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The present study has resulted in the development of a

procedure for the specific chemical fragmentation of human

phosphoglucose isomerase into a minimal number of peptides.

A two-cycle procedure for cleaving the protein with 2-nitro-5-

thiocyanobenzoic acid results in four primary peptides and

three overlap peptides. The peptides can be readily separated

on the basis of their size by using sodium dodecyl sulfate

polyacrylamide gel electrophoresis. Preliminary peptide

alignments have been considered, and amino acid analyses have

been performed. End-terminal analyses of the enzyme revealed

a carboxyl terminal sequence of Asp-Val-Gln and a blocked

amino terminus. The cysteine cleavage procedure provides an

excellent method for the identification and location of spe-

cific genetic mutations of human phosphoglucose isomerase.



INTRODUCTION

Phosphoglucose isomerase (PGI) catalyzes the reversible

interconversion of glucose-6-phosphate and fructose-6-phos-

phate by stereospecifically transferring a single proton from

carbon-2 of glucose-6-phosphate to carbon-1 of fructose-6-

phosphate.
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At least ten different genetic variant forms of PGI have

been identified within the human population (1,7,10,18,21-

23,26-27,33). Several of these variants give rise to "PGI-

Deficiency Disease", which results in a chronic nonsphero-

cytic hemolytic anemia. PGI deficiency is now recognized as

the third most common enzyme-deficient anemia (2). Another

of these variants, the Singh variant, causes no discernible

harmful effects, but results in elevated levels of PGI

activity.
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The wide range of biochemical effects which result from

these genetic modifications of human PGI make this an ideal

system for basic structural-functional studies on this

enzyme. Though the variant forms of PGI are found in only

a small per cent of the human population, they are easily

recognized by clinical screening programs utilizing elec-

trophoretic methods. The unique electrophoretic mobilities

of these genetic variants are usually responsible for their

identification and ultimately will permit the elucidation of

the molecular basis of mutations.

The protocol for such an investigation is deceptively

simple. Fragmentation of the variant enzymes is followed

by comparison of the electrophoretic properties of the resul-

tant peptides with corresponding peptides from wild type PGI.

Further fragmentation of the nonidentical peptides should

eventually permit identification of amino acid changes which

result from the mutation.

Studies of PGI from human sources have been greatly

facilitated by an excellent isolation procedure developed

by Gracy and Tilley (11). Slight modification of the pro-

cedure allowed the isolation of homogeneous PGI in high yield

from erythrocytes, as well as from other tissues. The pro-

cedure is based upon a specific ligand-induced elution of

the enzyme from a phosphocellulose column utilizing either of

the substrates, fructose-6-phosphate or glucose-6-phosphate.

A 30,000 fold purification with 65 - 70% overall recovery
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results in crystalline, homogeneous protein, With this

procedure, 54 mg (46,000 units) of PGI may be obtained from

one kilogram of muscle tissue or approximately two mg

(1,800 units) can be obtained from one unit (450 ml) of

whole blood.

Based on studies of human erythrocyte PGI, Tilley et

al. (28) postulated the mutation responsible for the Singh

variant was a missense point mutation which resulted in

an acidic to neutral amino acid change. This conclusion

was based upon tryptic digestion of the normal and variant

proteins, followed by identification and analysis of the

nonidentical corresponding peptides.

In spite of the results of this study (28), the work

was hampered by a number of features inherent in the struc-

ture of this protein. First, human PGI was found to be

rather resistant to normal tryptic digestion. Secondly,

the molecule was found to be composed of two rather large

basic subunits containing approximately 70 total lysine

and arginine residues per subunit. Thirdly, in order to

fragment the protein into a small number of peptides amenable

to fingerprinting techniques, it was necessary to first

carbamylate the e-amino residues and then to digest the

protein at arginine with trypsin. Although this approach

proved to be adequate for the identification of the peptide

containing the mutation responsible for the Singh variant,

it was clear that detailed structural-functional studies in



this system would require a superior method of fragmenting

the protein. Preferably, the desired hydrolysis method

should result in a minimal number of peptides which could

be easily separated, then subjected to analysis and secon-

dary fragmentation. The method sought should also be spe-

cific with respect to the peptide bonds cleaved.

Human PGI is a dimeric molecule of molecular weight

132,000 2,000 daltons, composed of two identical poly-

peptide chains of molecular weight 63,000 2,000 daltons.

The enzyme is a relatively basic protein with an apparent

isoelectric point (isoelectric focusing) of 9.25. Amino

acid analysis reveals 40 lysine, 30 arginine, and 12 methio-

nine residues per subunit. Direct enzymatic hydrolysis

with trypsin (if it were possible) would thus yield far too

many peptides to be resolved by most standard methods. Even

after blocking the lysine residues, tryptic digestion yielded

31 arginine peptides, which approaches the upper limit of

resolution by current fingerprinting techniques. Chemical

cleavage at methionine with BrCN offers a potential improve-

ment, since only 13 peptides would be expected to result.

It was the intention of the present study to establish

a method for specifically hydrolyzing wild type human PGI

into a minimal number of peptides. The present study has

also sought to obtain an overall view of the primary struc-

ture of the molecule and to establish a basis for secondary

cleavage of the primary peptides. The study has also
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purposely been designed with the intention that the tech-

niques developed might be readily applied to locating struc-

tural modifications of the enzyme which result from chemical

or genetic means.



MATERIALS AND METHODS

Isolation of Phosphoglucose Isomerase

Isolation and purification of human phosphoglucose

isomerase (PGI) was performed essentially by the method of

Tilley (29). This study utilized PGI isolated from erythro-

cytes, liver, heart and skeletal muscle (all enzyme was

pooled, as there are no tissue isozymes for human PGI)

(19). The frozen tissues (100 g) were minced in a meat

grinder, homogenized in a Waring blendor in 150 ml of 50 mM

triethanolamine (TEA), 5 mM ethylenediamine tetraacetic

acid (EDTA), 10 mM KCl and 0.1% 2-mercaptoethanol, pH 9.5.

The pH of the homogenate was adjusted to pH 7.5 0.3 with

1N HCl or iN NaOH, and centrifuged for one hour at 00 C

at 17,500 xg. The supernatant was filtered through glass

wool and recentrifuged at 48,300 xj for one hour at 00 C.

This second supernatant solution was dialyzed against 10 mM

TEA, 1 mM EDTA, and 0.1% 2-mercaptoethanol at pH 7.2 -

7.4 for 10 hours prior to phosphocellulose column chroma-

tography.

When the enzyme was isolated from erythrocytes, the

packed red cells were diluted with an equal volume of dis-

tilled water at 0 - 40 C and stirred for two to three

minutes to lyse the erythrocytes. To remove the hemoglobin,

6
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100 ml of the lysate was added to 60 ml of a 1:1 (v/v) chloro-

form-methanol solution and vigorously stirred for two minutes.

