated at 40°C during
this time, and at the end of the 30 min, carboxypeptidase A (0.18 mg,
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treated with DFP, see below) is added. Four aliquots of 1.0 ml each are
dialyzed separately against 20 ml of 0.1 M NH,HCO; (pH 8.0) at
40°C with stirring for an additional 15 min (sample 1), 1 hr (sample 2),
4-6 hr (sample 3) and overnight (sample 4). At the designated times
the dialysates are frozen and lyophilized until most of the fluffy salt
has disappeared. Each sample is then redissolved in 59 acetic acid
(10 ml) and lyophilized to dryness over P,0Os. This procedure usually
reduces the NH; content of the dialysates to acceptable levels for
amino acid analysis of the basic residues, but the last step (5% acetic
acid) can be repeated several times if NH; levels are found to be too
high. Prior to analysis of the dialysates, it is often advisable to dissolve
each sample in 0.25 ml of H,O and examine 25 ul by electrophoresis
at pH 1.9 to be sure that hydrolysis proceeded satisfactorily. Since
0.1 umole of protein was used for each sample, this is the maximum
amount that can be found upon amino acid analysis of the total sample
for 1 residue of amino acid released. Smaller amounts of material can be
utilized, but if the volume of protein solution is not reduced
appropriately (which makes the dialysis procedure more cumbersome),
the rate of hydrolysis will be slower (this can be advantageous for some
proteins). The purpose of adding the carboxypeptidase B initially was
to determine whether any basic residues released were at the COOH
terminus. With many proteins, carboxypeptidase A alone or carboxy-
peptidase A with carboxypeptidase B added later may be better. The
dialysis tubing should be thoroughly washed (boiling in water for 5 min
is often used) before use and should be handled only with gloves to
prevent contamination with amino acids from sweat, etc. The condi-
tions of hydrolysis (temperature, time, concentration of enzyme, etc.)
may be varied to suit the protein being hydrolyzed. Some proteins may
not be hydrolyzed unless they are denatured, and denaturation may
cause them to be insoluble. However, dissolving the protein in 8 M
urea or 1009 formic acid and dialyzing against several changes of the
NH,HCO; buffer will usually allow satisfactory results to be obtained.
It is very important that carboxypeptidase preparations are free of
endopeptidase activity, since this can lead to erroneous results.
Trypsin and chymotrypsin are the most common endopeptidases
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found in preparations of carboxypeptidases A and B, and they can both
be inhibited by DFP. Carboxypeptidase B is usually stored as a frozen
solution, but carboxypeptidase A is stored at 4°C as a suspension in
water. It is necessary to wash the carboxypeptidase A by pelleting the
protein by centrifugation and resuspending to volume with cold H,O.
This procedure should be repeated once or twice if the preparation has
been stored for more than a few days. Aliquots of the washed suspension
of carboxypeptidase A (e.g. 10 ul containing 200 ug of enzyme) are
treated with 0.1 N NaOH (3-5 ul), and as soon as the protein has
dissolved, it is immediately diluted with 0.1 M NH,HCO; (e.g. 0.4 ml
at pH 8.0). To inhibit any trypsin and chymotrypsin present, DFP
(20 pl of a 1-29; solution in anhydrous isopropyl alcohol) is added, and
the reaction mixture is incubated at 40°C for 1 hr, Carboxypeptidase B
is treated in a similar manner, except that it is not necessary to dissolve
it with NaOH. These solutions of carboxypeptidase may be used in
place of some of the buffer in the hydrolysis mixtures to prevent further
dilution.

For hydrolysis of smaller peptides it is necessary to carry out the
reaction in tubes (e.g. 3 ml conical glass tubes). As an example, a
decapeptide (0.15 umole) was dissolved in 0.25 ml of 0.1 M NH,HCO,
(pH 8.0) containing 50 ug of carboxypeptidase B, treated with DFP
(see above). After 15 min an aliquot of 20 ul was removed and added
to 1 drop of 509, acetic acid, and 0.1 ml of 0.1 M NH,HCO, buffer
containing 50 ug of carboxypeptidase A (treated with DFP as described
above) was added to the reaction mixture. Aliquots of 0.1 ml were
removed at 10 min, 1 hr and 5 hr and added to 2 drops of glacial acetic
acid to stop the reaction. The samples were dried over P,O5 and 1/10
of each was examined by clectrophoresis at pH 1.9. The remainder of
each sample was analyzed on both columns of the analyzer.

Hydrolysis with carboxypeptidase C or carboxypeptidase Y can be
performed in a similar manner to that described above except that a
buffer at pH 5.3-5.5 should be used (0.1 M pyridine adjusted to pH with
glacial acetic acid has been used). We have generally used 300 units of
carboxypeptidase C per 0.1 ml of reaction mixture containing up to
0.1 umole of peptide.
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CHAPTER 3

Modification of protein side-chains:
group-specific reagents

The protein derivatives described in this chapter are in the main used
in amino acid sequence analysis, or for the purpose of determining the
content of a given residue in a protein. For such purposes, quantitative
modification of the residue in question is mandatory. Consequently,
some of the methods described below specify the inclusion of high
concentrations of denaturing agents in the reaction mixtures. This is
not always essential. For certain functional groups, e.g. amino groups,
complete modification is frequently attained with the native protein.

Group-specific reagents have been used extensively for site-specific
modification of native proteins. For such a purpose, the modification
is performed on the native protein (or in a solvent which does not
irreversibly alter the conformation of the protein). The concentrations
of the modifying reagents are generally considerably lower than those
used for the total modification of a given side-chain, and the conditions
of reaction, e.g. pH, temperature, organic solvent concentration, are
suitably chosen, bearing in mind the stability characteristics of the
protein under study. Ch. 4 is devoted to the consideration of the factors
governing site-specific modification with group-specific reagents.

Because of the individual nature of the problems encountered, we
have made no attempt to present detailed methodological information
on site-specific modification. This is available in abundance in the
books and reviews cited in ch. 1.

68
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3.1. Modifications of amino groups

3.1.1. Modifications of amino groups leading to retention of positive
charge

3.1.1.1. Amidination

NHHCL NH-HCL
R-NH; + C,HgO-C—R’ — R:NH-C—R’ + C,HgOH

The selective conversion of the amino groups of proteins to the amidine
derivative proceeds smoothly at mildly alkaline pH. The modification
leads to little alteration in the charge, solubility, and physical properties
of proteins (Ludwig and Hunter 1967; Hunter and Ludwig 1972). The
ease of preparation of imidoesters with a variety of R’ groups has been
of particular advantage in the design of cross-linking reagents for the
study of the subunit structure of oligomeric proteins (e.g. Davies and
Stark 1970), or ribosomes (Bickle et al. 1972). The reagents utilized
for such purpose have included diimidoesters of the general formula

Il\IJH-HCl Il\[lH-HCl
CH;,0-C - R — C—OCH; where R= (CH,),, - where n=1-8

Certain of these reagents are available commercially; all may be
synthesized by the method of McElvain and Schroeder (1949). The
synthesis of an interesting imidoester derivative, methyl-4-mercapto-
butyrimidate has been described by Traut et al. (1973) (see also Perham
and Thomas 1971). This reagent has been applied to the study of
proximity relationships in the ribosome in the following manner. The
amino groups of an intact ribosome are reacted with the imidate
function of the reagent, in the presence of a reducing agent. After
dialysis, the newly introduced SH groups are oxidized with low
concentrations of H,0,. The resulting disulfide-linked proteins are
readily detected on polyacrylamide gel electrophoresis in the presence
of sodium dodecyl sulfate, and may be easily converted to their
constituent proteins by mild reduction.
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A number of studies have been performed with methyl picolinimidate
(Benisek and Richards 1968 ; Plapp et al. 1971) aimed at exploring the
usefulness of the metal-chelating properties of such derivatives in the
preparation of isomorphous heavy atom derivatives of proteins_for
X-ray diffraction studies.

A represéntative amidination procedure is described here. Protein
(10 mg/ml) is dissolved in 0.2 M triethanolamine hydrochloride at
pH 8.5, at room temperature. Immediately before use, ethylacetimidate
hydrochloride is dissolved in the same buffer to give a 0.4 M solution,
and the pH adjusted to 8.5. Equal volumes of protein and reagent
solutions are mixed and the reaction allowed to proceed for 2 hr. The
derivative is isolated by dialysis and lyophilization. If necessary,
reaction may be performed in the presence of 6 M guanidine hydro-
chloride.

Partial regeneration of amino groups takes place on acid hydrolysis.
Hence, residual amino groups in the derivative are most readily
determined by titration with trinitrobenzenesulfonate (§ 3.1.2.3), or
by measuring incorporation of labeled reagent.

The acetamidino group can be removed by prolonged incubation
in concentrated ammonia-glacial acetic acid, 15:1 (v/v), pH 11.3. This

treatment is harsh and reported to modify the protein (Hunter and
Ludwig 1972).

3.1.1.2. Guanidination

® 2]
NH, NH,
H>95 4
R—NH, + H,N—C PRZ23 . g _NH-C + CHzOH
\
OCH3 NH,

Lysyl residues may be converted to the homoarginine derivative by
treatment of proteins with 0-methylisourea at alkaline pH. The degree
of modification is readily assessed by amino acid analysis, as homo-
arginine is stable under the usual conditions of acid hydrolysis (§2.7.2).
a-Amino groups react much more slowly with this reagent than do
g-amino groups. For example, complete guanidination of the lysyl
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residues of bovine pancreatic deoxyribonuclease A was obtained after
96 hr at 4°C in the presence of 0.5 M 0-methylisourea at pH 10.6, with
only 20 %, modification of the a-amino group (Plapp et al. 1971).

In a typical procedure (Kimmel 1967), an aqueous solution of a
protein (10 mg/ml) is mixed at 4°C with an equal volume of O-
methylisourea, adjusted to pH 9.5 with NaOH. The reaction is allowed
to proceed for 4-5 days at 4°C, and is then terminated by dialysis
against ice-cold deionized water. If lysine modification is found to be
incomplete, the reaction may be attempted either at a higher tempera-
ture.(e.g. 25°C), or at pH 10.5-11 at 4°C.

1-Guanyl-3,5-dimethylpyrazole nitrate (Habeeb 1972) has also been
employed for the guanidination of proteins. This reagent shows less
discrimination between «- and e&-NH, groups in proteins than O-
methylisourea.

Guanidination of thiol-containing proteins with 0-methylisourea
will invariably lead to S-methylation of thiols. Banks and Shafer (1970)
have carried outa careful study of the kinetics of this S-methylation.

OCH, o
_ I
H,N—C=NH}+ RS=—=RS—CHj + H,N—C—NH,

Their study shows that while 0-methylisourea guanidinates primary
amino groups at high pH values (e.g. pH 10.5) more efficiently than it
S-methylates thiols, the reverse is true below pH 10. Banks and Shafer
(1972) exploited this observation in demonstrating that the thiol group
at the active site of papain could be selectively S-methylated at pH 7
without concomitant guanidination of lysyl residues.

3.1.I 3. Reductive methylation

Selective alkylation of amino groups can be achieved by exposure
of proteins, in alkaline solution, to low concentrations of formaldehyde
and sodium borohydride. Both a- and g-amino groups are modified.
e-N-Methyllysine, and &-N,N-dimethyllysine, may be readily quanti-
tated after acid hydrolysis (see § 2.12.1.2). The physical properties of
the alkylated protein derivatives are very similar to those of the un-
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~H,0 NaBH
R-NH, + HCHO *:g% R-N=CH, ———"4. R—NH-CHj
2

-H,0 + NaBH

R-NH—CH., + HCHO =—=2—= R-N=CH, ———% R.

3 .0 R r]l CH, R:N(CH,),
CH

3

modified protein (Means and Feeney 1968). The reductive methylation
procedure given below is based on that of Means and Feeney (1968).

Protein (approx. 3 mg/ml) is dissolved in 0.2 M sodium borate
buffer pH 9.0. To 2.0 ml of this solution, at 0°C, is added a 50 ul aliquot
of a freshly prepared solution of NaBH, (40 mg/ml). Five consecutive
increments of 1 ul of 189 (v/v) aqueous formaldehyde solution are
then added at 5 min intervals. At the end of 30 min, the reaction mixture
is transferred to dialysis tubing and exhaustively dialyzed against ice-
cold deionized water at 4°C. The protein derivative is recovered by
lyophilization.

If amino acid analysis shows the lysine modification to be incomplete,
the derivative is redissolved in the pH 9 buffer and the procedure
repeated. Several such cycles may be necessary to achieve maximum
modification of amino groups in native proteins.

If retention of native structure is not desired, the reaction may be
performed in the presence of 6 M guanidine HCIL. Complete alkylation
of amino groups should then be attainable.

Rice and Means (1971) have employed the following procedure to
label a number of proteins and several viruses to specific activities of
about 5 x 10 cpm per mg of protein.

Samples of protein (0.1 mg) are adjusted to pH 9.0 with 0.1 M NaOH,
or 0.2 M sodium borate buffer, pH 9.0, and to a volume of 0.1 ml. To
the ice-cold solution, 10 ul of 0.04 M '#4C-formaldehyde (10 mCi per
mmole) are added. This is followed in 30 sec by 4 sequential additions
of 2 ul of NaBH,, (5 mg/ml). An additional 10 ul of NaBH, solution are
added after 1 min. The reaction mixture is then dialyzed.

Since either *H- or '*C-labeled formaldehyde may be used, the
reductive methylation procedure lends itself to studies requiring a
double label.
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It may be noted that reductive alkylation of proteins with acetal-
dehyde, or acetone, results in the formation of only the corresponding
monoalkyl derivatives of lysine.

3.1.2. Modifications of amino groups resulting in conversion to a neutral
derivative

3.1.2.1. Carbamylation

PH>6

[ i |
HyN-CH—C— + HNCO Hg N—C—NH-—~CH-CQ -

The reaction of proteins with cyanate has been exploited in the
development of a method for the quantitative determination of NH,-
terminal residues (Stark 1967a), as well as in a variety of interesting
structure-function studies exemplified by those of Smyth (1967) on
oxytocin, and Cerami and Manning (1971), as well as Lee and Manning
(1973), on sickle cell hemoglobin. Whereas cyanate reacts with «-NH,,
e-NH,, thiol, imidazole, and phenolic OH groups of proteins, only the
amino group derivatives are stable at alkaline pH.

The reaction is performed by dissolving the protein (10 mg/ml) in
0.5 M borate buffer pH 8.8, containing 4 M guanidine hydrochloride.
Solid KCNO is added to a final concentration of 0.5 M and the reaction
mixture is maintained at 30°C for 24 hr. The mixture is then dialyzed
against 0.005 M NH,HCO,, pH 8.2, and the protein derivative
lyophilized.

The extent ofsmodification can be assessed either by using '*C-
labeled cyanate, or for lysine by determining the homocitrulline content
of the protein after acid hydrolysis. Since homocitrulline is slowly hy-
drolyzed to lysine, the carbamylated protein should be hydrolyzed for
24 and 48 hr, and the values for homocitrulline extrapolated with first
order kinetics to zero time (Plapp et al. 1971; § 2.7.4).

A fully carbamylated derivative of rabbit muscle phosphoglucose
isomerase was utilized by James and Noltmann (1973), both for a
quantitative amino-terminal analysis and for tryptic mapping
experiments. Tryptic digestion of the derivative was restricted entirely
to the arginyl residues.
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It should be noted carbamylation of tyrosyl residues takes place
readily (Smyth 1967; Rimon and Perlmann 1968).

0-C—NH,

il
0
HNCO

—~NH- CH CcOo- —NH- CH CO-

The formation of the carbamyl tyrosine derivative may be monitored
spectrophotometrically at 278 nm (Aed’®"™=1145) (Rimon and
Perlmann 1968). Tyrosine is regenerated slowly in aqueous solution,
the rate of hydrolysis of the derivative is pH-dependent, increasing with
increase in pH. The derivative is rapidly decomposed at near-neutral
pH by M hydroxylamine. The possible use of the carbamyl group as a
readily removable protecting group for tyrosine has been suggested
{Smyth 1967), but not applied to date.

