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Summary. Reaction of rabbit muscle apo-glyceraldehyde 3 -phosphate dehydro- 
genase with one mole of 1, 5-difluoro, 2,4-dinitrobenzene per mole of enzyme protomer 
brings about total loss of enzymatic activity and concomitant introduction of covalent 
intramolecular crosslinks at the active site of the enzyme. Following peptic digestion, 
a crosslinked couple of peptides was purified and found to have the structure: 
Ala-Ser-Cys-Thr-Thr-Asn 

D’NP 
I 

Gln-Lys-Thr-Val-Asp-Gly-Pro-Ser-Gly-Lys-Leu 
The crosslinked cysteine and lysine residues, though some 32 amino acid residues apart 
in the primary sequence, may approach each other to a distance of 5-6 1 in the three 
dimensional structure of the enzyme. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPD*) from rabbit muscle is a 

tetramer with a molecular weight of 145.000 (1, 2). Each of the enzyme protomers 

contains four sulfhydryl groups, one of which (cys 149) appears to be at its active 

site (3-5). We have recently shown that, in the absence of NADf, this cysteine residue 

can be selectively dinitrophenylated with concomitant loss of catalytic activity (6, 7). 

In the present study we used the preferential reactivity of this cysteine towards 

FDNB as an anchoring point for the introduction of intramolecular crosslinks at the 

active site of the enzyme. The crosslinking reagent was F,DNB (S), which is very 

similar to FDNB in its size, shape and reactivity. 

f Abbreviations: B. A. W., I-butanol-acetic acid-water (4:1:4, v/v); DNP, 

2,4-dinitrophenyl; FDNB, l-fluoro, 2,4-dinitrohensene; F,DNB, 1, 5-diffUOrO,2,4- 

dinitrobensene; GAPD, D-glyceraldehyde 3-phosphate dehydragenase (EC 1.2.1.12). 
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MATERIALS AND METHODS 

GAPD (from Sigma) was assayed by the method of Velick (9). Apo-GAPD 

(the NAD+-free enzyme) was prepared according to Havsteen (10). The preparations 

used had a A,, nm : Aze, nm ratio of 1.85 - 1.95 . Protein concentrations were deter- 

mined spectrophotometrically at 280 nm, using absorbance coefficients of 1. OOcm%ng-* 

for GAPD and 0. 83cm2mg-’ for apo-GAPD (11). The molecular weight of the enzyme 

was taken as 140000 (1,2). 

F,DNB was purchased from Aldrich. The amino acid composition of peptides 

was determined with an amino acid analyzer (12) after hydrolysis in 5.7 N HCl 

(22hr, 1104 in evacuated sealed tubes, N-terminal amino acids were determined by 

the Dansyl method (13) and C-terminals by the use of carboxypeptidases A and B (14). 

RESULTS 

Inactivation of Apo-GAPD with F,DNB. Reaction of apo-GAPD with one mole of F,DNB 

per mole of enzyme protomer(pH 7.8, 220) brings about a quantitative inactivation of 

the enzyme within 30 minutes (Fig. 1). UnIike the inactivation with FDNB which can 

be fully reversed by thiolysis (6), the loss of activity caused by FzDNB is only par- 

tially reversed (CA. SO%, Fig. 1). One of the possible causes for incomplete reactiva- 

tion could be the involvement of e-amino groups of lysines in the crosslink since, 

under these conditions, N-DNP derivatives of lysine do not undergo thiolysis (15). 
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Inactivation of apo-GAPD with FzDNB and subsequent reactivation by Fig. 1: 
thlolysis. The reaction mixture contained apo-GAPD (1.55 n&ml) and F$NB 
(one mole/mole of enzyme protomer), pH 7.8 , The reaction was allowed to 
proceed at 22O and followed with time ( +). Ten minut.8~ after the 
beginniw of the reaction a sample was removed and thiolyzed with S-mercapto- 
ethanol (--a-) (500 moles per mole of enzyme protomer, pH 8.0, 224. 
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Structural studies indicate that this is indeed the case. 