The chloroform-methanol solution was diluted to 400 ml with

10 mM TEA, 1 mM EDTA, and 0.1% 2-mercaptoethanol, pH 8.4

and centrifuged at 43,000 xS for 30 minutes. The super-

natant solution was filtered rapidly through a 30 cm x 10 cm

pad of diethylaminoethyl cellulose (DEAE-cellulose), equili-

brated in the above dilution buffer. The filtrate was adjusted

to pH 7.2 - 7.4 and pumped rapidly onto a 2.5 cm x 30 cm

phosphocellulose column equilibrated in the above dilution

buffer (at pH 7.2).

The purpose of the chloroform-methanol treatment is

to precipitate hemoglobin which precludes direct chromato-

graphy of the lysate. As Figure 1 shows, two minutes

stirring is optimum for recovery of enzymatic activity while

allowing sufficient hemoglobin-precipitation. The DEAE-

cellulose removed residual hemoglobin. Since the time of

contact by the enzyme to the chloroform-methanol solution

was found to be critical, the previously utilized dialysis

and concentration steps (29) were omitted.

Both the tissue homogenates, as well as lysates, were

treated the same from this point on. Both were applied to

a phosphocellulose column (2.5 cm x 30 cm) equilibrated in

10 mM TEA, 1 mM EDTA, and 0.1% 2-mercaptoethanol at pH 7.2

- 7.4. After application, the column was washed with 25

mM TEA, 1 mM EDTA, and 0.1% 2-mercaptoethanol at pH 8.3
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Figure 1 "- Plot of enzymatic activity of human PGI
versus stirring time in chloroform and methanol during
hemoglobin precipitation step of PGI isolation from
erythrocytes. The solvent was added to the enzyme and
rapidly stirred for the indicated time at 00. There-
after, the solution was diluted with cold buffer as
described in "Methods".
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until the pH of the column effluent was 8.2 to 8.3. One

and one-half void volumes of the above washing buffer without

the EDTA was pumped through the column, followed by the

substrate glucose-6-phosphate or fructose-6-phosphate (100

ml of 7 mM substrate per 500 ml column capacity). Generally,

two or more such columns were necessary to obtain enzyme

with a specific activity of at least 800 units/mg.

Enzymatic activity was assayed by monitoring NADP+

reduction at 340 nm via the coupled reaction with glucose-6-

phosphate dehydrogenase (11). Protein concentration was

determined from the absorbance at 280 nm using a molar

extinction coefficient of 1.39 (29).

For routine isolation of human PGI, homogeneity can

usually be assumed when a specific activity over 800 units/mg

is achieved. In all cases, however, polyacrylamide gel

electrophoresis (16) was carried out to assure the absence

of contaminants. The pooled fractions of pure PGI were

dialyzed against 10 mM TEA, 1 mM EDTA, and 0.1% 2-mercapto-

ethanol at pH 7.2 to remove the eluting substrate. After

dialysis the enzyme was lyophilized to dryness and stored

at 00 C.

Amino Acid Analysis of S-Carboxymethyl Cysteine

Amino acid analysis of human PGI for cysteine was

performed by several independent methods. The protein was

derivatized by reaction with iodoacetic acid, and the
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cysteines determined as S-carboxymethyl cysteine. Five mg

of lyophilized enzyme was solubilized by adding water which

had been purged of oxygen with N2 , and the dissolved pro-

tein was exhaustively dialyzed against distilled water free

of oxygen. The material was relyophilized and dissolved in

300 p1 of 1 M tris(hydroxymethyl)aminomethane (Tris), 0.5 M

EDTA, pH 8.5. Next, 573 mg of guanidinium chloride (GmCl)

was added to denature the protein, followed by 100 pl of

water, 5 pl of 12N HCl, and 10 p1 of a 1% 2-mercaptoethanol

stock solution. The solution was alternately flushed with

N2 and evacuated several times, then stirred for four hours

at room temperature under nitrogen. Five p1 of a stock iodo-

acetic acid solution (50 mg/ml) was added to the enzyme

solution and allowed to stir for 20 minutes in complete

darkness. An additional 5 p1 of 1% 2-mercaptoethanol was

added and allowed to stir for 10 minutes; then the pH was

adjusted to approximately 3.0 with 1 M formic acid. The

protein solution was exhaustively dialyzed in the dark

against 1% formic acid. Acid hydrolysis in 6N HCl at 1100 C

for 24 hours was carried out in vac'uo (24). The number of

cysteines per subunit of human PGI was determined by com-

parison with known values for all other residues (28).

Cysteine Titrations

'5TDitihiobisC2nitrobenzoicacid): Five mg of lyo-

philized human PGI was dissolved in 2 ml of water and
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dialyzed against 0.5 mM dithiothreitol, then exhaustively

against distilled water which was continuously purged of

oxygen with N2. The dialyzed material was lyophilized and

dissolved in 5 ml of 0.2N N-etnylmorpholine buffer, pH 8.0.

Aliquots of this stock enzyme solution were diluted into

buffer containing either 0.1% SDS, 6 M GmCl, 3 M GmCl,

3 M GmCl with 0.05% SDS, or 3 M GmCl with 4 M urea (all

were adjusted to pH 8.0 with N-ethylmorpholine). Protein

concentration was determined at 280 nm using an extinction

coefficient of 1.39 (29). The titrant was Ellman's reagent

[5,5'-dithiobis(2-nitrobenzoic acid), (DTNB)I, dissolved at

10 mg/ml in the above buffers. Titration was performed by

adding 50 pl of titrant solution to 1-ml aliquots of sample

and to a reference blank, and monitoring the absorbance at

412 nm. A molar extinction coefficient of 13,600 was used

for calculating the equivalents of -SH titrated (9).

5, 5' -DithiobisC2-nitrobenzoic acid) Kinetic Study:

Human PGI was titrated with DTNB and enzymatic activity and

sulfhydryl content simultaneously followed as a function

of time, Lyophilized PGI was dissolved in 10 mM TEA, 1 mM

EDTA, and purged with N2 at pH 7.2 and dialyzed at 01 C.

Two aliquots of this solution were taken for each titration,

one to serve as a "control", and the other used for the

titration. The titrant was prepared by dissolving 10 mg of

DTNB in 10 ml of 10 mM TEA, 1 mM EDTA, pH 7.2. Titration was

performed with a reference blank containing 400 p1 of PGI
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solution and 400 V1 of titrant, Progress of titration was

monitored at 412 nm. At various time intervals 25 pl of

samples were removed for enzymatic assay and compared with

the enzymatic activity of the "control" which contained no

DTNB. Titrations were performed at 301 C and at 370 C.

Finally, denaturant was added to both sample and blank

(e.g,, the cuvettes were made 5.2 M guanidinium chloride,

or 0.5% SDS, or 0.1% SDS, or 0.13% SDS). At the end of

each titration, 10 pl of 1% 2-mercaptoethanol was added to

insure that titrant was not the limiting reagent.

p-Hydroxymexrcuribenz'oic Acid: Titrations of human PGI

were performed with Boyer's reagent [p-hydroxymercuriben-

zoate, (PMB)]. Rabbit muscle aldolase (Worthington Enzymes)

with 32 cysteines per molecule (15) was used as a control.