3.1.2.2. Trifluoroacetylation

0 0

Il H 10 |
R—NHy + F3C—C-S—CsHg ————= R—-NH—C—CF3 + CyHgSH

The reversible blocking of amino groups by trifluoroacetylation
provides a means of limiting tryptic digestion to arginyl residues
(Goldberger and Anfinsen 1962 ; Goldberger 1967).

In a typical procedure, protein (25 mg/ml) is dissolved in water and
brought to pH 10 at 25°C by careful addition of base regulated by a
pH-stat. Ethylthioltrifluoroacetate (0.25 ml/25 mg of protein) is added,
and the pH is maintained at 10 by the addition of 1 M KOH. After 1 hr,
additional ethylthioltrifluoroacetate (0.1 ml/25 mg of protein) is added
and the reaction continued for a further 30 min. The pH is then lowered
to 5-6 by the cautious addition of 1 M acetic acid. The protein deriva-
tive is then precipitated by adding the reaction mixture to 4 volumes
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of ethanol at —10°C (Goldberger 1967). The precipitate is collected
by centrifugation, and washed twice with a mixture of ethanol:0.1 M
sodium acetate, pH 5.0 (5:1, v/v). The precipitate is resuspended in the
ethanol-sodium acetate mixture, dialyzed exhaustively against
0.001 M HCL, and lyophilized.

An alternative isolation procedure may be employed if the protein
derivative is partially soluble in the aqueous ethanol. The pH of the
reaction mixture is lowered to 8 by the careful addition of 1 M acetic
acid. The mixture is filtered, and the filtrate, containing the protein
derivative, is dialyzed against 0.01 M potassium phosphate buffer pH 8,
at 4°C, followed by exhaustive dialysis against water, and by lyophiliza-
tion.

[t should be noted that high concentrations of ethanethiol are formed
on the hydrolysis of ethylthiotrifluoroacetate at high pH. Under
alkaline conditions, ethanethiol causes both disruption and rearrange-
ment of disulfide bonds.

A trifluoroacetylation procedure (Levy and Paselk 1973), performed
entirely under non-aqueous conditions, appears to eliminate the side-
reactions involving disulfide bonds. In this procedure, insulin hydro-
chloride (24 mg, 4 pmoles) was dissolved in dimethylformamide (5.0 ml)
(pre-purified by distillation at 0.2 mm Hyg, after refluxing for 2 hr over
calcium hydride), and triethylamine (10 g, 72 umole), and stirred at
24°C for 5 min. Ethylthioltrifluoroacetate (18.4 mg, 120 pmoles)
dissolved in dimethylformamide (1.15 ml) was added to the insulin
solution. The reaction was allowed to proceed for 60 min. The product
was precipitated by the addition of anhydrous ether (40 ml). The
precipitate was isolated by centrifugation, washed with acetone, and
ether, and then dried in a dessicator over P,O4 under high vacuum.

Two procedures have been utilized for the removal of trifluoroacetyl
groups. In the first (Goldberger 1967), the trifluoroacetylated protein
(10 mg/ml) is dissolved in 0.5 ml of 1 M piperidine at room temperature,
the mixture chilled to 0°C, and allowed to stand for 2 hr. Acetic acid
(0.5 M) at 0°C is added to pH 6.0, and the regenerated protein is
recovered by lyophilization after gel filtration, or dialysis. In the second
procedure (e.g. Fanger and Harbury 1965), hydrolysis of the tri-
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fluoroacetamide linkage is accomplished by incubation of the protein
(10 mg/ml) in 0.15 M K,COj; at 25°C for 30 hr. The first procedure
appears less likely to produce side reactions.

3.1.2.3. Trinitrobenzoylation

loy R-NH
R—NHy + 0N NO, 0,N NO, +HSO3

NO; NO2

2,4.6-Trinitrobenzenesulfonate (TNBS) was introduced by Okuyama
and Satake (1960) as a sensitive colorimetric reagent for the determina-
tion of amino groups in proteins and peptides. The absorbance of
TNP-amino acids in the visible region of the spectrum is similar to
that of DNP-amino acids. The reaction of TNBS with proteins
appears to be restricted to a-, and e-amino groups, and sulfhydryl
groups. Under the alkaline reaction conditions the thiol derivative is
unstable. In proteins in which sulfhydryl groups are absent or suitably
blocked, spectrophotometric determination of the kinetics of the
reaction with TNBS provides information both on the content and
reactivity of the amino groups. Since the TNP derivatives are stable to
acid hydrolysis, the spectrophotometric results can be checked by
amino acid analysis.

TNBS readily forms adducts with sulfite, a product of the arylation
reaction (see Means et al. 1972).

R—NH (|> R—NH 0 R—NH
05N NO, \N NO
503

lLs

038
H SO3
NO2

Amax 345 mu Amax 420 mu xmax 403 mu
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The formation of these complexes profoundly affects the visible
spectrum of TNP-amino acids. This complication is resolved in the
spectrophotometric procedure of Plapp et al. (1971) by following
TNP-amino acid formation at 367 nm, the isobestic point for e-
trinitrophenyl-x-acetyllysine and its sulfite complex. The procedure
described by Fields (1971, 1972) exploits the higher extinction coeffi-
cient of the sulfite complex at 420 mpu.

Commercially available preparations of TNBS have been reported
to be of variable quality. TNBS may be recrystallized by suspending
the solid in an equal weight of water and dissolving by heating. HCl is
then added to a concentration of 5 M, and the solution is cooled. The
resulting white crystals are washed on a filter with cold M HCI and
dried over P,O5 in a vacuum (water pump), m.p. 189-192°C. The
product is believed to be the trihydrate (Fields 1971, 1972; Plapp et al.
1971).

The following method for the spectrophotometric determination of
amino groups in proteins with TNBS is based on the procedure of
Plapp et al. (1971).

The protein (2 mg/ml) is dissolved in borate buffer (0.05 M Na,B, 0,
adjusted to pH 9.5 with 0.05 M NaOH). A fresh solution of TNBS
(7.2 mg/ml of water, approx 0.02 M) is prepared. One ml of borate
buffer is placed in a reference cell and 1 ml of protein solution in the
sample cell. A 100 ul aliquot of TNBS is added to each cuvette and the
change in absorbance at 367 nm followed. Generally 14 hr may be
required for complete reaction. The extent of trinitrophenylation may
be calculated on the basis of an e3¢, = 1.1 x 10* M~ 1cm ™. Precise
measurement of the kinetics of the reaction requires thermostatting of
the cells. (It should be noted that the molar extinction coefficient given
above is based on the absorption of a TNP-derivative in an aqueous
solution. A proportion of the TNP groups on a native protein may be
in environments which perturb the absorption spectrum of the TNP
derivative. This may be a source of significant error in the case of
proteins containing numerous lysine residues).

Native proteins may contain amino groups which fail to react with
TNBS under the above conditions. The number of such groups may be
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determined from the lysine content of the trinitrophenylated protein,
and from the residual a-amino groups which can be detectéd by end-
group methods (§ 2.14).

Where desired, complete trinitrophenylation should be attainable
in the presence of high concentrations (4-6 M) of guanidine.

3.1.3. Conversion of amino groups to acidic derivatives

3.1.3.1. Succinylation

The reaction of amino groups with succinic anhydride has been
utilized to dissociate multi-subunit proteins, to solubilize proteins, or
to limit the action of trypsin to arginine residues. More recently,
partial succinylation of multi-subunit proteins has been used to obtain
information about the number and type of subunits present (see Klotz
1967 ; Klapper and Klotz 1972).

In addition to acylating «- and e-amino groups, succinic anhydride
reacts with tyrosyl, histidyl, cysteinyl, seryl and threonyl side-chains.
The tyrosyl derivative hydrolyzes spontaneously at alkaline pH, and
is rapidly decomposed by hydroxylamine at neutral pH. The histidyl
derivative is presumably very labile. The lability of all of the ester
derivatives to hydroxylamine at pH 10 permits preparation of a
protein modified solely on the a- and e-amino groups (e.g. Gounaris
and Perlmann 1967).

If complete selective modification of amino groups is desired, the
reaction should be carried out on a protein derivative in which sulf-
hydryl and disulfide groups have been converted to a stable derivative.
Otherwise, these groups would be exposed to both interchange and
oxidation under the conditions required to cleave succinyl esters.

A suitable protein derivative is dissolved in 5.0 M guanidine
hydrochloride at pH 8.0, and solid succinic anhydride (50 moles/mole
of amino group) is added in small portions to a rapidly stirred solution
at room temperature. The pH is maintained (by means of a pH-stat)
by the addition of M NaOH. When the addition of succinic anhydride
is complete, solid hydroxylamine hydrochloride is added to the reac-
tion mixture to a concentration of 1 M, the pH is adjusted to 10 with
NaOH and the mixture allowed to stand at room temperature for
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60 min. The protein derivative is then isolated either by dialysis or gel
filtration and lyophilized.

Determination of the completeness of lysine acylation is performed
by dinitrophenylation (Fraenkel-Conrat et al. 1955) of the succinylated
protein, followed by acid hydrolysis, and amino acid analysis. Since
e-dinitrophenyllysine is stable to acid hydrolysis, the recovery of
lysine reflects the e-succinyllysine content of the protein.

The presentation by Meighen and Schachman (1970) should be
consulted for details of a general method utilizing hybridization of
native and partially succinylated subunits of proteins for the study of
subunit structure of multimeric enzymes.

3.1.3.2. Reversible modification of amino groups with maleic anhydride
and similar reagents

0 0 0
/C_CH - R—NH—(l',!‘~CH + —o_(l'l;_CH
R-NHp+0 || —OHZ_ TR M RNHT T
protein SCH O_E#CH 2¥ protein O_ﬁ_CH
0 0
N—maleylated protein maleic acid
OH™
H,0

Procedure (Butler et al. 1967, 1969; Butler and Hartley 1972): The
protein is dissolved in a non-reacting buffer (e.g. 02 M phosphate,
pH 9.0) to give a final protein concentration of about 5-10 mg/ml
If complete reaction with all amino groups in the protein is desired, it
may be necessary to add a denaturing agent, such as 8 M urea or 6 M
guanidinium chloride in the buffer. The solution is cooled in ice to
0-2°C and is maintained at this temperature throughout the reaction.
This can be done simply by placing a beaker with the protein in it, in a
crystallizing dish, containing ice water, which is placed on a magnetic
stirrer.

Solid maleic anhydride (preferably purified by sublimation or by
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recrystallization from chloroform) is added in small aliquots to the
protein solution which is stirred and maintained at pH 8.5-9.0 by the
manual or automatic (pH stat)addition of4 N NaOH (or solid Na,CO,
if dilution is undesirable). The maleic anhydride dissolves slowly under
these conditions, and the rate of addition of the aliquots is governed by
the rate of disappearance of the solid material in the reaction mixture.
The final concentration of added reagent (assuming no reaction)
should generally be 0.03 to 0.10 M, but preliminary studies should be
made to determine the minimum amount of reagent that will give the
desired degree of modification; this should minimize the reaction of
the reagent with seryl and threonyl residues (see below). When the lack
of base uptake indicates the end of the reaction (usually about 5 min
after the last addition of reagent), the protein is dialyzed against an
alkaline buffer (pH 7.0 or higher) that is suitable for the types of
studies to be made on the maleylated protein. Acidic buffers will lead
to demaleylation (see below).

The total number of maleyl groups incorporated into the protein
can best be determined with radiolabeled reagent. Estimates can also
be made spectrophotometrically by dissolving the protein in
0.1 N NaOH and using the molar extinction values of 3360 (g, s,) and
308 (e;30) for the maleylamino group. However, some maleyl
groups may be present as esters of seryl and threonyl residues, and
these esters have smaller molar extinction coefficients (see Butler
and Hartley 1972). The presence of these esters may be ascertained by
observing the loss of radiolabel or a change in electrophoretic migra-
tion (see King and Perham 1971) after treating the maleylated protein
with 0.5 M hydroxylamine hydrochloride at pH 8.3-8.4 for 18 hr at
room temperature. Under these conditions N-maleyl groups are
stable, but O-maleyl groups are removed. If Asn-Gly bonds are
present in the protein, these may also be cleaved by hydroxylamine
(see Bornstein and Bollan 1970).

The maleylated "protein can be demaleylated at acid pH. Near
maximal rates are obtained at pH 3.0-3.5 but in some studies a higher
pH and a longer time may be preferable. Any O-maleyl groups must
be removed with hydroxylamine (see above). A convenient procedure
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for carrying out the demaleylation step is to dialyze the protein against
a buffer at pH 3.0-3.5 (e.g. 0.01 to 0.1 M pyridine, adjusted to pH with
acetic acid) at 3740°C for an appropriate time. (The half-time for
demaleylation at 37°C and pH 3.5 is 11-12 hr.) After the appropriate
degree of demaleylation is reached, the protein can be dialyzed under
those conditions found to be most favorable for renaturation of the
protein. An alternative method for demaleylation (must be used if the
protein has been hydrolyzed with trypsin or other proteases) is to
lower the pH of the reaction mixture to 3.0-3.5 by adding acetic acid
(buffer may also be added) and stirring it at 37-40°C for the appropriate
time. A few drops of toluene or other agent to inhibit growth of
microorganisms may be added. Proteins or peptides may become
insoluble during demaleylation, but this has not been found to affect
the rate or extent of demaleylation.

Comments: The reversibility of the modification of amino groups in
proteins by maleic anhydride makes this an excellent tool for various
types of studies including {a) modification of lysyl residues in proteins
to limit tryptic cleavage to the COOH side of arginyl residues, (b)
studies on the effect of making proteins less positively charged or more
negatively charged, {c) dissociation of aggregated systems such as
proteins with subunits, (d) study of the reassembly of aggregated
systems, () solubilization of proteins or peptides with limited solubility,
(f) protection of amino groups from modification with other reagents.
Succinylation may be preferable if removal of the maleyl groups is not
necessary.

The unprotonated amino group is evidently the reactive species in
the maleylation reaction. Therefore, it should be possible to obtain
some degree of specificity for a-amino groups by utilizing a lower pH
for the reaction (e.g. pH 7.0 to 7.5). The pK, of a-amino groups is
usually lower than the pK, of e-amino groups. The pH used in the
maleylation procedure (pH 8.5-9.0) usually gives the maximum rate of
modification of e-amino groups. At higher pH the effective rate of
maleylation is decreased by the competing reaction in which maleic
anhydride is hydrolyzed to maleic acid. The reaction can also be
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carried out at higher temperatures,and the reagent can be added as a
solution in dioxane (see Butler and Hartley 1972).

Other functional groups are also modified by maleic anhydride, but
the products formed with the imidazole nitrogens of histidyl residues
and the phenolic groups of tyrosyl residues are unstable and rapidly
break down to regenerate these residues. Only the products formed
with amino groups, cysteinyl residues (if present) and the hydroxyl
groups of seryl and threonyl residues are stable. Although the reaction
is obviously non-specific, it can be made operationally specific by
converting cysteinyl residues to reversibly-modified derivatives (e.g.
disulfide or the S-sulfo derivative, see § 3.8.7, § 3.8.8, § 3.8.10) prior to
the reaction, and removing O-maleyl groups after the reaction with
hydroxylamine (see above). S-succinylcysteine is the product obtained
by alkylating cysteinyl residues with maleic anhydride (§ 3.8.9.2). This
derivative is stable to acid hydrolysis and can be determined with an
analyzer (§2.5.7).

In some studies it may be preferable to use a reagent other than
maleic anhydride for the reversible modification of amino groups.
Table 3.1 lists several of these and compares some of their properties
with those of maleic anhydride. All of the derivatives listed in Table 3.1
are less stable at acid pH, than those from maleic anhydride and some
are significantly unstable at pH values below 8.5. In some studies the
greater instability of these derivatives may be an advantage, but in
any studies where purification of the modified protein (or peptides) is
required, the use of maleic anhydride is advised. It should be noted that
2 of the reagents give isomeric products which can sometimes be
troublesome. The hexahydrophthalic anhydride reagent may prove
useful in modifying proteins with free cysteinyl residues, since this
reagent was reported not to alkylate cysteinyl residues.

