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Evidence That the 3‘ End of a tRNA Binds to a Site in the Adenylate Synthesis 
Domain of an Aminoacyl-tRNA Synthetase? 
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ABSTRACT: Aminoacylation requires that an enzyme-bound aminoacyladenylate is brought proximal to the 
3’ end of a specific transfer RNA. In Escherichia coli alanyl-tRNA synthetase, the first 368 amino acids 
encode a domain for adenylate synthesis while sequences on the carboxyl-terminal side of this domain are 
required for much of the enzyme-tRNAAIa binding energy. The 3’ end of E .  coli tRNAAla has been 
cross-linked to the enzyme, and sequence analysis showed that Lys-73 is the major site of coupling. A mutant 
enzyme with a Lys-73 - Gln replacement has a 50-fold reduced k,,,/K, (with respect to tRNAAIa) for 
aminoacylation but has a relatively small alteration of its kinetic parameters for ATP and alanine in the 
adenylate synthesis reaction. The data provide evidence that the 3’ end of tRNAAla binds to a site in the 
enzyme domain responsible for adenylate synthesis and that a residue (Lys-73) in this domain is important 
for a tRNAAIa-dependent step that is subsequent to the synthesis of the aminoacyladenylate intermediate. 

T e  complementary use of chemical modification and site- 
directed mutagenesis has been applied recently in a number 

Institutes of Health. 

of cases to probe structure-activity relationships in enzymes 
[Huynh et al., 1988; Kat0 et al., 1988; Nickbarg et al., 1988; 
reviewed in Profy and Schimmel (1988)l. This approach 

modification techniques yet overcomes many inherent limi- 
tations of interpretation through the introduction of unam- 
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biguous amino acid substitutions at specific locations in the 
protein structure. A comparison of the properties of the 
mutant enzyme with those of the wild-type enzyme then 
provides an assessment of the functional importance of the 
amino acid residue(s) under study. We have employed both 
a chemical modification technique and site-directed muta- 
genesis to study the specific interaction between the amino acid 
acceptor end of a transfer RNA and an aminoacyl-tRNA 
synthetase. 

Aminoacyl-tRNA synthetases are a class of enzymes re- 
sponsible for the esterification of amino acids to a hydroxyl 
group at the 3' end of their cognate tRNAs, prior to the coded 
incorporation of these amino acids into a growing polypeptide 
chain during protein synthesis [for reviews, see Schimmel and 
Sol1 (1979) and Schimmel (1987)]. The esterification process 
is accomplished via two steps: first the condensation of the 
amino acid with ATP to form an aminoacyladenylate inter- 
mediate and then reaction of this enzyme-bound intermediate 
with the cognate tRNA. In spite of the analagous reactions 
catalyzed by each aminoacyl-tRNA synthetase, few charac- 
terized similarities exist among their structural features 
(Schimmel, 1987). Among the bacterial enzymes alone, 
quaternary structures range from a single subunit (a) (Hoben 
et al., 1982; Webster et al., 1984; Breton et al., 1986) to 
multiple different subunits (az&) (Webster et al., 1983; 
Mechulam et al., 1985), and polypeptide sizes range from 303 
(Webster et al., 1983) to 939 (Webster et al., 1984) amino 
acids. With respect to similarities among the synthetases, there 
appears to be a common arrangement of functional domains 
along each polypeptide chain. That is, in the cases examined 
to date, sequence units important for the synthesis of amino- 
acyladenylate are located in the amino-terminal halves of the 
enzymes; sequences responsible for RNA recognition include 
these and other units located on the carboxyl-terminal side 
(Jasin et al., 1983; Waye et al., 1983; Bedouelle & Winter, 
1986; Regan et al., 1987; Schimmel, 1987). 