Both aldolase and PGI were exhaustively dialyzed against

0.5 mM dithiothreitol, purged of oxygen, then dialyzed

exhaustively against distilled water free of oxygen. The

enzymes were dissolved in 6 M guanidinium chloride. Enzyme

concentrations were determined at 280 nm (29,8). Titrant

was 1 mM PMB at pH 7.2 (36 mg of PMB.dissolved in 2 ml of

0.2N NaOH, diluted to 100 ml and pH adjusted to 7.2 with

1N HCl). Titration buffer was l.0N sodium acetate, pH 4.5.

Titrations were performed using sample and blank with 150 Pl

titrant solution, 300 pl acetate buffer, and 550 pl of water

(sufficient enzyme stock solution was added to the sample to

yield 0,02 - 0.1 moles of protein sulfhydryls for each
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titration. An equal volume of 6 M guanidinium chloride

solution was added to the blank,), and titration progress

was monitored at 255 nm.

Carboxyl Terminal Analysis

Carboxypeptidase A Digestion: A solution of 1.34 ml

of PGI (2.24 mg/ml) in 10 mM TEA, 1 mM EDTA, 0.1% 2-mercap-

toethanol, pH 7.2, was incubated with 50 Pl of carboxypepti-

dase A (CPA) solution which had been prepared by prediluting

10 pl of DFP-treated CPA solution (50 mg/ml; Worthington

Biochemicals) with 100 pl of 10% w/v LiCl. A control of 50

pl of CPA solution in 1.34 ml of 10 mM TEA, 1 mM EDTA, 0.1%

2-mercaptoethanol was incubated and analyzed in order to

correct for any autodigestion of the protease. 250 ml

aliquots of sample or control were removed, diluted into

0.5 ml of pH 2.2 citrate buffer, and stored at -100 until

analysis. An additional 10 pl of sample was removed at each

time interval and assayed for PGI activity. Samples were

applied directly to a Beckman 120-C amino acid analyzer

for determination of free amino acids released by carboxy-

peptidase.

'drazinolysis: 0.5 mg of human PGI (5 mg/ml in 0.1%

SDS) was precipitated with 9 ml of acetone, centrifuged and

the pellet washed twice with acetone, recentrifuged and the

pellet dried with N2 . Approximately 2.5 mg of Amberlite

CG-50 (prewashed with 1N HCl, 1N NaOH and finally 1N HCl)
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and the dried PGI pellet were placed in a hydrolysis tube.

Approximately 0.4 ml of anhydrous hydrazine (Pierce, pre-

warmed to room temperature) was added to the Amberlite-PGI

tube and the contents were frozen in liquid nitrogen. The

hydrolysis tube was evacuated, flushed with N2 , and then

sealed in vacuo. Hydrazinolysis proceeded at 80O C for 96

hours. Excess hydrazine was removed on an evapomix, and

the resin extracted three times with l-ml aliquots of water.

The extracts were pooled and dried in a vacuum dessicator,

then dissolved in 100 p1 of acetone and centrifuged. Ten pl

of supernatant were taken for dansylation.

100 p1 amino acid standards (Beckman AA, 2.5 mM) were

dried in a vacuum dessicator at 600 C. Standards and PGI

hydrazinolysis samples were each dissolved in 0.5 ml of 0.lN

NaHCO 3 , to which 250 pl of dansylchloride (5 mg/ml in acetone)

was added. The dansylation reaction proceeded for 30 minutes

at 370 C, then was terminated with the addition of 25 Pl of

88% formic acid. Standards and PGI samples were spotted on

a 5 x 5 cm sheet of polyamide (Cheng Chin Trading Co., Ltd.,

Taiwan) and chromatographed in two dimensions. The solvent

for the first direction: water-formic acid, 200:3, v/v,

and the solvent for the second direction: benzene-acetic acid,

9:1, v/v. Conformation of the free C-terminal glutamine of

PGI was obtained by co-chromatographing standard with the

PGI sample. The chromatography progress and identification

of spots were accomplished with a hand-held 'UV lamp.
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Chemical Cleavage at Cysteine

Prepare ationofSamples:2-nitro-5-thiocyanobenzoic

acid (TNBCN) was synthesized by the procedure of Degani and

Patchornik (5). Human PGI was dissolved in one of three

denaturants, 6 M guanidine hydrochloride, 4 M urea, or 1%

SDS, each 1 M in 2-mercaptoethanol. The dissolved PGI was

then incubated at 50O C for 12 hours to thoroughly reduce

all sulfhydryls. After reduction, the solution was dialyzed

exhaustively against 0.2 M N-ethylmorpholine acetate buffer,

pH 8.0, containing the same denaturant as used in reduction

(this buffer was thoroughly purged of oxygen with N2 )

Modification: Protein concentration of the reduced,

dialyzed PGI solution was determined at 280 nm. The protein

concentration was adjusted by dilution with dialysis buffer,

such that the sulfhydryl concentration was less than 0.5 mM.

Once the sulfhydryl concentration has been determined, a two

to one mole ratio of TNBCN to protein sulfhydryl was added

and stirred under nitrogen at room temperature for 15 - 20

minutes. Progress of the reaction was followed by monitoring

formation of 2-nitro-5-tLiobenzoic acid at 412 nm. The reac-

tion was stopped by addition of an equal volume of ice-cold

glacial acetic acid and dialyzing exhaustively against a

50% (v/v) acetic acid solution to remove 2-nitro-5-thioben-

zoic acid. Alternatively, a calibrated Sephadex G-25 column

(2.5 cm x 30 cm) equilibrated in 50% acetic acid was used to

effect desalting of the modified protein. The desalted
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material was lyophilized to dryness.

Cleave of Modified PGI: Cleavage was first effected

by dissolving the lyophilized material in the "modification

buffer" which had been adjusted to pH 8.5 to 9.0 and incu-

bating at 500 C for 12 hours. In the case where modified

protein has been desalted by dialysis, the material was

lyophilized to remove acetic acid, then dissolved and cleaved

as above.

Remodification was performed by adjusting the cleavage

solution to pH 8.0 and adding TNBCN in a 1:1 mole ratio of

TNBCN to the original PGI sulfhydryls. The remodification

solution was stirred at room temperature for 15 - 20 minutes

under nitrogen. The second cleavage was effected by adjust-

ment of pH to 8.5 - 9.0 and incubation at 500 C for 12

hours.

Isoelectric Focusing of 1 2 5I-Labeled PGI

Isotopic labeling of tyrosines with 125I was performed

by the method of David using matrix-bound lactoperoxidase

(4). Iodonated human PGI was modified and cleaved in buf-

fers containing SDS. Material was concentrated by pre-

cipitation using trichloroacetic acid. The precipitated

iodonated cleavage fragments were extracted with distilled

water, and the extract run on polyacrylamide which showed

that one of the smaller peptides was water soluble. The

remainder of material was dissolved in 4 M urea
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(approximately 5 ml) and applied to an isoelectric

focusing column.