The removal of added substituents from amino groups, formed with
these reagents, depends on the presence of a protonated carboxyl group
specifically oriented to participate as an intramolecular catalyst of the
hydrolytic reaction. In 3 of the reagents the specific orientation is a
result of the cis-configuration of the groups about the carbon—carbon
double bond, and in the other 2 reagents the specific orientation is
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TABLE 3.1

Reversible modification of amino groups in proteins by acid anhydrides*.

Maleic anhydride CH-CO Half-life of e-N-maleyllysine is
ehco-° 11 hr at pH 3.5 and 37°C
2-Methylmaleic (citraconic) CH 3—C—CO\ Two isomeric e-N-acyl derivatives
anhydride** ‘ HC—CO™ of lysine are produced, differing
in pK,. These have a half-life of
approximately 20 min at pH 2
and 20°C
2,3-Dimethylmaleic CH3-C—CO._ The e-N-acyl derivative of lysine
anhydride** 0 has a half-life of less than 3 min
CH3—C—CO

at pH 3.5 and 20°C

Exo-cis-3,6-endoxo-A*- co Two isomeric e-N-acyl derivatives
tetrahydrophthalic anhy- \O are formed at the same rate.
dride? Ve These have a half-life of 4-5 hr

co at pH 3 and 25°C

Exo-cis-3,6-endoxo-A*- co Half-lives of derivatives are the
hexahydrophthalic anhy- @( \O same as for those obtained with
dride’ S the tetrahydrophthalic anhy-

co dride. This reagent does not

alkylate sulfhydryl groups
F ,C— N . .
Tetrafluorosuccinic € CO\O e-N-acyl derivative is rapidly
anhydride* F,c—CcO0~ hydrolyzed at pH 9.5 and 0°C

* Both a- and ¢-NH, groups are modified. Acyl derivatives of tyrosine formed by these
reagents hydrolyze spontaneously under mild alkaline conditions. Small amounts of
stable acyl derivatives of serine and threonine are formed. These can be quantitatively
decomposed by treatment with 1 M NH,OH at pH 8.2 at 25°C for 2 hr. The olefinic
reagents alkylate sulfhydryl groups with the formation of stable derivatives.

** Dixon, H. B. F. and R. N. Perham (1968) Biochem. J. 109, 312.

' Riley, M. and R. N. Perham (1970) Biochem. J. 118, 733.

1 Braunitzer. G.. K. Beyreuther, H. Fujiki and B. Schrank (1968) Z. Physiol. Chem.
349, 265.
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produced by the arrangement of the carboxyl groups adjacent to each
other on the hydrophthalic ring.

3.2. Modifications of arginine

Several procedures are available for the modification of arginine
residues. A partial list of reagents for derivatization of arginine would
include butanedione (Yankeelov et al. 1968), phenylglyoxal (Takahashi
1968), malondialdehyde (King 1966) and nitromalondialdehyde
(Signor et al. 1971). None of the procedures are ideal since the first
two reagents yield products which at present are incompletely
characterized while the conditions of derivatization with malondial-
dehyde and nitromalondialdehyde require strongly alkaline condi-
tions.

Two important motivations exist for the modification of arginine
residues. The first would be to restrict the sites of proteolytic digestion
by trypsin to lysine residues. The second would be to determine the
potential functional importance of an arginine residue in the mode of
action of a given protein. The best reagents for the latter purpose are
2,3-butanedione and phenylglyoxal.

3.2.1. Butanedione reaction with arginine

Yankeelov et al. (1968) have reported that the trimer of 2,3-butanedione
(I) as well as the dimer (II) are the reactive forms of this reagent.
Reaction conditions for the exhaustive modification

0
II
CH3-C ><c CH3 OH
CHj CH4 o
CH CH
CH3 3 3
1

of protein arginine with trimeric 2,3-butanedione involve incubation
of the 0.4 M reagent I and protein at 25°C in 0.5 M phosphate buffer
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(pH 7.0) for 48 hr. The synthesis and structure of the derivative formed
have not been reported but whatever its nature, it does not regenerate
arginine upon acid hydrolysis.

Since the reagent readily reacts with amino groups at the relatively
high concentrations required for complete derivatization of the protein,
protection of the ¢-amino group is essential if specific cleavage by
trypsin at lysine residues is desired. A possible method of protection
prior to derivatization with compound I would involve citraconylation
of the lysine residues prior to reaction.

Riordan (1973) has reported that the monomer of 2,3-butanedione
inactivates carboxypeptidase as effectively as the trimer. One interest-
ing feature of his study is that a 0.05 M borate buffer enhances the rate
and possibly affects the distribution of products formed from both
monomeric and trimeric butanedione when compared with a 0.05 M
veronal buffer at the sample pH. He has attributed this specific buffer
effect to the formation of a cyclic borate ester following the initial con-
densation of the guanidinium group with 2,3-butanedione as indicated
in eq. (3.1). The conditions of modification with butanedione used by
Riordan (1973) involved incubation of the protein at pH 7.5 at 20°C for
15-60 min at concentrations of butanedione ranging from 2.2 x 10~ *M
to 7.5x 1072 M.

R
CHy |
\ NH,, NHO
=0 \ I o
| + C—N—{CH,}3~C-C-0
=0 7
/ HN  H
CHs (3.1)
' ) CHy H g
H NH 3 N AH
O O N K I'? o BOy HOSCT ™\ L ,0
B | _SC=N(CHg)g=G=C-0" et |0 [ JC=N=(CHylg=G-CX
_o/ \O—F——H H CH/ ~N 0-
CHgy 3 H
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3.2.2. Phenylglyoxal reaction with arginine

Phenylglyoxal was first introduced as a protein modification reagent
by Takahashi (1968). The product obtained with either arginine or
N-acetyl arginine contains two moles of phenyl glyoxal per mole of
amino acid. The precise structure of the derivative formed has not been
determined but two suggested structures with N-acetyl arginine are
indicated below. Whatever the structure of the product, arginine is not
regenerated by acid hydrolysis. Further, the product is unstable even
at slightly alkaline pH’s. For example, 66%, of the phenylglyoxal
derivative of arginine is regenerated after 48 hr upon incubation at
25°C in 0.1 M N-ethylmorpholine acetate buffer, pH 8.0.

o9

@ @T I
| @

N N-CH-

NS

¢ o

HO

As a general procedure for the modification of proteins by phenyl-
glyoxal, Takahashi (1968) suggested reacting a 0.3 to 39 solution
of phenylglyoxal with the protein in 0.2 M N-ethylmorpholine
acetate buffer pH 8.0 at 25°C. Under these conditions, N-a-dinitro-
phenyl arginine completely reacts in 20 hr. An important side reaction
which limits the usefulness of phenylglyoxal as a modification reagent
is its ability to deaminate free amino acids and the N-terminal amino
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group of peptides. Further, the lability of the phenylglyoxal derivative
of arginine in alkaline solution requires mildly acidic conditions to be
employed if the isolation of peptide containing the modified arginine
residue is desired.

3.2.3. Nitromalondialdehyde reaction with arginine

The products formed by nitromalondialdehyde have been charac-
terized (Signor et al. 1971). Thus N-acetylarginine reacts with nitro-
malondialdehyde to yield a nitropyrimidine derivative as indicated
below in eq. (3.2.).

?
NH
JCHO  HN( | ©
ON-C7  +  C-N-CHy—CHp—CH,—C-C-0~
CHO  HyN
(3.2)
R

N 1
H NH 0
O,N N--CHy—CHy—CH,—C—C
AN e
{ )

Since the optimum pH range for the reaction is between pH 12 and 14,
the usefulness of nitromalondialdehyde is restricted to denatured
proteins.

To modify the S-carboxymethylated B chain of insulin, Signor et al.
(1971) added about 3.0 mmoles of the peptide dissolved in 1.0 ml of
1 M NaOH to 1 ml of water containing 10 mg of nitromalondialdehyde
(70 mmoles). After 2 hr at 0-5°C excess modification reagent was
removed by gel filtration using 509, formic acid as eluent.

Arginine residues modified by nitromalondialdehyde are resistant
to tryptic digestion. However, reduction of the derivative by sodium
borohydride yields tetrahydropyrimidyl compounds which are
susceptible to hydrolysis by trypsin. Modification by nitromalondial-
dehyde thereby permits the restriction of tryptic digestion to lysine
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residues but yet would allow the further tryptic cleavage of the
resulting peptides after reduction with sodium borohydride.

3.3. Modifications of carboxylgroups

The two reactions most commonly employed for the modification of
protein carboxyl groups have been acid-catalyzed esterification
(Wilcox 1967), and coupling with nucleophiles mediated by a water-
soluble carbodiimide. The latter reaction has been exploited widely in
the determination of the carboxyl group content of proteins as well as
in studies of carboxyl group function, and would at present appear to
be the reaction of choice for these purposes.

The following method has been described by Carraway and
Koshland (1972) for the determination of carboxyl group content of
proteins. The protein (10 mg/ml} and glycinamide HCI (1 M) are
dissolved in guanidine hydrochloride (6 M). The pH is adjusted to
4.75 with 1 M HCl using a pH stat, and sufficient solid ethyldimethyl-
aminopropylcarbodiimide is added as a solid to bring its concen-
tration to 0.1 M. The pH is maintained by the automatic addition of
M HCL The reaction is terminated after 1 hr by the addition of an
excess of | M sodium acetate buffer at pH 4.75 which reacts with excess
carbodiimide. The residual reagents are removed by exhaustive
dialysis. All traces of free glycinamide must be removed. The modified
protein is then subjected to amino acid analysis. The difference in
glycine content of the protein before and after modification represents
the carboxyl group content. This procedure offers considerable
flexibility in the choice of nucleophile. For instance, norleucine, or
taurine, or '*C-labelled glycinamide or glycine methyl ester may be
employed in the place of glycinamide.

It should be noted that the carbodiimide reacts with both sulfhydryl
and tyrosyl OH groups as well as with carboxyl groups. Tyrosine can
be regenerated by treatment of the derivative with 0.5 M hydroxylamine
at pH 7 and 25°C for 5 hr. Successful regeneration of thiol groups has
not been reported.

The reduction of carboxyl groups and their reaction with diazonium
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salts, isoxazolium salts, triethyloxonium fluoroborate, have all been
exploited to a limited extent. These reactions are discussed in the
reviews listed in ch. 1.

3.4. Modifications of histidine

Reagents capable of modifying the histidyl residue with complete
specificity are not available to date. Reaction with a-haloacids and
amides at near neutral pH offers the best approach to the modification
of histidine in native proteins. In a protein such as insulin, which
contains neither methionyl nor cysteinyl residues, reaction with
iodoacetate at pH 5.6 leads to the formation of a derivative in which
the sole modification is the N-carboxymethylation of two histidyl
residues (Covelli et al. 1973).

Alkylation of histidyl residues leads to derivatives substituted on
either the N-1 or N-3 imidazole nitrogen, as well as to the disubstituted
derivative (Crestfield et al. 1963 ; Heinrikson et al. 1965).

NH, '1\sz
~CH,—CH-COOH ~CH,—CH-—-COOH
N N\ _N N
X" “CH,COOH HOOCCH,”
1—carboxymethylhistidine 3—carboxymethylhistidine
s
~CH,—CH—-COOH

N W
HOOCCH, ~& CH,COOQH

1, 3—dicarboxymethylhistidine

When an unusually reactive histidyl residue, for example at the
active site of an enzyme, is alkylated, the reaction tends to be strictly
stereospecific, as observed in ribonuclease (Crestfield et al. 1963) or
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carbonic anhydrase (Bradbury 1969), and only one of the above
derivatives is generally formed. However, alkylation of histidyl residues
in denatured proteins gives rise to all three products, as does alkylation
of native proteins with large excess of reagent (Harris and Hill 1969).
In such cases, any histidyl residue may give rise to unequal amounts of
derivatives substituted on either of the imidazole nitrogens.

The alkylation of methionine is pH-independent, while that of
histidyl, cysteinyl and lysyl residues is pH-dependent, the rate reflecting
the concentration of the unprotonated protein nucleophile.

Dye-sensitized photooxidation (Ray 1967 ; Westhead 1972) has been
employed successfully in a number of cases (e.g. Forman et al. 1973} to
obtain selective destruction of histidy! residues.

Other reagents which have been used for the modification of histidyl
residues in proteins include 1-fluoro-2,4-dinitrobenzene, diazonium-
1H-tetrazole (see Andres and Atassi 1973), iodine (Covelli and Wolff
1966; Wolff and Covelli 1969), N-bromosuccinimide, ethoxyformic
anhydride (Melchior and Fahrney 1970), and bromoacetone (Beeley
and Neurath 1968). These reagents appear to offer little advantage over
alkylation with a-haloacids, or dye-sensitized photo-oxidation. Indeed,
some are far less specific.

3.5. Modifications of methionine

Reagents reactive solely toward the methionyl side-chain in native
proteins have not been described to date. Selective conversion of the
thioether to the sulfoxide derivative by photosensitized oxidation has
been reported in a protein devoid of free thiol groups. The selective
photosensitized oxidation employed methylene blue or hema-
toporphyrin as sensitizers, and aqueous acetic acid (30-90%, v/v), or
acidic buffers at pH 2-6.5, as solvents (Scoffone et al. 1970). Anaerobic
photo-oxidation in 4 M aqueous acetone has been reported to lead to
the same result (Gennari and Jori 1970). Methionine can be regenerated
from the sulfoxide by incubation with thiols (59{ aqueous f-mercapto-
ethanol at pH 8.0, for 24 hr under N, ; Jori et al. 1968).

The reaction of iodoacetic acid and iodoacetamide with proteins at
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pH< 4 is limited to cysteinyl and methionyl residues. Methionine
is converted to methionyl sulfonium salts which give a number of
products upon acid hydrolysis, thus complicating the quantitation of
the extent of derivative formation (§5.3.2.2). The most direct way of
estimating methionine sulfonium salt is by performic acid oxidation
(§ 3.2.5.1 and § 3.8.1). Methionyl residues are converted to the sulfone,
while methionyl sulfonium salts give rise to several decomposition
products which do not include methionine sulfone (Goren et al. 1968 ;
Naider and Bohak 1972; §5.3.2.2).

Naider and Bohak (1972) have found that incubation of sulfonium
salts with thiols leads to the regeneration of methionine. Complete
recovery of methionine was obtained upon incubation of the S-
carboxyamidomethylmethionyl sulfonium salt with 0.12 M mercapto-
ethanol at pH 8.9 for 24 hr at 30°C. In contrast, the S-carboxymethyl-
methionyl sulfonium salt is regenerated to only a minor extent under
these conditions.

Parenthetically, it may be noted that the S-carboxyamidomethyl-
methiony! residue may be used as a site of cleavage of the polypeptide
chain (in a reaction analogous to that obtained with CNBr) by boiling
in water for 2 hr (Tang and Hartley 1967, 1970).

3.6. Modifications of tryptophan

The reagents employed for the selective modification of tryptophan all
react with cysteinyl residues. Hence, either modification or protection
of these residues is necessary, and is assumed in the subsequent discus-
sion.

Recently, 2-(2-nitrophenylsulfenyl)-3-methyl-3-bromoindolenine
(BNPS-skatole) has replaced N-bromosuccinimide, which had been
used frequently in earlier studies. At low reagent to protein tryptophan
ratios, in 509, aqueous acetic acid, BNPS-skatole reacts selectively
with tryptophan residues converting these to the oxindole derivative.
Methionine is concommitantly converted to the sulfoxide. At high
concentrations of reagent, slow selective cleavage (to the extent of
15-60%) of the peptide bonds involving tryptophany! residues is
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obtained. The experimental details concerning the preparation and use
of this reagent are discussed by Fontana (1972). Various nitrobenzyl-
halides have been widely used for the modification of tryptophan as
well as for the determination of the content of this amino acid in
proteins (Horton and Koshland, 1972). The reaction of these com-
pounds with tryptophan and its derivatives gives rise to complex
mixtures of products (Horton and Koshland 1972; Heinrich et al.
1973). Other procedures which have been applied to the modification
of tryptophan include ozonolysis in anhydrous formic acid containing
resorcinol (Previero et al. 1967a) giving rise to the N-formylkynurenine
derivative, and proflavine-sensitized photooxidation in 98-100%; acid
(Scoffone et al. 1970).