Labeling of the Apoenzyme. Apo-GAPD (912 mg, 6.5 pmoles) was reacted with 

33 umoles of FzDNB (1.27 moles/mole of enzyme protomer) in a buffer composed of 

sodium pyrophosphate (0.03 M) and EDTA (lO%l), pH 7.4. The reaction was allowed 

to proceed for 30 minutes at 22O and then the reaction mixture was dialyzed, first 

(1 hour) against 3 liters of thebtier solution mentioned above but adjusted to pH 9.0, 

and then (48 hours) against 6 liters of 0.02N HCl. 

Labeling of the apoenzyme with F,DNB did not change the aggregation state 

of the protein. Apo-GAPD and its labeled derivative (before dialysis against HCl) 

were found to have identical sZo values (sZo = 7.3 5, measured at 22’) in sodium 

pyrophosphate (0.03 I@, pH 7.4 . 

Fraction number 

Elution patte Fig. 2: m of the peptic digest of apo-GAPD which had been labeled 
with F,DNB. The column (Sephadex G-25, fine; 180 x 1.5 cm) was equilibrated at 
22O with 2% acetic acid. Fractions of 3.2 ml were collected and their absorbancy 
at 280 nm ( - ) and at 330 nm ( ----) were monitored. 
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The column (35 x 0.9 cm) Fig. 3: Purification on Dowex 50-x8 of the fraction S, . 
was water-jacketed and eluted at 50°, first with 0.2 Mpyridine acetate, pH 3.3 and 
then with 2 Mpyridine acetate pH 5.0 . Fractions of 2.5 ml were collected and 
their absorbance at 330 nm (- ) as well as their pH (----) were monitored. 
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Isolation of a Crosslinked Peptide. The labeled protein (in 0.02N HCI) was digested 

by the addition of 91 mg pepsin dissolved in 3 ml of water. The proteolytic digestion 

was allowed to proceed for 22 hours at 30°. The reaction mixture was then lyophylized, 

dissolved in 6 ml of 2o/0 acetic acid and subjected to gel filtration on Sephadex G-25 

(fine) . Fraction S, (Fig. 2) was applied on a Dowex 50-X8 column from which it 

emerged as a single yellow peak (S*D, Fig. 3). This fraction (yield 12%) appeared 

to be a S-N crosslinked peptide since it was found to have an absorption spectrum 

(Fig. 4) identical to that reported for a model compound in which the sulihydryl group 

Wavelength ( n ml 

Fig. 4: Absorption spectrum of the fraction S,D obtained from the Dowex column 
(Fig. 3). The sample was lyophylized to remove the pyridine acetate, dissolved 
in 2cetic acid (pH 2.6) and the spectrum was taken. 

Purification of fraction SjD 

Method of Purification Schematic Representation 

Electrophoresis pl-l 3.5 ; 

GOV/cm, 120 min. 

2 Electrophoresir pH 1.9, 8 
30V/cm, 75 min. 
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Fig. 5: Further purifications of the S,D fraction (obtained from the Dowex column) 
by paper electrophoresis and chromatography. Black bars are yellow and dotted 
bars are ninhydrin-positive bands. 
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of cysteine was crosslinked (with F,DNB) to the &-amino group of lysine (16). Further 

purification of the S,D fraction by a series of preparative paper electrophoresis and 

chromatography yielded a homogeneous yellow peptide (Fig. 5). 

Structure of the Labeled Peptide. After acid hydrolysis (6 N HCl, IlOo, 22 hours) 

the purified yellow peptide was found to have the following ammo acid composititicn: 

Asp, 2.3 (2) ; Thr, 2.6 (3) ; Ser, 1.7 (2) ; Glu, 1.0 (1) ; Pro, 1.3 (1) ; Gly, 1. 8 (2) ; 

Ala, 1.6 (2) ; Val, 1.2 (1) ; Leu, 0.8 (1) ; Lys, 1.4 (1). The N-terminal ammo 

acids of the crosslinked peptide were found to be Ala and Gin by the Dansyl method 

and the C-terminals (determined with carboxypeptidases A and B) were Asn and Leu 

followed by lhr and riys. 