All solutions for isoelectric focusing were made 4 M

in urea. Cathode solution was 21 ml water, 18 g sucrose

and 0.6 ml ethanolamine, while the anode solution was 20.0

ml water and 0.2 ml 85% H3P0. The ampholine (LKB) gradient

was established with a gradient maker using 50 ml of dense

ampholines solution (1.88 ml ampholines, pH 2 - 10; 23.3 g

sucrose and water) and 40 ml of light ampholines (0.6 ml

ampholines, pH 2 - 10, purchased from LKB; iodonated PGI

sample and water). Focusing proceeded at 40 C for 72 hours

with a maintained potential of 500 volts. One ml fractions

were collected, and the pH determined for each fraction.

Radioactivity of each fraction was determined using the

Microfuge method of Helman et al. (12), with a lead acetate

cocktail and counting on a Beckman LS-250. 100 pl aliquots

of each fraction were placed in a microfuge tube which was

submerged in 20 ml of scintillation cocktail. The cocktail

was prepared as follows: 100 ml of a saturated lead acetate

solution was shaken with 100 ml Ready Solv VI (Beckman)

in a separatory funnel and allowed to stand until the layers

separated. The clear upper layer was then dispensed to each

liquid scintillation vial.
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Polyacrylamide Gel Electrophoresis

All polyacrylamide gels were prepared by the specifi-

cations of Maizel (16). Acrylamide, N,Nt -bis-methylene

acrylamide (BIS), N,N,N' , N?-tetramethylethylenediamine,

ammonium persulfate, sodium dodecyl .sulfate and Coomassie

Brilliant Blue R were from Bio-Rad. Stacking gels were made

3% ih bis/acrylamide and resolving gels were made 13% in bis/

acrylamide. Gels were stained a minimum of 10 hours in 1.25

g Coomassie Brilliant Blue R, 450 ml 50% (v/v) methanol and

water, and 46 ml glacial acetic acid. Destaining was per-

formed in hot 5% methanol, 7% acetic acid solution. Gels

(6 mm x 10 cm) were routinely run at 8 mamp per tube. Slab

gels were run at 100 volts in a Bio-Rad Model 220 dual

vertical slab gel electrophoresis cell powered by a Buchler

Instruments N-31008 direct current power supply.

Standard proteins were used for molecular weight cali-

bration of SDS gels included: glucagon (3,600), cytochrome

C (11,700), lysozyme (14,300), rabbit muscle triosephos-

phate isomerase (25,400), ovalbumin (43,000), bovine serum

albumin (67,000), and rabbit muscle glyceraldehyde 3-

phosphate dehydrogenase (36,000), BrCN-cleaved rabbit muscle

was provided by Dr. T. H. Sawyer (25,000; 18,100; 8,800;

7,400; 1,500). All standards were dialyzed exhaustively

against distilled water, and stock solutions (2 mg/ml)
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were prepared of each. Molecular weights of each were used

as described by Weber and Osburn (31).

Sensitivity in staining each standard varied from 0.5 pg

- 1 pg per gel. Generally, 10 pl of standards, 10 pl of a

10% SDS solution were diluted to 100 pl with water and boiled

for 2 minutes. To the denatured standards, three drops of

glycerol and one drop of a 0.2% Brom-phenol blue tracking

dye were added. Five to 25 pl of this solution was then

applied to the gels by layering under the electrode buffer.

Amino Acid Analysis

All analyses were performed on a Beckman 120C automated

amino acid analyzer. Acid hydrolysis was carried out in

6N HCl at 1100 C, with samples purged of oxygen and sealed

in vacuo (24). Analysis of material isolated from polyacryl-

amide gels was performed by the method of Weber et al. (32).

Some samples were simply sliced from the gel using a Wen

hobbyist hot knife and hydrolyzed in vacuum-sealed tubes

containing 1 ml of 6N HCl and 50 pl mercaptoacetic acid.

After hydrolysis the tubes were cooled and the products of

the acrylamide gel allowed to precipitate. The supernatant

solution was decanted and passed through a millipore filter.

The filtered material was evaporated to dryness, washed free

of HCl and dissolved in standardaanhalysist citrate buffer,

pH 2.2. Other acrylamide samples were sliced from the gel

and mascerated in a 50 ml ground glass tissue homogenizer.
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The mascerated acrylamide was extracted with boiling 1%

SDS solution and centrifuged to remove the acrylamide

material. The extract was evaporated to dryness, then

hydrolyzed as above.
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RESULTS AND DISCUSSION

Cysteine Content of Human PGI

Since human PGI was found to be trypsin resistant in

the study by Tilley et al. (28), other methods for initial

peptide cleavage were sought. Fragmentation by BrCN at

methionine was initially considered to be the best alter-

native, since amino acid analysis revealed only 12 methionine

residues per subunit. While these studies were underway,

Jacobson et al. (13) reported the development of a method

for the specific chemical cleavage of proteins at cysteine

[a method originated by Degani et_ al. (B:)for peptides].

This method was viewed with considerable interest, as the

original report of its use with proteins appeared quite appli-

cable to human PGI. Since preliminary analysis of human PGI

had suggested only three to six cysteine residues per subunit,

chemical cleavage at cysteines could offer a substantially

reduced number of resultant peptides with respect to the

number obtained by tryptic digestion. Initial experiments

utilizing this procedure with human PGI appeared promising,

but indicated the necessity of closer scrutiny of the cys-

teine content of the enzyme.

The cysteine content of human PGI was first assessed

by amino acid analysis of the S-carboxymethylated protein

after acid hydrolysis. The entire amino acid composition

was analyzed and served as an "internal standard". Agreement

with previous determinations was good for all residues with
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a standard deviation of 6.2%, establishing the cysteine

content of 3.2 0.2 residues per subunit. This result

was somewhat surprising, since comparisons between the

amino acid content of many residues of human and rabbit

PGI had shown remarkable similarities; and yet, the rabbit

muscle enzyme had been reported to contain six cysteines

per subunit (3).

Since it appeared that the human isomerase might contain

only half as many cysteines per subunit as the rabbit enzyme,

further analysis of the cysteine content of human PGI by

spectrophotometric titration utilizing Boyer's reagent

(p.hydroxymercuribenzoic acid, PMB) and Ellman's reagent

[5,51-dithiobis(2-nitrobenzoic acid), DTNBI were undertaken.

These experiments were also performed to assess the possible

involvement of cysteine sulfhydryls in the active center, and

to establish the optimal conditions for exposing the sulf-

hydryls to chemical modification and cleavage. Utilizing

PMB and rabbit muscle aldolase as standards, a value of 3.29

cysteines per subunit of human PGI was obtained. The PMB

study was performed in acetate buffer at pH 4.5, an environ-

ment in which human PGI undergoes total loss of catalytic

activity. Attempts to perform this titration in buffer

systems more amenable to PGI stability were unsuccessful

(problems such as turbidity precluded meaningful results).