Two apparently highly selective procedures have been developed
in recent years: formylation and sulfenylation.

3.6.1. Formylation of tryptophan

~NH3 ~NHy
CH,—CH CHy—CH-
©:jr “COOH  HCOOH/HCL @\ | COOH
N N

H |

The procedure outlined below, based upon the description of
Previero et al. (1967b) has been used successfully, with minor variations
for the selective modification of tryptophan residues in lysozyme
(Previero et al. 1967b), trypsin (Coletti-Previero et al. 1969), cyto-
chrome ¢ (Aviram and Schejter 1971), and thioredoxin (Holmgren
1972).

Protein (10-20 mg) is dissolved in 1 ml of formic acid (98-100 %) and
1 ml of formic acid saturated with HCl is added. The mixture is
incubated in a glass-stoppered tube at room temperature. At 20 min
intervals, 50 ul aliquots of the solution are pipetted into 2.5 ml of
8 M urea-0.05 M sodium acetate, pH 4.0, and the absorbance at 298 nm
determined. (ey for 1-formyltryptophan in 8 M urea at pH 4 is 4880.)
Hence, the degree of modification can be calculated from the total
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change in absorbance at 298 nm and the known concentration of
protein). When no further change in absorbance at 298 nm is observed,
the reaction mixture is diluted 5-fold with ice-cold water, and dialyzed
against water at 4°C. The modified protein is then recovered by
lyophilization.

{-Formyltryptophan is stable up to pH 7 at room temperature.
The decomposition of the derivative back to tryptophan at alkaline pH
forms the basis of the deformylation procedure. The protein derivative
(approx. 5 mg/ml) is dissolved in 0.05 M NH,OH-NH,C], pH 9.5,
containing 6 M guanidine hydrochloride. After incubation at room
temperature for 16 hr, the protein is dialyzed and lyophilized.

3.6.2. Sulfenylation of tryptophan
The reaction of arylsulfeny! halides with proteins at pH < 3.5 is limited

to the cysteinyl and tryptophanyl residues (Fontana and Scoffone
1972), as illustrated below for 2-nitrophenylsulfenyl chloride (NPS-CI).

CHSH ?Hz—s—sQ
_NH-CH_CO— + —— ~NH-CH-CO~ )
CHy—CH_ CH e N
Hop— —
N N
H H @

In proteins devoid of —SH groups, or those in which these groups
have been alkylated or otherwise modified (§ 3.8), the reaction is
restricted to tryptophanyl side-chains.

The protein (10 mg/ml) is dissolved in either water or 5% acetic acid.
NBS-Cl (4 moles per mole of tryptophan) dissolved in glacial acetic
acid is added, with vigorous stirring, to give a final acetic acid concen-
tration of 25 9. After 6 hr in the dark at room temperature the reaction
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is terminated by passage of the mixture through a column of suitable
size of Sephadex G-25 equilibrated with 30 ¢/ acetic acid. The protein-
containing fractions are pooled. Measurement of the absorbance at
365 nm permits the calculation of the concentration of the NPS-
tryptophan derivative present (e355=4000 L. mole ™' cm™!; Scoffone
et al. 1968), while the protein concentration is determined on an
appropriate aliquot by amino acid analysis. The extent of sulfenylation
is then calculated from the relative concentrations of the protein and
the NPS-derivative in the fraction.

Site-specific sulfenylation of tryptophan residues in egg-white
lysozyme has been attained by either limiting the amount of reagent, or
modifying the reaction conditions. Thus, Trp-108 is the major site of
modification upon addition of one equivalent of 2-thio-(2-nitro-4-
carboxyphenyl)sulfenyl chloride to lysozyme in 25% acetic acid
(Veronese et al. 1972). Specific modification of Trp-62 was attained in
approximately 8 hr by the addition of 5 consecutive portions of solid
NPS-CI (10 pmole for each ml of reaction mixture) to a solution of
lysozyme (0.5 umole/ml) in 0.1 M sodium acetate at pH 3.5 (Shechter
et al. 1972). In both cases, the protein derivative was separated from
other products, and unreacted enzyme by ion-exchange chromato-
graphy.

It may be noted, parenthetically, that a novel reaction of NPS-Cl]
with the thioether bonds linking the heme to cytochrome ¢ leads to
quantitative release of the heme (Fontana et al. 1973).

—NH—CIIH—CO—~ r—NH—(llH—CO— —NH—(lleCO~
CHy CH, CH
sl, NPS--CL o | |
1 66% acetic acid Sl—S—C5H4 NO, = 5—5-CgH;NO,
CH3-CH CHy—CH
N—H N—H
— — @
HyC H3C J CH3—CH
N—H
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3.7. Modifications of tyrosine

Modification of tyrosyl groups in proteins has been performed with
acetylimidazole (Riordan and Vallee 1972a), N-bromosuccinimide
(Spande et al. 1970), cyanuric fluoride (Gorbunoff 1972), diazonium
compounds, such as diazonium-1H-tetrazole (Riordan and Vallee
1972b), tetranitromethane (Riordan and Vallee 1972c), and iodine (or
other iodinating reagents). In each case, the specificity of these reagents
towards tyrosyl side-chains is far from complete. In native proteins,
selective modification may be achieved with any one of these reagents
as a consequence of the microenvironment of a given residue. Clearly,
this is not predictable in advance.

The two most widely utilized procedures for tyrosine modification,
nitration and iodination, are discussed below.

3.7.1. Nitration of tyrosine

o—

o—
N NO,

] + CINOy)y —— + CI(NOg)3 + HF
7

Nitration of tyrosyl residues with tetranitromethane (TNM) is now
one of the most frequently attempted modification reactions for native
proteins (see Riordan and Sokolovsky 1971 for a review and references).
The mechanism of this reaction has been examined by Bruice et al.
(1968), who propose the following scheme :

0yNXCgH O™
charge-transfer
XCgH40™ + TNM === =———————= [XCgH 0+ NO,'| + CINO,}3
a4 complex rate-determining [XCeHa 2l niirovf%)}ramate
step XCgH4O "+ NOy'  hion

NOy' + XCgH 40 === XCgH40 - + NO7
nXCgHg O  ~coupling products

Awareness of this reaction sequence is of importance to the inter-
pretation of the results of the reaction of TNM with proteins.
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The potential advantages of selective nitration of tyrosyl residues
in native proteins are numerous. The reaction is performed under mild
conditions, giving rise to a 3-nitrotyrosyl derivative (pK' ~ 7), which in
the acid form absorbs intensely at 350 nm. Hence, the nitrotyrosine
content may be readily determined spectrophotometrically, as well as
by amino acid analysis (§ 2.2.3). The absorption spectrum of 3-nitro-
tyrosine is highly sensitive to solvent polarity and exhibits significant
optical activity in the long wavelength absorption band. Consequently,
nitrotyrosyl residues can be utilized as indicators of conformational
change, or of interactions of proteins with other macromolecules or
small molecules (e.g. Kirschner and Schachman 1973). Any perturba-
tion in the pK, of nitrotyrosyl residues is readily determined spectro-
photometrically.

3-Nitrotyrosine is readily reduced to 3-aminotyrosine by low
concentrations of sodium hydrosulfite (Na,S,0,). The pK, of the
phenolic group in the latter derivative (pK'=10.1) is similar to that of
tyrosine — OH, while the pK, of the 3-amino group is 4.7. Reduction
permits, therefore, a distinction to be made between the effects of the
initial nitration reaction, due to the perturbation of the pK, of the
phenolic — OH, and those due to steric hindrance or conformational
change resulting from the presence of a substituent on the phenolic
ring. The 3-aminotyrosyl residue offers opportunities for selective
reaction based upon the low pK, of the aromatic amino group (e.g.
Cuatrecasas et al. 1969; Kenner and Neurath 1971), and metal ion
chelation.

The awareness of the many advantages of this modification reaction
should be matched by the knowledge of the numerous side-reactions
observed to result from the reaction of TNM with proteins. In addition
to nitration of tyrosine, the following side-reactions have been reported
in several (but not all) proteins studied: (1) inter- and intramolecular
cross-linking, (2) oxidation of sulfhydryl groups to a variety of products,
(3) oxidation of methionine, (4) modification of tryptophan and
histidine, (5) modification of prosthetic groups. It is apparent therefore
that a successful application of TNM to the selective modification of
tyrosine is achieved in those cases where an unusually rapid reaction
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occurs with specific residues, owing to some factor such as complex
formation with the reagent, or, where much effort and care is given to
the purification and characterization of a homogeneous component
from a complex mixture of products (e.g. Cheng and Pierce 1972).

As expected from the reaction scheme shown above, the rate of
nitration is strongly pH dependent. Some representative results
obtained with carbonic anhydrase are shown in Fig. 3.1. It should be

pH 10.2

Residues of nitrotyrosine per molecule of protein

o L | il

50 100 150

Time of reaction (min.)
Fig. 3.1. Reaction of human carbonic anhydrase B with tetranitromethane. The reaction
mixture contained 5 ml of 0.3% protein and 25 ul of tetranitromethane, buffered at
pH 7.1 with 0.1 M sodium phosphate, or at pH 8.4 and 10.2 with 0.1 M Tris-H,S0,.
(Data from Dorner 1971).
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noted that conformational change in response to alteration in pH is
commonplace in native proteins and that the rate and extent of a
chemical modification reaction may well be strongly influenced by
this factor.

A procedure applicable to the nitration of a native protein is out-
lined below.

The protein (2-4 mg/ml) is dissolved in 0.1 M potassium phosphate
buffer, pH 7.5, containing 1073 M EDTA. A 0.15 M solution of TNM is
prepared in 959 ethanol, and 20 pl is added per ml of protein solution
(final TNM concentration 0.003 M). After 60 min at room temperature
the reaction is terminated by the addition of 50 ul of I M mercapto-
ethanol, followed immediately by exhaustive dialysis against 19
NH,HCO, at 4°C. The dialysis removes excess TNM and the
colored nitroformate anion, which is a product both of the nitration
reaction and of decomposition of the reagent. The dialyzed protein
derivative is lyophilized.

The visible absorption spectrum of a solution containing a known
concentration of nitrated protein is measured in a solution buffered
at pH 9.0, and the absorbance at the maximum (near 428 nm) used to
calculate the nitrotyrosine content (g4,4,, for the nitrophenoxide ion
is 4200). The tyrosine and nitrotyrosine content of the modified protein
should also be determined by amino acid analysis. If the sum of these
values does not add up to the tyrosine content of the unmodified
protein, intra- or intermolecular cross-linking may have occurred. The
amino acid analysis may also reveal whether other side-reactions have
taken place. Particular attention should be paid to the half-cystine,
cysteine, methionine, histidine and tryptophan contents of the modified
proteins. Polyacrylamide gel electrophoresis in the presence of sodium
dodecyl sulfate offers a rapid and highly sensitive way of detecting
products of intermolecular cross-linking, Such products are readily
removed by gel filtration.

It should be recognized that variations in pH, TNM concentration,
or reaction time, from those given above, may be required to produce
the desired degree of substitution in a particular case.

Some recent interesting applications of nitration may be found in the
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work of Piszkiewicz et al. (1971), Dorner (1971), Hugli and Stein (1971),
and Cheng and Pierce (1972).

3.7.2. lodination of tyrosine

The iodination of proteins has long been a very popular modification
reaction. This reaction, performed under mild conditions, has been
applied to such varied ends as the detection of side-chains at the
catalytic sites of proteins, investigation of the relative reactivity of
tyrosyl side-chains, and the introduction of heavy atoms in connection
with X-ray diffraction studies. The availability of two radioactive
iodine isotopes, *2°I with a half-life of 56 days, and '3!I with a half-life
of 8 days, has been very extensively exploited in the preparation of
hormone derivatives of high specific activity for radioimmunoassay
and receptor studies.

The reaction of proteins with HOI, generated either from triiodide,
iodine monochloride, iodine plus chloramine T, etc., may involve a
number of side-chains. In native proteins, halogenation of tyrosine
takes preferentially, with the formation of the 3-iodo- and 3,5-diiodo-
tyrosyl derivatives — histidine is halogenated less readily to give the
1-iodo- and 3-iodohistidyl derivatives as well as diiodohistidine. In
certain cases (see Glazer 1970), reaction with thiol groups leads to the
formation of ‘stable’ sulfenyl iodides (RSI). In addition to these
substitution reactions, oxidative reactions involving methionyl,
cysteinyl, and tryptophanyl side-chains may also take place. The sub-
stitution reactions predominate at alkaline pH, the oxidative ones at
acid pH.

For procedures for non-enzymatic iodination of proteins, most
frequently carried out with iodine monochloride, reference should be
made to the lucid treatment by Roholt and Pressman (1972).

Recently, application of lactoperoxidase-catalyzed iodination has
taken precedence over non-enzymatic procedures. The enzyme-
catalyzed reaction is reported to occur through the formation of an
enzyme-substrate complex between the protein substrate and lacto-
peroxidase. No detectable free I, is formed by lactoperoxidase, and
selectivity in attaining jodination of surface tyrosine residues in
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proteins without oxidative side-reactions is believed to be high.

The method described by Morrison and Bayse (1970) for the
enzymic iodination of tyrosine can be readily adapted to the modifica-
tion of proteins. The reaction mixture contains, in order of addition,
L-tyrosine (8.1x107* M), KI (1.0x10™* M), lactoperoxidase
(7.4 x 10~° M), in 0.05 M K-phosphate buffer, containing 1 x 107> M
EDTA, at pH 7.4. The iodination is initiated by the addition of H,0,
to a concentration of 1.0 x 10™* M. The specific activity observed for
lactoperoxidase under these conditions was 1.05 x 10* moles of L-3-
iodotyrosine per min per mole of enzyme at 25°C. At pH 7.4, the rate of
enzymatic conversion of L-3-iodotyrosine to L-3,5-diiodotyrosine was
0.34 that of monosubstitution (Morrison and Bayse 1970). The desired
level of iodination can be attained by successive equimolar additions
of KI and H,O, to the reaction mixture. In this manner, only a low
concentration of H, 0O, is maintained, minimizing oxidation reactions.
The concentration of lactoperoxidase may be calculated from the
millimolar extinction coefficient of 114 at 412 nm, while the concentra-
tions of stock H, O, solutions may be determined from the absorbance
at 230 nm and a molar extinction coefficient of 72.4 (Phillips and
Morrison 1970).

When radioactive iodine is to be used, it should be purchased as
Na!23 |, free of carrier, or reducing agents. Picogram quantities of
radio-iodine labelled proteins can be detected readily.

Hormones, iodinated by the lactoperoxidase procedure to high
specific activity, show retention of biological activity superior to that
observed for preparations labelled by non-enzymatic methods
(e.g. Frantz and Turkington 1972).

A micro-scale iodination procedure has been described by Thorell
and Johansson (1971). The reaction is performed in an 11 x 55 mm
polystyrene tube at 22°C, and the reactants mixed continuously with
a magnetic stirrer. The reagents and polypeptides are dissolved in
0.05 M sodium phosphate buffer, pH 7.5. Na'?* I (carrier-free, without
reducing agent) is diluted with the buffer to an activity of ~0.1 mCi/ul.
The reactants are added in rapid succession in the following order and
amounts: 0.5-1.8 mC Na 251 (8-15 pl), 5 pug (25 ul) of the polypeptide



Ch. 3 MODIFICATION OF PROTEIN SIDE-CHAINS 101

or protein to be labelled, 4 ug (1.5 ul) lactoperoxidase, 1 ul 0.88
mM H,O,. The reactants are mixed for 30 sec, after which the contents
of the tube are diluted with 500 ul of 0.05 M sodium phosphate buffer,
pH 7.5, and immediately transferred to a column of Sephadex G-50
Fine (1 x 15 cm), equilibrated with 0.075 M sodium barbital buffer,
pH 7.5, (The column is presaturated by the passage of 1 ml ofa 19
solution of bovine serum albumin). The first peak of radioactivity is
collected and after addition of 0.5 ml of 1 ¢ bovine serum albumin per
ml it is stored at —20°C.