CM the basis of the above results and the sequence data about the enzyme (17,18) 

we assigned to the crosslinked peptide the sequence depicted in Fig, 6. The crosslinked 

cysteine and lysine residues correspond to positions 149 and 183 (respectively) in the 

sequence of GAPD from pig muscle (17) whose structure is very similar to the rabbit 

muscle enzyme. 

Y2 

Proposed structure of the crosslinked couple of peptides. Fig. 6: The symbol -I 
indicates a determination by the Dansyl procedure and 1, a determination 
with carboxypeptidase A or B. 
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DISCUSSION 

A large body of evidence indicates that the sulihydryl group of cys 149 is 

part of the active site of GAPD (18,19). This functional group is super-reactive 

towards a variety of alkylating agents and is also uniquely acetylated during the enzyme- 

catalyzed hydrolysis of p-nitropheny1 acetate (3) or acetyl phosphate (4, 5). The elegant 

work of Harris, Merriwether and Park (3) has shown that a lysine residue (at position 183) 

is also at the active site, since the S-acetyl group (on cys 149) of the acetylated enzyme 

can be made to migrate to the e-amino group of lys 183 upon raising the pH of the 

medium (4, 520). 

The results presented here provide direct evidence that cys 149 and lys 183 

may approach each other to a distance of 5-6 1, since they participate in a crosslink 

of F,DNB in which the two fluorine atoms are 5-6 1 apart. 

We have previously shown that FDNB can be selectiveIy and exclusively direc- 

ted to cys 149 (6,7), and it was shown that this reaction is prevented by the presence 

of NAD+. The crosslinking reagent that was used in the present study (F,DNB) is 

very similar to FDNB in size, shape and reactivity. Therefore one could assume that 

the bifunctional reagent would first become anchored to cys 149 and then explore the 

surrounding of this locus and become attached with its other reactive carbon atom to 

other nucleophiles in the vicinity. The size of F,DNB is small relative to NAD’ and 

it is therefore possible that this reagent, once anchored to the reactive cysteine 

residue, may freely rotate within the site and form several tynes of crossIinks. The 

possibility also exists that the second C-F bond of F,DNB may undergo hydrolysis 

before or after the reagent becomes anchored to the site. In view of all these possibili- 

ties and in view of the fact that S-N migrations may take place, it is necessary 

to accurately identify each of the crosslinks and monosubstitutions formed. 

In the present study we have isolated one of the crosslinked peptides, 

purified it, established its structure and demonstrated that it contains a crosslink 

between cys 149 and lys 183. It should be emphasized, however, that among the 

other peptides that are formed there appears to be another type of crosslit& (accord- 

ing to spectral evidence) connecting two sulfhydryl groups. 

The crosslinks introduced by F,DNB are formed intramolecularly, since 

there is no change in the sedimentation coefficient following the reaction of the 

apoenzyme with the bifnnctional reagent. Nevertheless, it is not clear yet whether 

the cysteine and lysine residues which become crosslinked originate both from the 

same protomer or from two adjacent protomers within the same molecule. Dis- 
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sociation of the FrDNB-labeled enzyme under conditions in which no crosslink is 

detached, may enable us to establish whether the crosslink is formed within a 

protomer or between two protomers. This question is of special relevance in the 

case of GAPD: on the one hand,each of the enzyme protomers (cu) contains one 

super-reactive sulfhydryl group and binds one NAD+ (l&19). On the other hand, 

crystallographic data on the lobster muscle enzyme (21) are compatible with a 

structure containing two distinct interacting pairs of protomers (cu&~ rather than 

cud. This is supported by physicochemical studies with the native and the acyl 

enzyme (22). 

Introduction of intramolecular crosslinks in GAPD may therefore be of 

great use both in the mapping of the enzyme active site and in determining the 

spatial relationship between its protomers. 
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