Titrations with DTNB were of interest because of the

similarity of this reaction to that of the 2-nitro-5-
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thiocyanobenzoic acid, to be used for cleavage of the

protein. Studies with DTNB also revealed only three cys-

teines per subunit and indicated that 6 M guanidinium

chloride (GmCl) or 0.1% SDS were sufficient denaturants to

allow the complete titration of sulfhydryls (Table I).

Using DTNB, titrations were performed which monitored

enzymatic activity, as well as the total content of sulf-

hydryls reacted. All titrations were initially conducted

in the absence of denaturants until no further reaction was

observed, Then, denaturants such as guanidinium chloride

(GmCl) or sodium dodecyl sulfate (SDS) were added to cause

complete unfolding of the protein and complete sulfhydryl

reaction. 2-Mercaptoethanol was finally added to show that

DTNB was not a limiting reactant to the titration (Figure 2).

When titrations were performed at 300 C, only 0.5 cysteines

per subunit were titrable after two hours, and total enzymatic

activity was retained. Upon the addition of denaturant

the immediate titration of three sulfhydryls- per subunit

was effected with a concomitant loss of enzymatic activity.

This experiment was repeated at 371 C. At the end of four

hours two cysteines per subunit had been reacted, and enzyme

activity remained 100% of the control. After this time,

loss of activity was experienced in both the sample and the

untitrated control, and thus, the experiment terminated by

addition of denaturant (Table II).
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Figure 23 -- DTNB titration of human PGI. The enzy-
matic activity (as per cent of experimental control
activity, represented by triangles) and the extent of
enzyme sulfhydryls titrated (as sulfhydryls per subunit
of enzyme, represented by circles) were measured as
a function of time. Three experiments are shown here:
(4,A) titration at 30 C for one hour titration termi-
nated with 5.2 M GmCl; (0,A) titration at 30 C for
two hours titration terminated with 0.5% SDS; (0,A)
and titration at 370 C for four hours terminated when
loss of control was experienced.
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Similar experiments with rabbit muscle PGI have been

conducted by Noltmann and coworkers, utilizing p mercuri-

benzoate (PMB) (3). Noltmann found six sulfhydryls per

subunit, two to three which reacted immediately, and an

additional one to two which reacted by two hours, and finally,

one to three which reacted only after the addition of

denaturant. Enzymatic activity was reported to be retained

until the addition of denaturant. When similar studies

were carried out on the rabbit muscle isomerase, but using

DTNB, the immediate titration of two to three residues per

subunit was not observed, but the titration of four to five

cysteines per subunit was observed within one hour (with

little loss of enzymatic activity) (Figure 3). The com-

plete titration of six residues per subunit in the presence

of added denaturant was observed for the rabbit muscle enzyme.

These data clearly indicate that the human PGI contains only

half of the content of cysteine as the rabbit enzyme, and

suggests that all the sulfhydryls are "slow reacting" or

"buried". These data would suggest that for human PGI,

at least two of the cysteines per subunit are not involved

in the active site. Problems experienced with turbidity,

pH and loss of activity associated with PMB indicate that

DTNB is a superior reagent for the quantitative analysis

of sulfhydryl groups of human PGI.
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Figure 3 Titration of rabbit muscle PGI with
PMB and DTNB. Open figures represent rabbit muscle
PGI titration with PMB by Chatterjee and Noltmann (3),
reaction forced to completion at forty minutes with
SDS. Closed figures represent rabbit muscle PGI titra-
tion with DTNB, reaction forced to completion at 50
minutes with SDS. Both titrations were performed at
3 0 C.
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End Terminal Analysis

Since knowledge of the carboxy terminal and amino

terminal residues of PGI might aid the proper alignment

of resultant peptides from cleavage at cysteine, end termi-

nal analyses were performed. Human PGI was subjected to

carboxypeptidase A (CPA) digestion at 300 C with aliquots

removed at 0, 0.5, 1.0, 2.0 and 5.0 hours and analyzed for

free amino acids. This kinetic study showed the release

of glutamic acid, glutamine, aspartic acid and valine from

the carboxy-terminus. These residues were identified both

by direct analysis on the automatic amino acid analyzer, and

by two dimensional chromatography of their dansyl derivatives

on polyamide sheets. Closer inspection of the digestion pro-

duct revealed that glutamine was deamidated to glutamic acid

such that values obtained for glutamine reflect the total

of glutamine and glutamic acid. Analysis of the residues

released per subunit as a function of time indicated the

carboxyl terminal sequence of -aspartyl (valine, glutamine).

The approach to a one to one (residue to subunit) stoichio-

metric release for valine and for glutamine suggested that

both subunits of PGI are identical with respect to their

carboxyl termini. It is also interesting to note that there

was no loss of PGI activity after the enzymatic removal of

these three amino acid residues (Figure 4).
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Figure 4 - Carboxypeptidase A digestion of human
PGI Release of C-terminal residues valine (V), glu-
tamine (Q), and aspartic acid (D) from human PGI was
followed as a function of time. Closed figures show
per cent of original enzymatic activity of PGI remaining
after digestion at each point of time.



34

LO 0 L
LO

c_

kiAi3IV IVNPII AO/0



35

Hydrazinolysis revealed only glutamic acid (again,

by this method glutamine deamidated to glutamic acid), and

thus, the carboxy terminal sequence was established as

-aspartylvalyl glutamine.

Acid hydrolysis of dansylated human PGI or aminopeptidase

M digestion or leucine aminopeptidase digestion of human

PGI failed to show the release of an amino terminal acid,

whereas experimental controls indicated the release of the

expected residues from various standards. These data suggest

that the human enzyme may contain a blocked amino terminus.

This seems quite likely, since rabbit muscle PGI has been

recently reported to contain an amino acetylated alanine

as its amino terminus (14).

Cleavage at Cysteine with TNBCN

Specific chemical cleavage at cysteine using 2-nitro-5-

thiocyanobenzoic acid (TNBCN) was developed by Degani and

Patchornik (5) who synthesized this reagent from Ellman's

reagent, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). TNBCN

was synthesized (see Figure 5) by titrating DTNB with NaCN

at pH 8, forming TNBCN, as well as an equimolar amount of

2-nitro-5-thiobenzoate. The 2-nitro-5-thiobenzonte can be

converted to TNBCN by back-titrating with BrCN at pH 8.

Both steps of the reaction were monitored at 412 nm, where

the thiolate anion absorbs maximally with a molar extinction

coefficient of 13,600.
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Figure 5 Synthesis of TNBCN. Ellman's reagent,
5,5?-dithiobis 2-nitrobenzoic acid, is titrated with
KCN at pH 8. The synthesis is forced to completion by
the reaction of resultant thiolate with BrCN.
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The mechanism of cysteine cleavage with TNBCN has been

investigated by Degani and Patchornik (6) and Jacobson et al.