For the determination of specific activity, an aliquot of the reaction
mixture is transferred to a small dialysis tubing and dialyzed for 1 hr
at 4°C against two changes of 1000 m! 0.05 M phosphate buffer, pH 7.5,
containing ~5 g of Amberlite Resin IRA 401. The radioactivity of the
reaction mixture is measured before and after dialysis. For a number of
proteins, over 809 of the iodine added appears to be covalently bound
to the protein.

A water-insoluble lactoperoxidase, linked to CNBr-activated
Sepharose beads, capable of iodinating serum albumin, is commercially
available (Worthington Biochemical Corp.), and may be useful where
avoidance of contamination of the product by the enzyme is important.

The quantitative determination of iodotyrosine and iodohistidine
content of proteins can be performed as described in § 2.2.4 and § 2.8.2
after complete enzymic digestion. These derivatives are not stable
under the usual conditions of acid hydrolysis.

An alternative procedure for labelling proteins to high specific
activities by acylation with a '?*I-containing reagent has been de-
scribed by Bolton and Hunter (1973).

3.8. Modifications of sulfhydryl and disulfide groups

The half-cystine residues of many proteins are present in the form of
disulfide bridges. Some proteins contain both sulfhydryl and disulfide
groups. Since sulfhydryl groups are readily oxidized, and since
disulfide interchange complicates the determination of half-cystine
pairing in proteins containing several disulfide bonds, it is customary
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to convert the half-cystine residues to stable derivatives prior to under-
taking chemical studies. The most generally accepted approach is the
reduction of the disulfide bonds and subsequent modification of the
resulting SH groups. Complete reduction of disulfide bonds in proteins,
in general requires unfolding of the molecule, and, hence is performed
in presence of denaturing agents such as urea, guanidine, or sodium
dodecyl sulfate.

The remainder of this chapter deals, in the main, with the prepara-
tion of a number of derivatives of the cysteinyl residue; such as the
acidic compounds, cysteic acid, S-carboxymethylcysteine, S-sulfo-
cysteine, and the S-sulfenylthiosulfate of cysteine, the basic deriv-
ative S-aminoethylcysteine and S-carboxamidomethylcysteine. Pro-
cedures are also presented for the application of N-ethylmaleimide,
p-mercuribenzoate, 5,5 -dithiobis(2-nitrobenzoate), and azobenzene-2-
sulfenyl bromide to the spectrophotometric determination of sulfhydryl
groups.

3.8.1. Modification by performic acid oxidation

Treatment of proteins with performic acid leads to the oxidation of
cysteine and cystine residues to cysteic acid residues (Sanger 1949).
Methionine residues are quantitatively converted to the sulfone (Hirs
1956), and tryptophan undergoes oxidative destruction (Toennies and
Homiller 1942; Benassi et al. 1965). Other amino acids are not
modified, provided that precautions are taken to avoid chlorination
(Thompson 1954; Hirs 1956), or bromination (Sanger and Thompson
1963) of tyrosine residues. Cleavage of peptide bonds does not occur
on performic acid oxidation at low temperature.

The procedure described by Moore (1963) is the method of choice
when performic acid oxidation is employed for the quantitative
determination of the half-cystine plus cysteine content of proteins.
This procedure is described in detail in §2.5.1. The yield of cysteic acid
is 94+29%; and that of methionine sulfone 100 +29;.

A widely used procedure for the preparation of oxidized protein
derivatives for amino acid sequence analysis has been described by
Hirs (1967). A somewhat different procedure, used successfully in our
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laboratory for a number of years, is as follows: Performic acid is
prepared by the addition of 1 ml 309, H,0, to 9 ml of formic acid
(98 to 1009;) at room temperature. The mixture is allowed to stand
for 2 hr and is then cooled to 0°C. The reagent is then added to
lyophilized protein in a precooled container, to give a final protein
concentration of 19, After 18-24 hr at 0°C, the reaction mixture is
diluted with an equal volume of ice-cold water, and transferred to
dialysis tubing. Dialysis is performed against two changes of 100
volumes of water at 0°C, and finally against 100 volumes of 1073 M
mercaptoethanol, at 0°C. The protein derivative is then lyophilized.

3.8.2. Reduction and carboxymethylation (or carboxamidomethylation)

The following generally applicable procedure is based on the method
of Crestfield et al. (1963), and has been widely used with minor varia-
tions for the past ten years.

To 5 to 100 mg of protein in a 10 ml glass-stoppered centrifuge tube,
maintained under a nitrogen barrier, is added 3.61 g of deionized
crystalline urea, 0.30 ml of EDTA solution (50 mg of disodium EDTA
per ml), 3.0 ml of Tris buffer, pH 8.6 (5.23 g of Trisand 9 ml of 1.0 N HCI
diluted to 30 ml with water), and finally 0.1 ml of mercaptoethanol.
The solution is made up to a 7.5 ml mark with water, and deaerated
by flushing with nitrogen for several minutes. The tube is then stoppered
and allowed to stand at room temperature (22-25°C) for 4 hr, after
which a freshly prepared solution of 0.268 g of recrystallized iodoacetic
acid in 1.0 ml of 1.0 N NaOH is added. The iodoacetate used is slightly
less, on a molar basis, than the amount of mercaptoethanol. The
sulfhydryl groups of cysteinyl residues react most rapidly, and since
the excess iodoacetate reacts faster with mercaptoethanol above pH 8
than with thioether sulfur, alkylation of methionine is kept to a
minimum. The three equivalents of Tris per equivalent of iodoacetate
keep the solution more alkaline than pH 8.3. Both the alkylation reac-
tion, and the subsequent isolation of the protein derivative should be
performed in the dark to prevent the formation of iodine. The protein
derivative may be recovered by lyophilization, following gel filtration
or exhaustive dialysis.
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Reduction with dithiothreitol (DTT). The use of DTT, in place of
mercaptoethanol, has gained wide acceptance. The reduction proceeds
essentially to completion at low levels of DTT, because of the thermo-
dynamically favored formation of a 6-membered ring. The equilibrium
constant at pH 7 and 25°C for the reduction of cystine by DTT is 104,
as compared to approximately 1 for mercaptoethanol (Konigsberg
1972).

A representative procedure, patterned upon that employed for the
complete reduction and alkylation of a yG immunoglobulin (Waxdal
et al. 1968), is given below.

A 10-20 mg/ml solution of protein in 6 M guanidine hydrochloride,
0.5 M in Tris chloride, and 0.002 M in EDTA, at pH 8.1, is placed in a
glass-stoppered centrifuge tube. The solution is flushed with nitrogen,
the tube closed tightly, and placed in a 50°C water-bath for 30 min to
denature the protein. Dithiothreitol (50 moles/mole of disulfide in the
protein, or if this is not known, 300 moles/mole of protein) is added,
the tube flushed briefly with nitrogen and maintained at 50°C for 4 hr.
The solution is then cooled to room temperature, and an aqueous
iodoacetic acid solution (2-fold molar ratio to the DTT added
previously) is added. The pH is monitored, and, if necessary maintained
at 8.1 by the addition of 1 M NH,OH. After alkylation for 20 min, in
the dark, the reagents are removed (also in the dark) by rapid dialysis
against ice-cold water, or by passage through a column of Sephadex
G-10, equilibrated with 0.01 M NH,HCO,, at pH 8.1.

In both of the above procedures, iodoacetamide may be substituted
on an equimolar basis for jodoacetic acid with no alteration in reaction
conditions,

S-Carboxymethylcysteine is readily determined by amino acid
analysis following acid hydrolysis under the usual conditions (§ 2.5.3).
The occurrence and extent of any alkylation of lysyl, histidyl, or
methionyl residues would be revealed at the same time (§2.5.10, 2.7.1,
2.8.1).

3.83. Carboxyethylation of SH
Free S-carboxymethylcysteine, or S-carboxymethylcysteine at the
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N-terminus of a peptide, undergoes intramolecular cyclization in acid
solution to yield 3-oxo-(2H, 3H, 5H, 6H-14-thiazine)-5-carboxylic
acid (Bradbury and Smyth 1973), which is ninhydrin-negative.

(I:ONHR (‘:ONHR
/CH\ /CH\
Hy N CH, HN CH,
| > | | + H,0
HOOC\ /S OC\ /S
cH, CH,

Such cyclization reactions have also been reported for the S-
carboxamidomethyl derivative, and for the N-ethylmaleimide adduct
of cysteine.

The rate and extent of this reaction depend upon the temperature
and pH. S-carboxymethylcysteine cyclized most rapidly at pH 3.0 -
only 34 % remaining after 16 hr at 110°C in 0.2 M sodium citrate buffer.
Under the usual conditions of acid hydrolysis for amino acid analysis,
e.g. 6 N HCl, 110°C, 18 hr, S-carboxymethylcysteine was stable
(§ 2.5.3).

Bradbury and Smyth (1973) advocate the use of 3-bromopropionic
acid in the place of iodoacetic acid, or its amide, in the alkylation
reaction. S-carboxyethylcysteine was found to be completely stable at
acid pH, and could be readily quantitated by amino acid analysis
(§ 2.5.3). The half-life of the reaction of the SH-group of cysteine
(2 umoles/ml) with 3-bromopropionate (200 gumoles/ml) at pH 8 and
30°C was approximately 10 min. Under the same conditions, the reac-
tion of cysteine and iodoacetate was found to be virtually instantaneous
(Bradbury and Smyth 1973).

3.84. Aminoethylation of SH

CHy
Resh+ | e —PHBE R chyCHoNH,
~
CH,
This modification is generally performed to introduce new points for
tryptic cleavage within the polypeptide chain (Lindley 1956; Raftery
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and Cole 1963, 1966). Trypsin cleaves peptide bonds involving
residues of S-(B-aminoethyl)cysteine which is an analogue of lysine;
cleavage is much slower than for bonds involving lysyl or arginyl
residues.

In principle, reduction and aminoethylation of disulfide-containing
proteins, after modification of lysyl and arginyl side chains, should
lead to a derivative which can be selectively cleaved by trypsin at
S-aminoethylcysteinyl residues. Such a sequence of reactions has been
applied to a y-globulin (Slobin and Singer 1968).

Protein (25 mg) is dissolved in 5 ml of fresh 8 M urea (or 6 M
guanidine HCI} in M Tris-HCI buffer, pH 8.9, containing 75 ul of
2-mercaptoethanol. After 2 hr at room temperature under a N,
barrier, 150 ul of ethylenimine are added, and the alkylation allowed to
proceed for 2 hr under N,. (The completeness of the alkylation reaction
may be assessed by assaying for the absence of free thiol. One drop of
the reaction mixture is mixed with a drop each of 109, w/v sodium
nitroprusside solution and 1 M NH; solution. A negative reaction is
indicated by absence of significant purple color.) The completely
alkylated reaction mixture is dialyzed, first against 100 volumes of
1% NH,HCO;, and then against distilled water. The protein deri-
vative is recovered by lyophilization. Prolonged exposure of the reac-
tion mixture to acidic conditions, prior to the removal of the excess
ethylenimine, should be avoided. Significant alkylation of methionine
can occur under such conditions (Schroeder et al. 1967). Some
alkylation of the a-amino group may be observed (Shotton and
Hartley 1973), particularly if the alkylation reaction is allowed to
proceed for a prolonged time in the presence of a large excess of
ethylenimine.

The S-aminoethylcysteine content of the protein derivative can
readily be determined following acid hydrolysis of the protein under
the usual conditions, and amino acid analysis (§ 2.5.4).

3.8.5. Trimethylaminoethylation of cysteine

The cysteinyl residue may be converted to a strongly basic derivative,
4-thialaminine, by alkylation with (2-bromoethyl)trimethylammonium
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a 2]
?HQSH CH4Br Br CH,
sl @B
HOOC—CH-NH, + CHa»l}J—CHZ—CH2~Br = GHy=S—CHy—CHp—N-CHg + HBr
CH, HOOC~-CH-NH, CHy

4—thialaminine

bromide (Itano and Robinson 1972).

The virtues of this modification reaction lie in the very high stability
of 4-thialaminine under conditions of acid hydrolysis, and the ready
solubility of a number of trimethylaminoethylated proteins in aqueous
solution.

For complete alkylation of half-cystine residues, after the DTT
reduction procedure described in § 3.8.2.1, (2-bromoethyl) trimethyl-
ammonium bromide is added in a 3-fold molar excess over the DTT
concentration. After reaction for 24 to 48 hr under nitrogen, at room
temperature, the protein derivative is desalted either by gel filtration,
or exhaustive dialysis, and lyophilized.

The 4-thialaminine content of the protein derivative is determined
by amino acid analysis after acid hydrolysis (§ 2.5.6).

2.8.6. Reduction and selective S-methylation

Conversion of half-cystine residues in proteins and peptides to the
S-methyl derivatives is advantageous in subsequent studies of amino
acid sequence. Under the usual conditions of acid hydrolysis (§ 2.1),
S-methylcysteine is recovered in a 907, yield (Heinrikson 1971). The
phenylthiohydantoin of S-methylcysteine is readily identified by
routine thin layer chromatography procedures (Rochat et al. 1970).
With the increasing use of the sequenator, PTH-S-methylcysteine
offers a marked advantage over derivatives such as PTH-cysteic acid,
or PTH-carboxymethylcysteine, which have to be identified by
special techniques (Edman 1960, 1970). S-methylcysteinyl residues
provide a new point of cleavage for cyanogen bromide (5).

The procedure described below is taken from a detailed publication
gl Heinrikson (1971).

Lyophilized or crystalline protein (10 to 50 mg) is dissolved in 5 ml
of a solution at pH 8.6 containing 6 M guanidine hydrochloride, 0.25 M
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Tris, 3.3 mM disodium EDTA, and 259 (v/v) of acetonitrile. (The
organic solvent must be included to ensure solubility of the reagent,
methyl-p-nitrobenzenesulfonate.) The solution is flushed with nitrogen,
and a 50-fold molar excess of f-mercaptoethanol over the half-cystine
content of the protein is added under a nitrogen barrier. The tightly
closed vessel is then incubated at 50°C. After 1 hr, the reduction mixture
is cooled to 37°C, and 0.5 ml of a solution of methyl-p-nitrobenzene-
sulfonate in acetonitrile is added under a nitrogen barrier. The amount
of methylating agent added is in a 2-fold molar excess with respect to
the mercaptoethanol. After incubation for 2 hr at 37°C, the clear
yellow solution is treated with 5 gl of mercaptoethanol and dialyzed
exhaustively against distilled water. The protein derivative tends to
precipitate during dialysis and is recovered by lyophilization.

Under the above conditions, the modification is totally restricted to
sulfhydryl groups (Heinrikson 1971).S-methylcysteine is quantitated
by amino acid analysis after acid hydrolysis (§ 2.5.5).

3.8.7. S-Sulfonation

In the presence of catalytic amounts of cysteine, or p-mercapto-
ethylamine, and oxygen, sodium sulfite converts the half-cystine and
cysteine residues of proteins to the S-sulfonate derivatives.

503"

R-S—S—R R-S-SO3 + RS~

(0]

The S-sulfo derivative is stable at neutral and acidic pH. Sulfitolysis
has been employed as a mild procedure for the cleavage of disulfide
bonds in multi-chain proteins, as a preliminary to polypeptide
fractionation, and also to provide a protective blocking group for the
cysteinyl residue. The S-sulfo derivative is readily reduced back to the
thiol by the addition of sulfhydryl compounds, e.g. f-mercaptoethanol.