(13) (see Figure 6). The first step is modification of

cysteine to N-acyl--thiocyanoalanine by CN- exchange between

TNBCN and cysteine. Cyclization and concomitant cleavage

to 4-acyl-2-iminothiazolidine occurs at basic pHs and seems

to implicate specific hydroxide ion catalysis. The cleavage

step occurs readily and quantitatively with no appreciable

side reactions. The critical point in this procedure is

the first step, modification. Degani and Patchornik (6)

have investigated the problems encountered in this step and

concluded that the total thiol concentration must be kept

as low as possible to avoid concentration-dependent, equili-

brium controlled side reactions. A summary of side reactions

is found in Figure 7.

Kinetic studies (6) observing each of these reactions

indicate that only reaction 2 is reversible, and that the

order of reaction rate constants is k3 >k 4 >k1 >k-2>k2 , with

k5 unknown, but believed to be less than k . Since reactions

2, 3, and 4 depend on formation of the thiolate anion, ArS~,

and all these reactions obey second order kinetics, dilution

of reactants would be expected to control these side reactions.

Concentration control allows essentially complete modifi-

cation of the protein sulfhydryls. On the other hand,

Jacobson et al. (13) did not experience any difficulties

with side reactions and do not support this contention.
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Figure 6 Reaction of TNBCN with cysteine resir
dues. 'Modification of cysteine residues by TNBCN
forms cyanocysteine at pH 7- 8. Cleavage occurs con-
comitantly with cyclization of modified cysteines to
4-acyl-2-iminothiazolidine at pH 9.
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Figure 7 Summary of modification side reactions,
Side reactions in the modification of cysteine residues
identified by Degani and Patchornik (6). Only reaction
2 is reversible, and the order of rate constants was
determined as k3>k4 >k1 >k2.. 2 >k2 , with k5 probably less
than k1 .
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Degani and Patchornik (6) have reported some peptides with

cysteines so activated that they compete favorably against

all side reactions. In this study it was obvious that

reactant concentrations need to be closely controlled.

Extent of modification and cleavage are difficult to quanti-

tate, but this study finds the key to essentially complete

modification seeming to depend on low protein thiol concen-

tration (0.5 mM or less), a fairly stringent reduction of all

protein sulfhydryls (see "Methods") and a low mole ratio of

TNBCN to protein cysteines.

The only side reaction of consequence in the cleavage

step is S-elimination. f-elimination forms dehydroalanine

from the N-acyl--thiocyanoalanine. Studies with model pep-

tides (6) indicate that though this reaction is base cata-

lyzed, it does not occur significantly until the pH of the

reaction medium is above 12. A pH of 12 is far outside the

range of the modification and cleavage procedure proposed

here.

A general protocol for two-step modification and cleavage

of human PGI has been established by this study (Figure 8).

First the enzyme is reduced in 1 M 2-mercaptoethanol at 50O

C for 24 hours. The reduced protein is then dialyzed against

the appropriate modification buffer which has been thoroughly

purged of oxygen with N2 . A two to one mole ratio of TNBCN,

with respect to protein sulfhydryl, is added at pH 8.

Modification proceeds at room temperature for 20 minutes
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Figure 8 -- Two step procedure developed for the
modification and cleavage of human PGI with TNBCN,
(See "Results", Cleavage at Cysteine with TNBCN).



45

NATIVE PGI

FIRST MODIFICATION

Q
TNBCN (2:1)
PH 7.5
(SH) 0.5 MM
20 MIN 250

DIALYSIS AND LYOPHILIZATION

FIRST CLEAVAGE

SECOND MODIFICATION

SECOND CLEAVAGE

PH 9.5
24 HOURS
500

PH 7,5
TNBCN (1:1)
20 MIN 250

Q
PH 9,5
24 HOURS
5 00

LYOPHILIZATION AND ELECTROPHORESIS



46

and can be monitored at 412 nm by the formation of the

thiolate anion, 2-nitro-5-mercaptobenzoate thiolate anion.

The reaction is stopped by acidification to pH 4 with glacial

acetic acid and dialyzed against distilled water purged of

oxygen to remove the thiolate anion. Lyophilization follows

to concentrate the modified enzyme and to allow more facile

handling. Cleavage is effected in modification buffer pH

9.0 by incubation at 501 for 12 hours. Since the resul-

tant peptides may be small enough to be lost by dialysis,

further steps were designed to minimize handling and material

loss. The second modification is achieved by adjusting the

pH to 8,0 and adding TNBCN in a 1:1 mole ratio with respect

to the original protein sulfhydryl content. After the

second modification, adjusting the pH to 9.0 and incubating

as before effects a second cleavage of any remaining cys-

teines. Lyophilization and electrophoresis of the material

complete the process.

Proper choice of denaturants for modification and cleavage

is governed by the projected use of the resultant peptides.

Successful modifications and cleavages were performed in

6 M guanidinium chloride (GmCl), 8 M urea, and 0.1% sodium

dodecyl sulfate (SDS). If the material is to be isolated

by normal polyacrylamide gel electrophoresis or isoelectric

focusing (vide infra), 8 M urea is the best choice, since

it is compatible with these electrophoretic systems. If

the isolation of the resultant peptides is to be done by
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SDS polyacrylamide gel electrophoresis, SDS is naturally

the better choice of denaturant. If the material is to

undergo carboxypeptidase A digestion, 6 M GmCl is the choice.

Because of the difficulty of removing denaturants from the

protein either by dialysis or Sephadex, the protocol used

should avoid subjecting the protein to both GmCl and SDS

(these two denaturants complex to yield an unmanageable

colloidal suspension from which it is extremely difficult

to reclaim the protein).

An alternative to dialysis by desalting with Sephadex

G-25 has proved advantageous for the removal of thiolate

anions. It requires approximately two hours working time

to desalt on Sephadex, as opposed to 24 hours by dialysis.

The primary disadvantage to the desalting method is the ab-

solute necessity to keep the protein in a reduced state to

avoid disulfide formation. Buffers must be completely purged

of oxygen and lyophilization of the desalted material must

proceed immediately.

This study has experienced some difficulties in solu-

bilizing human PGI which has been lyophilized to dryness

after denaturation. 6 M GmCl has proved to effect solubili-

zation of such material more quickly than other detergents,

and thus is generally used as the denaturant for the first

modification. Desalting on Sephadex, followed by dialysis

after the first modification, has proved sufficient to avoid
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the GmCl-SDS complex difficulties, allowing SDS to be used

in the second modification and cleavage step.

Urea-Isoelectric Focusing of 125 1-
Labeled PGI Peptides

Early in this study a variety of methods were explored

to isolate the resultant peptides. First considerations were

given to gel filtration on Sephadex G-75. Because of the

number of resultant peptides initially obtained, this method

did not appear applicable. (Early modification and cleavage

reactions did not protect against disulfide formation buffi-

ciently; thus, the number of resultant peptides were arti-

factually large.) Difficulty in monitoring the resultant

peptides was overcome by labeling the protein with 1251(4)

1 2 5 I-labeling greatly improved the sensitivity in locating

the peptides and indicated the difficulty in utilizing

column chromatography for separating the resultant peptides.

Solubility of the cleaved enzyme was poor, and chromatography

was abandoned.

Cleaved iodinated human enzyme was also attempted to be

separated by isoelectric focusing in the presence of urea.

Due to the insolubility of the peptides, denaturants were

needed to keep the peptides in solution. Urea was chosen

because of its net zero charge in the range of ampholine

buffers used for focusing the human PGI fragments. The cleaved

PGI was first extracted with water. SDS discontinuous poly-

acrylamide gel electrophoresis of the water extract showed
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only one of the lower molecular weight peptides to be water

soluble. The remainder of the material was dissolved in 4 M

urea and subjected to isoelectric focusing in the range of

pH 2 - 10. The results are shown in Figure 9. Nearly com-

plete cleavage yielded the four main fragments, as well as

three overlap fragments for a total of seven peptides.

The number of peptides was accounted for by this method.

Several studies have now successfully used this method

of isoelectric focusing in urea, and it appears to offer

several advantages as an isolation technique. The isoelec-

tric point of each peptide can be established, resolution

of the peptides is excellent, and overall recovery of material

is high enough to permit further analysis at the nanomole

level. The most serious disadvantage to isoelectric focusing

in urea in the present study was the problem of ampholyte

removal. The ampholines could be removed by dialysis, but

loss of small peptides would also occur.

Attempts were also made to label the enzyme with fluores-

camine, dansyl chloride, and 14C-maleimide, but problems in

quenching, incomplete reaction, and poor stability of the

derivatives made these methods less satisfactory. 1251

labeling appears to be the best procedure, as sensitivity is

high, the method is mild, stability is good (t approximately

60 days), and the isoelectric point of the resultant peptides

remains unchanged by iodination.
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Figure 9 Profile of isoelectric focusing in
urea. Human PGI was iodinated with 125I at tyrosines
then subjected to cleavage at cysteines with TNBCN.
Extraction of cleavage products with water resulted
in the removal of one of the smaller resultant peptides.
The remainder of the cleavage products were solubilized
and isoelectric focused in 4 M urea. Isoelectric
focusing was performed in the range pH 2 - 10. Closed
figures represent counts per minute as a function of
fractions collected (1 ml fractions), while open figures
represent the measured pH of each fraction,
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Molecular Weight and Peptide Alignment

The basis for using polyacrylamide gel discontinuous

electrophoresis for the isolation of the resultant peptides

was two-fold. First, the system offers the possibility of

resolving peptides on the basis of their charge properties,

as well as by molecular weight (SDS gel electrophoresis)

and second, the methods are rapid, simple, and highly dis-

criminatory. For characterizing the resultant peptides,

an SDS gel method for isolating the fragments by molecular

weight was the first choice. For identification of the

fragment containing a chemical or genetically modified resi-

due, normal polyacrylamide gel electrophoresis would be

preferred.

Because of the low molecular weight of the resultant

peptides, band spreading was a serious problem. The problem

was overcome by utilizing Maizelt s method (16) which allowed

the use of a stacking gel to preconcentrate the applied

material. Figure 10 is an example of a run of human PGI,

cleaved at cysteine, on a 13% resolving gel with a 3%

stacking gel. Recent modification of the method by Weber

and Osborn (31) by Tilley (see "Methods") appears promising

and allows the peptides to be run in a gel system free from

glycine (glycine in the Maizel method serves as a buffering

agent and causes considerable confusion in the amino acid

analysis of extracted material). Labeling the peptides

with fluorescamine or dansyl chloride prior to electrophoresis
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Figure 10 -- SDS polyacrylamide gels of cleavage
products. The gel on the left is a 13% polyacrylamide
gel of native human PGI. The middle gel is an 8%
SDS gel of cleavage products (cleavage in this case is
incomplete as indicated by amount of native PGI). Gel
on the right is a 13% SDS polyacrylamide gel of a com-
plete cleavage reaction.
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also appears promising as a means of monitoring the separation

of peptides, but as yet, the proper conditions for this study

have not been established.

Plotting the log of molecular weight vs the mobility

of the bands for several proteins established a linear

relationship from which the molecular weight of the resultant

peptides could be calculated. Careful choice of standards

was necessary as proteins such as insulin are known to

migrate erroneously (25). The results of such a plot

(Figure 11) offer a good indication of the relative size

of the resultant peptides, but must be considered as a good

estimate only. The behavior of small peptides in SDS are

not fully understood. However, the values obtained by this

procedure offer interpretation of peptide alignment consis-

tent with other analysis of the resultant peptides.

Figure 12 shows two possible alignments of the resul-

tant peptides consistent with molecular weight determinations,

cysteine content, and the size of overlap fragments. No

specification of the N-terminus nor the C-terminus is implied

in these proposed alignments. The alignments are the only

ones consistent with the existence of the four expected

primary fragments, the three possible overlap fragments,

generated by one cysteine failing to cleave, and considering

the molecular weight of the native human PGI.
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Figure 11 -- Molecular weight plot of PGI cysteine
cleavage fragments. Plot of log molecular weight versus
electrophoretic mobility of standards (represented by
closed triangles: BSA - 67,000, ovalbumin - 43,000,
G3PDH - 36,000, Rabbit Muscle TPI - 27,000, cytochrome
C - 13,000, glucagon - 3,600) establishes the line from
which the molecular weights of the cleavage fragments
are calculated (closed circles).
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Figure 12 -- Two possible alignments of cleavage
fragments. The proposed peptide alignments are based
on the molecular weights of cysteine cleavage fragments
and the molecular weight of native human PGI. No
distinction between the C-terminus nor the N-terminus
for either proposed alignment is made. Solid lines show
overlap peptides actually observed, while dashed lines
show theoretical overlap peptides which were not ob-
served.
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Amino Acid Analyses

Preliminary amino acid analysis of the resultant pep-

tides was achieved on materials extracted from SDS poly-

acrylamide gels. The major problem with this method was the

unavoidable, artifactual, high content of serine, glycine,

and leucine (32). SDS polyacrylamide gels were sliced to

effect separation of the resultant peptides and treated in

two ways. Gel material was directly subjected to acid hydro-

lysis, followed by standard amino acid analysis. Alternatively,

the slices were mascerated in a ground glass tissue homogenizer

and extracted with a 1% SDS solution. The extracted peptides

were then lyophilized and hydrolyzed prior to analysis. The

results of these two procedures were consistent with each

other, and the average values are listed in Table III.

Although agreement between the two methods is good, unfortu-

nately, the results are inconclusive. However, the general

composition of the various peptides does offer interpretation

consistent with the overall alignment of the resultant

peptides.