The following sulfitolysis procedure is based upon the work of
Chan (1968).

Protein (2-5 mg/ml) is dissolved in 0.1 M Tris chloride buffer,
pH 8.0, containing 8 M urea (or 6 M guanidinium chloride), 2 x 1074 M
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p-mercaptoethylamine, and 0.05 M Na,SO,. The mixture is stirred
gently at room temperature for 1 hr, and then dialyzed exhaustively
against distilled water. The derivative is then lyophilized.

The completeness of the reaction is best assessed by employing
Na, **SOs, of known specific activity, and determining the incorpora-
tion of radioactivity into the protein (Chan 1968).

Chan (1968) describes the following procedure for the regeneration
of free thiol groups.

The S-sulfonated protein (1 mg/ml) is dissolved in 1 M Tris chloride
buffer (pH 7.5) containing 4 M urea, and f-mercaptoethanol is added
to a final concentration of 0.7 M. The mixture is incubated for 2 hr at
25°C, and then dialyzed against a buffer solution, appropriate to those
further manipulations to which the protein is to be subjected.

3.8.8. Conversion to the S-sulfenylsulfonate derivative

The high reactivity of sulthydryl groups imposes serious limitations on
attempts to modify selectively other amino acid residues in proteins
containing cysteinyl residues. The reversible blocking offree sulfhydryl
groups in native proteins with tetrathionate offers one solution to this
problem:

protein—SH + S,05 <===R—-§-5-507 + 5,03 + H'

An illustration of this approach may be seen in the studies on
streptococcal proteinase (Liu 1967). The activity of this enzyme is
dependent upon the presence of a free sulthydryl group. The active
form of the enzyme was first converted to the inactive S-sulfenyl-
sulfonate derivative. Treatment of this derivative with a chemically-
reactive substrate analogue, a-N-bromoacetylarginine methyl ester,
resulted in the alkylation of a single histidine residue. The sulthydryl
group of the modified enzyme was regenerated by reduction, however,
this did not restore enzymatic activity, thus providing presumptive
evidence for the involvement of both a cysteinyl and a histidyl residue
in the active site of this enzyme.

This method of reversible modification of sulfhydryl groups has also
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proved very useful in minimizing autolysis and proteolysis during
purification of sulfhydryl proteases and, also, of other proteins from
extracts containing high concentrations of sulfhydryl dependent
proteolytic enzymes.

Protein (I umole) is dissolved in 5 ml of 0.02 M sodium phosphate
buffer at pH 7.0,0.001 M in EDTA, and 35 mg of sodium tetrathionate
(Na,S,0¢-2H,0). After 60 min at room temperature, the reaction
mixture is passed through a Sephadex G-25 column (approx.
1.5 x 40 cm) equilibrated with 0.02 M phosphate, 0.001 M in EDTA at
pH 7, to remove excess reagent. The thiol groups may be regenerated
by adjusting the pH to 7.6, adding fi-mercaptoethanol to a concentra-
tion of 0.1 M and incubating at 37°C for 15 min. If prolonged storage
of the S-sulfenylthiosulfate protein derivative is desired, this should be
done in the presence of 0.001 M sodium tetrathionate.

It should be noted that the formation of a stable sulfenylthiosulfate
is a phenomenon observed with native proteins (Pihl and Lange 1962).
When simple thiols such as cysteine are reacted with an excess of
tetrathionate, S-sulfocysteine is formed (Inglis and Liu 1970). If thiol is
in excess, the sulfenylsulfonate can react with a second molecule of
thiol to form a disulfide.

Inglis and Liu (1970) have developed a procedure for the quantitative
determination of cystine and cysteine in acid hydrolyzates of proteins,
dependent upon the quantitative conversion of cysteinyl residues to
S-sulfocysteine, and subsequent quantitation of this derivative by
amino acid analysis (§ 2.5).

3.8.9. Addition of thiols to activated double bonds
3.8.9.1. Spectrophotometric titration with N-ethylmaleimide (NEM )

CH,SH CH-CO~_ CHy—S — (llH—CO\
/
*HaN  coo~
S— {ethylsuccinimida)—cysteine

The spectrophotometric procedure requires freshly prepared stock
solutions of NEM (1.25x 10~ ? M) in either 5 M guanidine hydro-
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chloride, or in 2 9] sodium dodecyl sulfate, in 0.1 M sodium phosphate
buffer at pH 7.0, and a stock protein solution (approximately
5% 107* M) in the same solvent as the NEM. The following solutions
are then prepared.

A: 2.0 ml NEM solution + 0.5 ml solvent

B: 2.5 ml solvent

C: 2.0 ml NEM solution +0.5 m! protein solution

D: 2.0 ml solvent +0.5 ml protein solution

The absorbancy (A;) of solution A (sample cell) versus solution B
(reference cell), and the absorbancy (A ,) of solution C versus solution D,
are then determined in 1 cm pathlength spectrophotometer cells. The
reaction with denatured proteins is generally rapid and complete
within 10 min under the conditions specified here. Lack of further
change in absorbance over an additional period of 10 min indicates
that the reaction is indeed complete.

The &y at 305 nm for NEM is 620 whereas S-(ethylsuccinimido)-
cysteine does not absorb at this wavelength. Hence, the sulfhydryl titer
is given by the following relationship.

As—A
sulfhydryl concentration = -_6152“ moles/liter

3.8.9.2. Other applications of N-ethylmaleimide and related compounds

Although NEM has been largely superceded as a spectrophotometric
titrant for thiol groups, the reagent offers other useful features. Upon
acid hydrolysis, S-(ethylsuccinimido)-cysteine gives rise to S-succinyl-
cysteine (more precisely, 2-amino-2-carboxyethyl-mercaptosuccinic
acid), which is stable to acid hydrolysis and can be quantitated by
amino acid analysis (§2.5.7). Ethylamine, the other product of the hy-
drolytic cleavage of the derivative,can likewise be quantitatedby amino
acid analysis (§2.5.7). Since this product arises also from the hydrolytic
cleavage of NEM itself, such quantitation is nseful only after complete
removal of excess reagent by exhaustive dialysis, or gel filtration, before
subjecting the derivatized protein to acid hydrolysis. It should be noted
that complete conversion of S-(ethylsuccinimido)-cysteine to S-
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succinyleysteine requires 72 hr of hydrolysis in 6 N HCI at 110°C
in vacuo (Smyth et al. 1971 ; Guidotti and Koningsberg 1964).
Parenthetically, it should be noted that the reaction of maleic
anhydride with sulfhydryl-containing proteins also leads to the
formation of S-succinylcysteine derivatives, by the reaction sequence

R—SH + CH-CO_ R—S—CH-CO —_ H,0 R-5-CH-COOH
/O —_ /0 — + |
CH-CO CH,—-CO CH,COOH

NEM is not completely specific for sulfhydryl groups. Reaction with
amino groups occurs readily in native proteins. Formation of such
derivatives would be detected by a comparison of the yield of S-
succinylcysteine and ethylamine, or by the appearance of N-¢-succin-2-
yl-lysine, or N-succin-2-yl-histidine (Holbrook and Jeckel 1969) upon
acid hydrolysis of the modified protein (cf. ch. 2).

Radioactive reagents, such as '#C-ring labeled NEM (see, for
example, Klee and Gladner 1972), or N(N'-acetyl-4[>°S]-sulfamoyl-
phenyl)maleimide (Holbrook and Pfleiderer 1965; Holbrook and
Jeckel 1969) have been employed to tag specific residues in proteins
and facilitate purification of peptides containing these residues.

The colored derivative, N-(dimethylamino-3,5-dinitrophenyl)-
maleimide (DDPM) (Witter and Tuppy 1960) has been used to label
cysteinyl residues in several proteins. Purification of peptides in-
corporating this derivative has been facilitated in several instances by
their strong adsorption to talc (Witter and Tuppy 1960; Gold and
Segal 1964, 1965). It should be noted that the DDPM derivative of
N-acetylcysteine exhibits an €444, of only 3000(Gold and Segal 1964),
ie. it is a relatively weak chromophore in the visible region of the
spectrum,

Derivatives formed by the nucleophilic addition of sulfhydryl groups
to the activated double bonds of acrylonitrile (Plummer and Hirs 1964),
and 4-vinylpyridine (Cavins and Friedman 1970) have also been
exploited in sequence and analytical studies.
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3.8.10. Titration of thiols with 5,5'-dithiobis( 2-nitrobenzoate) (DTNB,;
Ellman’s reagent)

R—S™ + OzNQS—SQ NO, H~SSQN02 + —SQ NO,
00 elom 00~ 00~

Following its introduction in 1959 (Ellman), this sensitive spectro-
photometric procedure for the determination of thiols has gained wide
acceptance. The mixed disulfide product can be exploited as an
intermediate in the preparation of other useful derivatives of the
cysteinyl residue.

For the determination of total sulfhydryl group content, protein
(0.02 to 0.05 umole}) is dissolved in 2.5 ml of 0.1 M Tris chloride buffer
at pH 8.0, containing 0.01 M EDTA, and either 6 M guanidinium
chloride, 8 M urea, or 1% sodium dodecyl sulfate. A fresh solution of
DTNB (0.01 M in 0.05 M sodium phosphate buffer, pH 7.0) is prepared.
The solvent (2.50 ml), in which the protein is to be dissolved, is placed
in the reference cell of a spectrophotometer, and 2.5 ml of the protein
solution in the sample cell. DTNB solution (100 ul) is added to each
cell, and the absorbance at 412 nm is recorded with time. After the
development of the maximum color the downward sloping line (a
consequence of the spontaneous hydrolysis of DTNB) is extrapolated
to zero time to determine the concentration of thiol. Where conjugated
proteins, absorbing in the visible region, are under study, or where the
protein contributes significant light scattering, the absorbance of the
protein solution at 412 nm should be determined against a water blank,
and the appropriate correction made.

The values quoted for &,,, of 3-carboxylato-4-nitrothiophenolate
in aqueous solution have ranged from 13 600 (Ellman 1959; Janatova
et al. 1968) to 14140 M~* cm ™! (Gething and Davidson 1972). The
value of 13600 is that generally used. In 6 M guanidinium chloride,
£41,=13880 M~ cm~!, and in 8 M urea, £,,,=14290 M™! cm™!
(Gething and Davidson 1972).

Where a determination of total half-cystine plus cysteine content of
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proteins is desired, the protein may be reduced by any of the procedures
described in § 3.8.2, and freed of reducing agent by gel filtration on a
column of Sephadex G-25, equilibrated and eluted with the solvent
used for the titration.

The paper by Janatova et al. (1968) should be consulted for a careful
study of the optimum conditions for the determination of the sulfhydryl
content of native proteins by titration with DTNB.

It should be noted that incomplete conversion of protein suifhydryl
groups to the mixed disulfide leaves open the possibility of intra-
molecular reactions leading to the formation of disulfide bonds.

protein—SH
(SHi, + Ar—S—S—Ar === protein—S—S—Ar
(SH), + ArSH
protein—S—S—Ar —== prc;tein —S + ArSH
|
{SH), {SH)h_1 S
where Ar =
Co0™
0y
Such interchange reactions have been observed with a number of
proteins, and are particularly likely to occur where initial reaction of the
most rapidly reacting sulfhydryl groups on a protein molecule is follow-
ed by removal of excess DTNB, and a denaturing treatment which leads
to the exposure of previously unavailable thiol groups.

3.8.11 Cyanylation of SH
Degani et al. (1970) and Degani and Patchornik (1974) demonstrated

that quantitative cyanylation of sulfhydryl groups in proteins may be
achieved by reaction with 2-nitro-5-thiocyanobenzoate (NTCB).

SCN S™

pH 7—8
R-SH + ————— RSCN + + H®
coo0™ coo—
NO, NO,
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The preparation of NTCB has been described by Degani and
Patchornik (1971). To a 150 ml aqueous solution containing 7.5 g of
KHCO; and 2.0 g (31 mmol) of KCN, 3.0 g (7.5 mmol) of 5,5 -dithiobis-
(2-nitrobenzoic acid) were added with stirring. After 30 min, a freshly
prepared 3%, solution of CNBr in water was added slowly (10 min) to
the stirred deep orange solution until the color was completely
discharged. This required 27 ml. The pH was then decreased to 5 by
the dropwise addition of glacial acetic acid, excess cyanide was removed
by bubbling a stream of N, through the solution for 12 hr. Upon
acidification to pH 2.3 with 6 N HCl a white solid crystallized out.
After cooling the mixture with ice, the solid was filtered, washed with
cold water and air-dried, yield 3.42 g (94%;) of chromatographically
and electrophoretically pure NTCB, mp 248°C.

NO,
coo™
S _eNT
S pH T pHB coo—
CNBr
NO2 pHE

For complete cyanylation of sulfhydryl groups, protein (1 x 10~ %M,
or less than 10 mg per ml; concentrations higher than this should be
avoided) is dissolved at room temperature in 0.1 M phosphate, pH 7.4,
containing 6 M guanidine HCI and 1 mM EDTA, and the solution
freed of oxygen by flushing with N,. A 5-fold molar excess of NTCB in
the same buffer is then added and the rate of reaction followed by
monitoring the absorbance at 412 nm, due to the 2-nitro-5-thiobenzoate
anion (gyy=13600). When the reaction is complete, the protein is
separated from the reagents by either dialysis or gel filtration at near-
neutral pH.

If conversion of both sulfhydryl and disulfide groups to the thio-
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cyanate derivative is desired, the protein should first be reduced with
dithiothreitol in 6 M guanidine HCI (§ 3.8.2.1) and the reduced protein
separated from the reducing agent either by gel filtration or dialysis
prior to being subjected to the above cyanylation procedure.

NTCB will undoubtedly prove to be a very popular reagent for the
modification of sulfhydryl groups. The reagent appears to be totally
specific. The —CN substituent on the —SH group is small in com-
parison with that introduced by reaction with 5,5-dithiobis(2-
nitrobenzoate), p-mercuribenzoate, N-ethylmaleimide or indeed any
of the other commonly used —SH reagents. Hence, this reagent may
permit clarification of situations where loss of biological activity
due to reaction with sulfhydryl groups results from steric hindrance
due to the substituent rather than to the substitution of a functionally
vital thiol group. Another advantage is that labeled reagent is readily
synthesized by using Na'*CN.

Selective cleavage of the polypeptide chain at the thiocyanatoalanine
residues may be achieved by incubation at alkaline pH, e.g. pH 9.0 for
24 hr at 37°C. Under these conditions some conversion to an uncleaved
dehydroalanine peptide also occurs.

R—CO—NH-CH-CO—NHR’

' H 9.0, 37°C
CHy P S R—COOH + HN—CH—CO—-NH—~FR’
| major reaction ! I
N=C-S _
HN C\ /CHz
S
pH 9.0, 37°C
minor reaction R—CO—NH—%—CO—NHR' + SON-

CH,

A detailed account of the procedure for the specific cleavage at the
amino peptide bonds of cysteine and cystine residues of several
proteins, utilizing NTCB, has been presented by Jacobson et al. (1973).

3.8.12. Reaction of thiols with organomercurials

3.8.12.1. Titration with p-mercuribenzoate (PMB)
Reagent grade sodium p-chloromercuribenzoate (9 mg) is dissolved in
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1 ml of 0.04 M NaOH, the solution is made up to 25 ml with water, and
centrifuged to remove particulate material. This solution (approxi-
mately 8 x 10~* M PMB) should be stored at room temperature in the
dark. Prior to use, the exact concentration of the reagent is determined
by measuring the absorbance of diluted solutions obtained by adding
0.5 ml of the stock solution of PMB t0 9.5 ml of 0.33 M sodium acetate
buffer at pH 4.6 (=1.74 x 10* M~ ! cm ™! at 234 nm).