Due to the artifactually high content of serine, leucine

and glycine, and due to the loss of arginine, direct deter-

mination of the content of these residues in the fragments

could not be determined. Estimation of these residues per

peptide was made considering each of these residues to be

randomly distributed throughout the native enzyme. Thus,

the results of these analyses are not presented here as



61

TABLE III

PER CENT AMINO ACID COMPOSITION OF
CYSTEINE CLEAVAGE FRAGMENTS

Amino Acid 
Bands*

34 5 6 7

Lysine

Histidine

Aspartic acid

Threonine

Glutamic acid

Proline

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

5.65 4.30

2.82 3.61

18.10 8.98

7.33 2.17

25.15 21.59

6.32 6.03

12.64 12.59

6.56 6.58

1.18 0.69

-- 22.01

7.85 5.34

3.03 2.95

3.17 3.14

4.86

1.68

17.50

5.22

24.44

4.35

9.77

7.14

0.92

11.26

8.12

1.18

3.54

3.37

3.37

14.53

6.18

28.44

4.83

11. 44

5.81

0.47

12.88

4.02

2.56

3.19

5.25

15.82

28.84

5.55

11.04

5.65

15.96

3.85

2.72

3.20

6.58

15.51

27.42

4.95

14.06

5.82

15.03

4.00

2.52

5.59

3o 43

14.50

27.58

8.75

9.08

6.90

1.02

9.57

7.20

3.11

2.10 2.11 1.92 3.25

*Bands numbered top to bottom from 13% SDS gels.
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conclusive proof of composition of each peptide, nor of the

alignment of each peptide, but simply to show that analysis

from a gel isolation procedure can be discriminatory, and

that such analyses do not contradict the alignments pro-

posed.



CONCLUSIONS

With an initial fragmentation established for human

phosphoglucose isomerase by the use of 2-nitro-5-thiocyano-

benzoic acid cleavage at cysteine, many problems encountered

with conventional trypsin hydrolysis can now be circumvented.

With only three cysteines per subunit, specific chemical

cleavage at cysteine yields only four main fragments and

three overlap fragments, instead of some 70 fragments from

tryptic hydrolysis. With the cysteine cleavage method

there is no requirement to block or to modify any other

residues prior to hydrolysis. In contrast, satisfactory

tryptic hydrolysis of PGI has required prior carbamylation.

Especially important for the human PGI, which has proven

extremely trypsin-resistant, the chemical cleavage at cys-

teine prevents loss of undigestable "core material". Another

important feature of this method that should become evident

during sequencing studies is that the modified cysteines

are no longer capable of forming mixed disulfides, a reaction

which plagues most other methods of fragmentation.

In addition to the specific advantages of this cleavage

with respect to human PGI, TNBCN as a cleavage reagent also

offers some additional advantages of a general nature.

First, since modification of cysteines with TNBCN

63
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stoichiometrically produces the dianion of 2-nitro-5-thio-

benzoic acid, the progress or extent of modification can

be followed spectrophotometrically at 412 nm. Not only is

the sensitivity of this method good, but it also permits the

reaction to be terminated after one, two or three cysteines

have been modified. Secondly, the synthesis of 4C-TNBCN

can easily be accomplished from 14C-KCN. Such a label will

render all the cysteine cleavage fragments radioactive

excluding the original N-terminal peptide (assuming it does

not terminate in cysteine). Any question as to the proper

N-terminal peptide can therefore be answered conclusively

with this method. A 14C label in the resultant peptides would

also be helpful in further sequencing or peptide mapping.

For example, it will facilitate peptide location and recovery,

as well as identification of the N-terminal portion of each

primary fragment after secondary cleavage.

Since human PGI shows some degree of differential reac-

tivity of its cysteines, there exists the possibility of

selectively cleaving specific cysteines of the protein. The

cysteines of highest reactivity could be modified directly

with TNBCN while monitoring the modification reaction, then

the modification stopped, and the cysteines of lower reac-

tivity could be blocked with iodoacetic acid. Alternatively,

the reactive cysteines can be modified by carboxymethylation

with iodoacetic acid, followed by cleaving the "slow" cys-

teines with TNBCN in the presence of denaturant.
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A general protocol for fragmenting human PGI (variant

and normal) can now be proposed which will eliminate most of

the problems associated with this type of study. Variant

enzyme forms are usually identified from their unusual

electrophoretic mobilities. Both normal and variant enzymes

will be subjected to chemical cleavage at cysteines and their

resultant peptides subjected to electrophoresis. The peptide

from the variant which contains the mutation responsible for

its unique electorphoretic properties will be identified by

comparison with the mobilities of cysteine cleavage peptides

from the normal and variant enzymes. Further fragmentation

of the corresponding normal and variant cysteine-cleavage

peptides by BrCN cleavage at methionine will follow and

again the products subjected to electrophoresis. For human

PGI the order of these two cleavages will result in the

fewest number of total peptides, thus facilitating separation

and identification. Finally, tryptic digestion of the mutant

fragment and its corresponding normal fragment will allow

convenient isolation and identification by thin layer peptide

fingerprinting techniques (30). Standard amino acid analysis

and sequencing will also unequivocally identify the mutation.

One of the difficulties of the present study has been

in obtaining complete amino acid analysis of material iso-

lated from polyacrylamide gels. Unusually high values for

serine, glycine and leucine were found, and contamination

by other residues in the work-up procedure are difficult
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to avoid. Amino acid analysis is fraught with problems in

itself (e.g., tryptophan destruction or glutamine and aspara-

gine deamidation during hydrolysis). For the studies

designed above to elucidate the genetic modifications, this

should present no major problem, because amino acid analysis

at each fragmentation step is not required. The procedure

of obtaining maino acid analysis data from thin layer peptide

fingerprinting has been developed by Tilley et al. (30). The

amino acid analysis presented in this study of the cysteine

cleavage fragments was intended only to show the fact that

the fragments were individual peptides rather than electro-

phoretic artifacts.

One final topic of special interest with respect to the

structural-functional relationships of human PGI is the exami-

nation of its catalytic or active site. O'Connell and Rose

(17) working with yeast PGI have developed an active site

affinity label (1,2-anhydro-hexitol-6-phosphate) which co-

valently binds to the enzyme, and Schnackerz and Noltmann

(20) have similarly developed a site-specific affinity label

for a catalytically critical lysine residue for rabbit muscle

PGI. Neither of these active site labels have been tested

with human enzyme, but it is difficult to imagine their

failure to serve as labels for the human isomerase. Once

these labels have been bound covalently to the enzyme

(utilizing radioactive affinity labels and non-radioactive

TNBCN for cleavage at cysteines), it should present no
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new problems to the proposed fragmentation protocol to

isolate and identify the peptides involved in the catalytic

center. (Active site labeled protein can be separated from

non-labeled enzyme simply by passing the mixture over a phos-

phocellulose column, since enzymatic activity is required to

bind the protein to the column under enzyme isolation con-

ditions. )

Therefore, in summary, the results presented in this

study indicate that human PGI contains only three cysteine

residues per subunit, and that the protein can be chemically

cleaved into a minimal number of fragments at these cysteines.

Methods have been developed for the isolation of these pep-

tides, and preliminary alignment of the peptides in their

proper sequence have been accomplished. This study shows

the great potential for cysteine cleavage techniques, es-

pecially with regard to future studies on the structure of

human PGI.
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