For an initial determination on a protein of unknown thiol content,
it is appropriate to use a stock solution of protein at a concentration
of 1 mg per ml in 0.33 M sodium acetate at pH 4.6, containing either
8 M deionized urea, or 2 9 sodium dodecyl sulfate. This solution should
be centrifuged prior to use. (At this protein concentration, a AA at
255 nm of approximately 0.2 would be observed upon titration of a
macromolecule of molecular weight of 30000 containing a single
cysteinyl residue). Precisely measured aliquots (10 ul) of stock PMB
solution are then delivered to a reference 1 cm light path silica cell con-
taining 3.0 ml of solvent and to a matching cell containing 3.0 ml of
protein solution. The contents of the cells are mixed after each addition
(very small Teflon coated magnetic stirring bars are very useful for
spectrophotometric titrations), and the change in absorbance at 255 nm
is recorded. The titration is continued until no further change in
absorbance is observed. The equivalence point is determined graphic-
ally (see Fig. 3.2), and the thiol content computed from the known
concentrations of the reagent and the protein.

The Aey, at 255 nm for PMB-cysteinyl residues is in the range of
60008000 M ! cin ! at pH 4.6, depending on the solvent.

An excellent detailed discussion of the application of PMB to the
determination of sulthydryl groups in native proteins has been
presented by Benesch and Benesch (1962).

3.8.12.2. Reaction with mercurated nitrophenols

McMurray and Trentham (1969) and Stefanini et al. (1972) have
described the synthesis of several mercurated nitrophenols (Table 3.2).
The spectra of these organomercurials show large changes in the
visible region when thiols displace more weakly bound ligands from
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TABLE 3.2

Spectral properties of mercurated nitrophenols*

Compound Structure Amax &(in 0.1 M KOH)
my M~ tcm™!
OH
2-chloromercuri- _HgCL 405 1.74 x 10*
4-nitrophenol
NO»
OH
2-chloromercuri- NO, HgCL 37t 1.57 x 10*
4,6-dinitrophenol
NO,
OH
4-chloromercuri- NO, 416 4.1x10?
2-nitrophenol
HgCl
OH
2,6-dichloromercuri- ClHg HgCL 410 1.74 x 10*
4-nitrophenol
NO,
0
I 410 1.7 x 103%*

. H
2-acetvoxymercur1 HgOC—CH3
3-nitrophenol
NO,

* Data from McMurray and Trentham (1969), and Stefanini et al. (1972).

** In 0.1 M NaOH.
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Fig. 3.2. Titration of a SH-group containing protein with p-chloromercuribenzoate
(PMB). A, is the absorbance of the protein solution prior to the addition of PMB. The
increment in absorbance, B, due to mercaptide formation, observed upon titration with
PMB (as described in the text), is a measure of thiol concentration in the solution.

the mercury atom. These spectral changes are very largely a conse-
quence of the perturbation of the pK of the nitrophenols. These
compounds have been used as probes of the environment of sulfhydryl
groups in native proteins, as well as in the preparation of crystalline
mercurial derivatives of proteins for X-ray diffraction analysis. Aside
from these applications, the mercurated nitrophenol derivatives may
be used for the spectrophotometric titration of sulfhydryl groups in the
same manner as PMB, with the added advantage that the spectral
shifts associated with mercaptide formation may be followed in the
visible region of the spectrum where interference from protein ab-
sorbance is minimal.

3.8.13. Reaction of cysteinyl residues with azobenzene-2-sulfenyl
bromide

Azobenzene-2-sulfenyl bromide is reported to react selectively with
Subject index p. 201
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cysteinyl residues in proteins, The reagent is soluble in water and
reacts readily with thiols in acid solution (pH 1-5).

©
Br

@ /S
—SH + N —S—
R-SH N —— R—5-§ + HBr
N

The following procedure, applied to egg-white lysozyme, was
described by Fontana et al. (1968). '

Protein (40 mg) was dissolved in 2 ml 8 M urea solution, adjusted to
pH 8.6 by the addition of 5% methylamine, and f-mercaptoethanol
(20 ul) added. After | hr at room temperature, the protein was
precipitated with acetone: 1 N HCI (39:1, v/v) at —5°C, separated by
centrifugation, and washed with acetone. The protein was dissolved in
2 ml of 259, (v/v) aqueous acetic acid. Azobenzene-2-sulfenyl bromide
(35 mg) was dissolved in 50 %, aqueous acetic acid (1 ml), and added to
the solution of the reduced protein. After 30 min at 22-24°C, the
protein derivative was freed of excess reagent by passage through a
column of Sephadex G-25 (90 x 1 cm), equilibrated and developed with
0.2 M acetic acid, and lyophilized.

The modified protein was dissolved in 0.1 N HCI (2 mg/ml) and an
aliquot (0.3 ml) added to 2.7 m] of 8 M urea adjusted with HCI to pH 1.
The concentration of azobenzene-2-sulfenyl residues (e=16700 at
353 nm) was determined spectrophotometrically, and extent of modifi-
cation calculated by comparing this concentration with the concentra-
tion of protein in the 0.1 N HCI solution, determined by amino acid
analysis on an appropriate aliquot.

The mixed disulfide is readily reduced by thiols, such as f-mercapto-
ethanol, or DTT, or by sodium borohydride.



CHAPTER 4

Site-specific modification of native proteins
with group-specific reagents

The general objectives for the site-specific modification of native
proteins include: (1) the identification of amino acid residues at the
catalytic site of enzymes and the ligand-binding sites of regulatory
proteins, and of immunoglobulins as well as enzymes; (2) the intro-
duction of physico-chemical reporter groups such as fluorescent.
spectrophotometric Or spin-label probes; and (3) the labelling of a
specific protein in order to isolate it from a multicomponent system
such as a ribosome or mitochondrion. The potential use of irreversible
inhibitors as pharmacological agents provides another motivation for
their study. As the term will be used here, site-specific modification
implies either the exclusive derivatization of a single amino acid
residue or the incorporation of a single mole of modification reagent
per mole of protein subunit.

The site-specific modification of native proteins is not one of the
routine procedures in protein chemistry. It cannot be placed in the
same category as end-group labelling or determination of amino acid
composition and sequence. The specific chemical modification of a
native protein can never be guaranteed because the reactivity of amino
acids in a native protein is rarely predictable even if the three-
dimensional structure of the protein is known. Unusual pK,’s of side
chains, steric and solvent effects and the proximity of the amino acid
residue to a ligand-binding site all influence its reactivity, frequently in
opposite directions. However certain well-defined avenues of in-
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vestigation are available which the skillful experimenter may follow to
answer his specific question.

In general, there are two approaches to the site-specific modification
of a protein: side chain specific modification reagents such as those
discussed in ch. 3 and affinity labels or active site-directed irreversible
inhibitors. The latter type of compound shares important structural
similarities to ligands known to have affinity for a particular binding
site but is distinguished from reversible inhibitors by the possession
of reactive groups capable of forming covalent bonds with amino acid
side chains. Most commonly, the reactive groups are alkylating agents
such as haloketones or haloacids although acylating and arylating
groups have been employed. New types of reactive substituents
currently receiving active attention are photoactivatable or capable
of being transformed into a reactive group by the catalytic site of an
enzyme.

Many side-chain specific reagents have been successfully used for
the stoichiometric modification of native proteins. This approach
accounts for most of the papers published in this area. Although the
likelihood of a successful site specific modification with these reagents
is significantly less than that with a well designed affinity label, many
more experiments with these compounds are probably attempted
because minimal commitment of resources is necessary to initiate such
studies. Most of the site-specific reagents are readily available, whereas
affinity labels usually must be synthesized, often by difficult routes.

The unexpected specificity which can be achieved with functional
group modification reagents is an apparent consequence of the native
protein’s ability to impose a unique chemical environment on a given
amino acid under a given set of experimental conditions. It is important
to emphasize that the site-specific modification of a protein is a kinetic
phenomenon and selective modifications result from the ability of the
protein to alter the reaction rate of a single residue under one clearly
defined condition of pH, ionic strength and temperature. For example,
it is entirely possible that if, at pH 7.0, one lysine residue is substantially
more reactive than either free lysine or other lysine residues in the
protein it may well be less reactive than these at pH 9.0.
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4.1. Effect of complex formation

Two factors are chiefly, but not exclusively, responsible for the fact that,
under certain conditions, amino acids in native proteins react more
rapidly than free amino acids in solution. The first and most general
is the capacity of proteins to bind modification reagents at or near the
functional groups of amino acid residues in orientations favorable to
reaction. The reversible binary complexes formed between proteins
and modification reagents prior to reaction are analogous to enzyme-
substrate complexes. As a result, most site-specific modifications of
native proteins probably proceed by the scheme summarized in eq.
(4.1) rather than by the strictly bimolecular scheme summarized in eq.
(4.2) where P’ designates the derivatized protein and R is the modifica-
tion reagent.

ky k2
P+R==P_R—P (4.1)
k-1
ki
P+R— P (4.2)

These two mechanistic alternatives can often be distinguished kinetic-
ally. The pseudo first-order rate constant for the modification of the
protein (k) for the schemes summarized in egs. (4.1), (4.2) are given
in egs. (4.3), (4.4), respectively, where the

_ _k(R)
ks = REL K. (4.3)
Kobs = ke(R) (4.4)

modification is carried out under conditions in which the reagent is
present in large excess relative to the protein and where in eq. (4.1) k, is
assumed to be small relative to k_ ;. If the scheme involving the forma-
tion of the binary complex (eq. 4.1) is valid, then the first order rate
constant for modification will not always be linearly dependent on the
concentration of the modification reagent. The simplest procedure to
determine if intermediate complexes form during a modification
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reaction is to measure the pseudo first-order rate constant as a function
of reagent concentration and then plot the reciprocal of this rate
constant versus the reciprocal of the modification reagent concentra-
tion. Since eqgs. (4.5), (4.6) are the reciprocal forms of eqs. (4.3), (4.4)
respectively, a finite intercept in these double reciprocal plots indicates
that an intermediate complex is probably formed. The ratio of the
slope to the intercept in the double reciprocal plots yields Ky the
dissociation constant of the protein-modification reagent binary

complex.
I 1 Kg ( 1)
kobs B k2 - k2 R (45)
l l
=_—-(R 4.6
o T K, (R) (4.6)

Failure to detect a complex by this kinetic procedure is not proof that
it does not form. If the concentration of the modification reagent is
substantially less than Kj, then eq. (4.3) reduces to eq. (4.7) — an
expression which is indistinguishable from a strictly bimolecular
mechanism.

k. = 2R (47)

One alternative approach for demonstrating the existence of a
complex during the course of a modification reaction is stereochemical
in nature. For example, if enantiomers of a modification reagent give
either different rates of modification or different products, the impor-
tance of multiple sites of interaction between the reagent and the
protein, and hence intermediate complex formation is indicated.
Examples of studies of this type include the alkylation of bovine
pancreatic ribonuclease and papain by a variety of haloacids
(Heinrikson et al. 1965; Eisele and Wallenfels 1968).

The simple numerical analysis below indicates the significant rate
acceleration which ean be achieved if a modification proceeds through
the formation of a reversible complex (eq. 4.1) rather than through a
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strictly bimolecular reaction (eq. 4.2) as would be the case for a free
amino acid in solution. Rates of intramolecular reactions are usually
compared to those of intermolecular reactions by determining the
ratio of the first-order rate constants to the second order rate constants.
The units of this ratio are concentration and the ratio is at least 5 M
for simple organic reactions if no specific orientation effects are
involved. Ratios of this size are generally interpreted in terms of the
increased local concentration of one reactive group relative to another
in the intramolecular reaction.

If one considers that the ratio of k,, the first order rate constant of
€q. (4.1), to kg, the second order rate constant of eq. (4.2), is S M, the
expression in eq. (4.8) permits the comparison of the observed pseudo
first-order rate constant for modification according to eq. (4.1)
(ki) and eq. (4.2) (kZ.,). The reaction which proceeds according to
€q. (4.2) can be considered the rate of modification of the free amino
acid.

kR Skp(R)  5kg(1072 M)

! R K 0?2 0.5
kaS . +KR R+ R 1 M+ M = 10 (4‘8)

K kx(R)  kg(R) —  ke(1072 M)

Assuming that the affinity of the modification reagent for the protein is
slight so that Kz is 0.5 M and that the modification reagent con-
centration is 10”2 M, it is readily apparent that the rate of modi-
fication of an amino acid in a native protein is ten times greater than
that for a free amino acid in solution. This conclusion is remarkable
for it shows that, without assuming highly specific geometric
constraints or a marked affinity of the reagent for the protein, it is
still possible to achieve a significant rate enhancement if a complex
is formed. Since site-specific modification with a side-chain specific
reagent is exclusively a kinetic phenomenon this analysis shows one
reason why amino acids of the same type on a given protein can have
widely disparate reactivities.

Related to the ability of the protein to interact with modification
reagents and thus form binary complexes, is its probable role of
providing a reaction matrix which can preferentially stabilize the

Subject index p. 201



126 CHEMICAL MODIFICATION OF PROTEINS

transition state of a particular modification reaction. The effect is
roughly equivalent to the capacity of an enzyme to coordinate or
chelate the transition state of the particular reaction that it catalyzes.
Clearly,a number of specific interactions between protein, modification
reagent and reactive amino acids are responsible for the stabilization
of the transition state. They would include electrostatic effects,
hydrogen-bonding interactions and unique microenvironments of
varying dielectric constants. If the transition state of the modification
reaction is stabilized by additional interactions with the protein, then
the selectivity of the modification reaction will be considerably
enhanced. The unusual rate enhancements observed for the reaction
of some functional group reagents with specific amino acids undoubt-
edly are explicable in these terms. Perhaps the most outstanding
example is the reaction of serine esterases with diisopropyl fluoro-
phosphate (Sanger, 1963).

4.2. Effects of pK, perturbations

The perturbation of the acid dissociation constant of an amino acid
residue as a consequence of its environment within a protein represents
another mechanism for enhancing its reactivity relative to a free
amino acid in solution. Most amino acid residues react with their
respective modification reagents in their unprotonated form instead
of in their conjugate acid form. Eq. (4.10) describes the pH dependence
of the simple bimolecular reaction (eq. 4.9) of the free base form of
nucleophilic amino acid side chain with a non-ionizable modification
reagent where K, is the acid dissociation constant and A is the total -

concentration of amino acid. .
R

A+R— A—R (4.9)

e N (@.10)

If a pH-dependent rate constant (kg') is defined by eq. (4.11),

K
ke = ke ( H—+—K> ket (4.11)
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it is apparent that the observed rate constant at any pH will be a
function of the reactivity of the nucleophile (the magnitude of k) and
the fraction of the nucleophile in its deprotonated form
[¢,=K,/(H" +K,)]. At any given pH, k; will increase with increase
in K,. In effect, by increasing the acid dissociation constant (or
decreasing the pK,) the protein generates a larger concentration of the
nucleophilic form of the amino acid residue.

However, the bimolecular rate constant changes as a function of the
pK, of the nucleophilic group according to the Bronsted relation
(eq. 4.12) where y is a reaction constant which depends on the nature
of the modification reaction and f describes the sensitivity of a series
of nucleophiles on the pK,.

log kp = fpK.+ 7 4.12)

This standard free energy relation indicates that the rate acceleration
gained as consequence of increasing the reactive form of the nucleophile
is partially offset by the decrease of kg. But since the values of § are
often close to 0.5, a net rate acceleration usually results especially if the
pH of the reaction mixture is near the pK, of the ionizing nucleophile.
The exceptional reactivities of lysine residues in glutamate de-
hydrogenase and acetoacetate decarboxylase with pyridoxal and
2.4-dinitrophenyl acetate respectively are almost certainly due to the
greatly perturbed pK,’s of the modified residues (Piszkiewicz and
Smith 1971; O’Leary and Westheimer 1968 ; Kokesh and Westheimer
1971). The pK, of the e-NH, group of reactive lysine in glutamate
dehydrogenase is 7.9 while that in acetoacetate decarboxylase is 6.
The normal pK, of lysine is 10.2

Recently, Kaplan et al. (1971) devised a new procedure for
determining the ionization constants and reactivities of individual
amino group of proteins with a competitive labelling technique. This
method represents the first comprehensive attempt to relate the
reactivity of amino acid side chains to their pK,’s and nucleophilicities.
The method consists of reacting the protein and a free amino acid
standard with a limiting amount of a radioactive group-specific reagent
such as aceticanhydride. The protein, which is initially heterogeneously
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labelled with the radioactive modification reagent, is then exhaustively
modified with non-radioactive reagent to yield a chemically homo-
geneous but radiochemically heterogeneous final product. The internal
standard (phenylalanine was used in the published studies with elastase)
is present when the acetylation is performed with the non-radioactive
as well as with the radioactive acetic anhydride.

After digestion of the modified protein and isolation of the radio-
active peptides, the specific activities of these peptides and of the
acetylated amino acid standard are determined. This procedure is
repeated at several pH’s

specific radioactivity of acetylated peptide
specific radioactivity of acetylated internal standard

OaT =0y X (4.13)
Since the pK, of the internal standard is known, the product a,r in
eq. (4.13) can be determined at any pH where «, and og are fractions
of a particular lysine residue and internal standard present in the
deprotonated form, respectively, (i.e. o, is defined as in eq. 4.11); and r
is the quotient k¥**/k} where k}{*X is the second order rate constant
for the reaction of acetic anhydride with the unprotonated form of
lysine residue X on the protein and k3 is the comparable constant for
the reaction of the internal standard with aceticanhydride. Experiments
at varying pH values permit the determination of the acid dissociation
constant of the particular lysine residue under study.

The results obtained for porcine elastase have revealed that the
e-amino groups of both lysines 224 and 87 have normal pK,’s (about
10.3) and nucleophilicities anticipated for primary amines of this
pK,. That is, the second order rate constants for the reaction of the
unprotonated e-amino groups of these lysine residues with acetic
anhydride fit approximately on the Bronsted plot for the reaction of
acetic anhydride with a variety of amines. The results for valine-16,
which is known to be in a salt linkage in the interior of the enzyme, indi-
cate that this a-amino group has an apparent pK, of 9.7 but a nucleo-
philicity of only 49, of that anticipated from the Bronsted plot for an
amine of this pK,. The unusually low reactivity of this valine isconsistent
with the significant steric hindrance that would be expected from a resi-
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dueinvolved in a salt linkage and shielded from the solvent. Although no
highly reactive lysine residues were present in porcine elastase, the
competitive labelling techniques of Kaplan et al. (1971), in principle,
provide a method to determine if a site-specific modification reaction
at a given pH is unusually rapid due to the unusual nucleophilicity of
this residue or to its unusually low pK,. Exceptional nucleophilicity
or reactivity of the residue is likely to be the consequence of the forma-
tion of preliminary binary complex of reagent and protein or of the
stabilization by the native protein of the transition state for the
modification reaction.

In summary, the ability of the protein to bind modification reagents
both prior to reaction and/or in the transition state, coupled with its
capacity to increase the reaction rate by perturbing the pK,’s of the
nucleophiles can account for the selectivity of a modification reagent
with no apparent affinity for the protein modified. Clearly, in certain
reactions, only one of these sources of rate enhancement is operative.
The ability to rationalize the selectivity which can be achieved with
modification reagents specific for amino acid side-chains should not
be confused with the capacity to predict the results of the modification
of any given protein with a particular modification reagent. For this
reason, this experimental approach remains highly empirical and the
ease of attempting experiments of this type should be weighed against
the low probability of their success and their low information content.
Clearly in the absence of sequence information and a precise under-
standing of the protein’s functional role and properties, an isolated
specilic modification of a protein has very little intrinsic importance.
Since the experimenter possesses very few means of controlling the
course of a modification reaction with functional group-specific
reagents, the use of affinity labels constitutes the most rational
approach for the site-specific modification of a protein. It is the only
method which can be used with any hope of success in a complex
protein mixture.
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4.3. Widely employed site-specific reagents

Several reagents which do not bear a strong structural homology to
natural ligands have proved generally useful in either classifying
enzymes as to basic mechanism or modifying specific types of binding
sites. For example, diisopropyl fluorophosphate has played an
historically important role in defining the class of serine esterases and
proteases (Sanger 1963). Pyridoxal phosphate has been extremely useful
in the modification of lysine residues at or near the binding site for in-
organic phosphate or phosphate esters in various enzymes. Procedures
involving these two generally useful site-specific reagents arc now
presented.

4.3.1. Diisopropyl fluorophosphate

Clearly all experiments performed with the nerve gas, diisopropyl
fluorophosphate (DFP), must be done in a fume hood with the utmost
care. DFP rapidly hydrolyzes in 1 N NaOH, so that all glassware
which comes in contact with the nerve gas should be soaked in this
alkaline solution for at least 1 hr as a precaution prior to its reuse.
(Warning: DFP is a potent poison. Atropine is an effective antagonist.
For details of treatment, see Goodman, L. S. and Gilman, A., 1965,
‘The Pharmacological Basis of Therapeutics, The Macmillan Co.,
New York, 3rd Ed., p. 454).

Stock solutions of DF P can be conveniently prepared in isopropanol
in concentrations from 0.1 M to 0.001 M. These solutions are stable
for a month in the refrigerator (Jansen et al. 1949). Moon et al. (1965),
in their studies of the reaction of chymotrypsin with DFP, have
determined the normality of stock solution of DFP in the following
manner. Roughly 0.03 moles of DFP were added to an aqueous solu-
tion of 0.17 moles of KOH in a volumetric flask. The solution was
allowed to stand for 12 hr at 25°C to permit complete hydrolysis, and
was titrated to pH 7.0 with 0.1 N HCL. ldentical titrimetric results were
obtained after 43 hr standing in alkali indicating that complete
hydrolysis had taken place after 12 hr. To determine the amount of
free acid, if any, in the DFP, the same amount of DFP that was used
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in the basic hydrolysis is added to water and then titrated with KOH
to pH 7.0. The amount of DFP in the stock solution can then be readily
calculated from the two sets of titrimetric data.

The derivatization of an enzyme by DFP is accomplished simply by
incubating DFP with the protein. Aliquots of the incubation mixture
can then be assayed for activity in the presence of DFP or after its
removal by either gel filtration or dialysis. The second-order rate
constant at neutral pH for the inactivation of chymotrypsin by DFP is
roughly 3 x 10° M~ ! sec™! (Main 1964). This is the most rapid rate of
inactivation by DFP so far observed. The rate of inactivation of acetyl-
cholinesterase is an order of magnitude slower (Froede and Wilson
1971).

Although DFP has been and still is widely used to test if an enzyme
possesses an unusually reactive serine, it should be noted that phenyl-
methane sulfonyl fluoride can also be used for the same purpose
(§ 5.7). This reagent is in some ways preferable as it is non-volatile and
relatively non-toxic. Therefore, it can be employed with fewer pre-
cautions.

4.3.2. Pyridoxal-5-phosphate

Several proteins are readily derivatized by pyridoxal-5-phosphate but
react only slowly with pyridoxal. They include fructose-1,6-di-
phosphatase (Marcus and Herbert 1968), glutamate dehydrogenase
(Piszkiewicz et al. 1970), glyceraldehyde-3-phosphate dehydrogenase
(Ronchi et al. 1969), hemoglobin (Benesch et al. 1972), phospho-
fructokinase (Uyeda 1969), 6-phosphogluconate dehydrogenase (Rippa
etal. 1967), and phosphoglucose isomerase (Schnackerzand Noltmann
1971). Since most, if not all, these proteins possess specific phosphate
binding sites, the best explanation for the effectiveness of pyridoxal
phosphate as opposed to pyridoxal as a modification reagent is that it
preferentially binds to these sites. Generally, pyridoxal-5-phosphate
inhibits these enzymes by the formation of Schiff base with a reactive
lysine residue. However, since this type of linkage is readily hydrolyzed,
irreversible inhibition usually can be obtained only if the Schiff base is
reduced by sodium borohydride.
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In their studies with 6-phosphogluconate dehydrogenase, Rippaet al.
(1967) incubated the enzyme with concentrations of pyridoxal
phosphate ranging from 10~ ° to 10~ # M for 15 min at pH 7.5 in 0.01 M
phosphate buffer. After 5-fold dilution the mixture was incubated a
further 5 min. Aliquots were then assayed for activity in standard
substrate solutions which contained a concentration of pyridoxal
phosphate equal to that in the second incubation mixture. The
additional pyridoxal phosphate was added to prevent reversal of the
reaction. Piszkiewicz and Smith (1971) obtained significant amounts
of inhibition simply by withdrawing aliquots of enzyme from its
incubation mixture with pyridoxal-5-phosphate without including any
additional pyridoxal phosphate in the assay mixture. Clearly, the ease
of reversibility of the pyridoxal phosphate inhibition will vary from
enzyme to enzyme and both procedures should be employed in
exploratory studies. The site of attack of pyridoxal-5-phosphate can be
conveniently explored by determining which substrate and/or
coenzyme protects the protein from derivatization by pyridoxal-5-
phosphate. For example, Rippa et al. (1967) have shown that 6-
phosphogluconate and inorganic phosphate protected 6-phospho-
gluconate dehydrogenase from inhibition while NADP™* had no effect.
The latter finding indicates that phosphate buffers may not be ideal
for use in studies with pyridoxal-5-phosphate. At the very least, the
rate of inactivation by pyridoxal-3-phosphate should be measured as
a function of phosphate concentration to determine if phosphate
inhibits the modification reaction.

The borohydride reduction of Schiff base formed between a protein
and pyridoxal phosphate should be carried out at a mildly acidic pH.
Although sodium borohydride is more unstable in acidic solution, this
disadvantage is offset by the exceptional reactivity of the Schiff base
salts which are formed in mildly acidic solution (pH 4.5-6.5) (Schellen-
berg 1963). Reductions have been carried out after the protein and
pyridoxal-5-phosphate have been incubated at a pH of 7.5 which is
then changed to 4.5 or 6.5 with acetic acid (Rippa et al. 1967; Dempsey
and Christensen 1962 ; Piszkiewicz et al.1970) or after initial incubation
at pH 6.0 (Schnackerz and Noltmann 1971). The relative merit of either
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procedure depends on whether or not the Schiff base formed with the
given protein is freely reversible.

Prior to reduction with sodium borohydride, octyl alcohol can be
added to avoid foaming. Then a solution of 0.05-0.06 M sodium
borohydride in either water or 0.001 N sodium hydroxide is added in
equal aliquots until roughly a 100-fold molar excess has been added.
After each addition, the pH of the reaction mixture should be readjusted
to the initial acidic pH by the addition of either acetic acid or hydro-
chloric acid. The temperatures of the reaction mixture have ranged
from 4-25°C. The modified protein can then be isolated either by
precipitation, dialysis or gel filtration under conditions where the
native protein is normally stable.

Proof that a lysine residue has been modified can be readily obtained
because pyridoxyl derivatives of lysine possess characteristic white-blue
fluorescence (Ronchi et al. 1969). In addition, they have a distinctive
absorption maximum at 325 nm with g, of 9710 M~! cm ™! (Fisher
et al. 1963). Finally, a radiochemical label can be introduced by
reducing the pyridoxal-5-phosphate protein complex with tritium-
labelled sodium borohydride. The peptide containing the derivatized
lysine can therefore be detected either by fluorimetry, spectrophoto-
metry or radiochemical techniques following routine procedures of
proteolytic digestion and fractionation. Acid hydrolysis in 6 N HCI for
24 hr of peptides containing pyridoxal-5-phosphate lysine yields
pyridoxyl-lysine since phosphate esters are readily hydrolyzed under
these conditions. Pyridoxyl-lysine is eluted between lysine and
histidine from a 55 cm column of Beckman 50 resin with 0.15 M
citrate buffer pH 5.28.

Authentic pyridoxyl-lysine has been prepared by Schnackerz and
Noltmann (1971) by borohydride reduction of a mixture of poly-L-
lysine hydrochloride (20 mg) and 0.38 moles of pyridoxal, which had
been allowed to stand for 10 min at 0°C in 50 mM sodium phosphate
(pH 6.0). Low molecular weight impurities were removed by dialysis
against 50 mM sodium acetate buffer (pH 6.0). After dialysis the
resulting product can be hydrolyzed in 6 N HCI to yield pyridoxyl-
lysine and some lysine. The latter contaminant can be minimized by
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reacting the partially pyridoxylated-polylysine for a second time prior
to acid hydrolysis.

An alternative procedure which can provide analytically pure
pyridoxyl-lysine involves the prior synthesis of e-pyridoxyl-N-acetyl
lysine (Dempsey and Snell, 1963). A mixture of 1.20 g of a-N-acetyl
lysine and 470 mg of potassium hydroxide was dissolved in 20 ml of
absolute methanol. Then 1.37 g of pyridoxal is added and the resulting
mixture is stirred for 15 min at 25°C and filtered. 50 mg of PtO, is
added and the solution is hydrogenated at room temperature at 1
atmosphere for 1 hr. After removal of catalyst by filtration, the pH of
the filtrate is reduced to 6.0 (as measured by moist indicator paper) by
the addition of methanolic HCl. Concentration of the reaction mixture
to roughly one-third of its original volume causes precipitation of KCl
which is then removed by filtration. When the apparent pH is decreased
to about pH 4.4 by the addition of more methanolic HC], the product
precipitates and it can be collected and washed extensively with
methanol. The yellow product, e-pyridoxyl-a-N-acetyl lysine, melts
at 174-174.5°C (Dempsey and Christensen, 1962).

Deacetylation was accomplished by treating 258 mg of the above
product for 40 min with 5 ml of 6 N HCl at 121°C. The resulting was
dried under reduced pressure and dissolved in water. After adjusting
the pH to 7.0 with aqueous ammonia, the solution was evaporated to
dryness again. The residue was dissolved in a little water and applied
to a 0.9 x 30 cm column of resin XE-64 which had been previously
equilibrated with 1 M ammonium formate pH 4.0 and washed with
250 ml of water. The column was washed with 850 ml of water after
application of the sample followed by 70 ml of 0.72 M acetic acid to
remove unhydrolyzed material. The e-pyridoxyl lysine was eluted with
0.81 M acetic acid, and fractions containing the product were evaporat-
ed to dryness. On recrystallization of pyridoxyl-lysine from ethanol the
yield was 110 mg of pale yellow crystals, m.p. 214-214.5°C. On paper
chromatography in butanol:pyridine:acetic acid-H,O (30:20:6:24
v/v) Ry =0.28 (Ronchi et al. 1969).



CHAPTER 5

Affinity labels

Affinity labels or active-site directed inhibitors represent a deliberate
attempt to exploit the rate enhancements possible when a modifica-
tion reagent forms a binary complex with the protein prior to covalent
attachment. Because they are designed to be structurally similar to
known substrates, inhibitors or ligands, affinity labels have a high
probability of interacting tightly with the ligand-binding sites of
a protein. In §4.1, we have presented a simple numerical analysis which
demonstrated that the formation of even a weak binary complex prior
to reaction led to a significantly enhanced rate of modification. Here
we will demonstrate that if a very stable binary complex forms, the
rate enhancement will be even more significant even if no pronounced
orientation effects influence the magnitude of the first-order rate
constant for covalent modification. For example, if the dissociation
constant for the protein-modification reagent complexis 10~ * M in eq.
{4.8) and the concentration of the modification reagent is equal to this
dissociation constant, then this affinity labelling reagent, with only a
modest affinity for the protein, would react 2500 times faster with an
amino acid near its binding site than with the same amino acid in free
solution, by a strict bimolecular mechanism.
This calculated rate acceleration is conservative since the ratio of
5 M presented in eq. (4.8) assumes no significant orientation effects.
Rate ratios as high as 10° M have been found for a variety of intra-
molecular reactions. A careful study of a series of affinity labels for
trypsin has revealed that the first order rate constants for reagents with
comparable reactive groups vary by at least a factor of 5. The differ-
ences in these first order rate constants must reflect the difference in the
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orientation of the alkylating agent