Studies on the nature of the tRNA binding site of amino- 
acyl-tRNA synthetases have included the generation of co- 
valent enzyme-substrate complexes with cross-linking tech- 
niques such as ultraviolet irradiation (Schoemaker & Schim- 
mel, 1974) or reagents such as dithiobis(succinimidy1 pro- 
pionate) (Valenzuela & Schulman, 1986; Leon & Schulman, 
1987a,b), N-succinimidyl [(bromoacetyl)amino] benzoate 
(Leon & Schulman, 1987c), and periodate-oxidized tRNA 
(Renaud et al., 1982; Hountondji et al., 1985, 1986b, 1987). 
The latter reagent is an affinity label specific for lysine residues 
inside the CCA binding site of tRNA on the enzyme, the use 
of which has led to the identification of peptide sequences 
inside this pocket on several synthetases. This reagent is used 
here as an affinity label to identify the CCA binding site of 
tRNAAIa on alanyl-tRNA synthetase from Escherichia coli. 

E. coli alanyl-tRNA synthetase is a tetramer comprised of 
identical 875 amino acid subunits (Putney et al., 1981b,c). 
From analysis of the activities of truncated proteins generated 
from in vitro deletion mutagenesis of its cloned gene (Putney 
et al., 1981a), regions of this enzyme essential for amino- 
acyladenylate formation, charging of tRNAA1", and oligom- 
erization have been identified (Jasin et al., 1983). Specifically, 
with regard to tRNAAIa interactions, a protein with the am- 
ino-terminal 461 amino acids (461N) can charge tRNAAIa, 
whereas proteins with 76 or 93 less amino acids (385N and 
368N, respectively) can still activate alanine to the amino- 
acyladenylate intermediate but cannot charge tRNAAIa. The 
active site for adenylate synthesis is thus contained in fragment 
368N, in which computer modeling studies suggest the pres- 

Biochemistry, Vol. 28, No. 6, 1989 Hill and Schimmel 

ence of sequence elements responsible for the formation of a 
nucleotide binding fold (Webster et al., 1987). In vitro tRNA 
filter binding assays showed that 461 N and 385N bind 
tRNAAIa (with dissociation constants 20-fold and 220-fold 
higher than for wild-type enzyme, respectively) but no 
tRNAAia association with the slightly shorter 368N has been 
detected (Regan et al., 1987). 

Although polypeptide sequences on the carboxyl-terminal 
side of Arg-368 in alanyl-tRNA synthetase are required for 
the in vitro binding of tRNAAIa, no peptide sequences have 
been identified on the amino-terminal side that are responsible 
for the functional integration of adenylate synthesis with 
tRNAAIa binding and aminoacylation. The affinity labeling 
studies described in this work provide evidence that the 3' end 
of tRNAAIa binds to a site in the enzyme domain responsible 
for adenylate synthesis. In this domain, Lys-73 has been shown 
by site-directed mutagenesis to be important for a 
tRNAAIa-dependent aminoacylation step that is subsequent 
to the synthesis of the aminoacyladenylate intermediate. 

MATERIALS AND METHODS 
Proteins. The plasmid-encoded E. coli protein alanyl-tRNA 

synthetase (875N), the truncated fragment 461 (Jasin et al., 
1983), and a mutant 875N in which Lys-73 has been changed 
to glutamine [875N(KQ73)] were prepared from E. coli strain 
W3110 IaqPrecA AlKan'alaSA2 (Regan, 1986). In this 
strain, the gene (alaS) that encodes 875N is deleted from the 
chromosome so that there is no contamination of plasmid- 
encoded 875N with wild-type species. Typically, 0.4 L of late 
log phase cells containing the desired plasmid was harvested 
by centrifugation, washed with cold 0.85% saline, and either 
ground with alumina or sonicated in a minimal volume of 0.1 
M NaCI, 50 mM potassium phosphate, pH 7.5, 50 mM p- 
mercaptoethanol, and 0.5 mM phenylmethanesulfonyl fluoride 
(PMSF).I The resulting extracts were stored in 40-50% 
glycerol at -20 OC. 

Fragment 461N was purified from crude extracts as de- 
scribed by Regan (1986). Partial purification of proteins 875N 
and 875N(KQ73) was conducted by fast protein liquid 
chromatography. Aliquots of the crude extracts were diluted 
3-fold in 25 mM Tris-HCI, pH 7.5, 0.1 M NaCl, 1.0 mM 
6-mercaptoethanol, and 0.5 mM PMSF and loaded onto a 
Mono-Q HR 5/5 column (Pharmacia) equilibrated in the 
same buffer. Proteins were eluted with a 14-mL NaCl gra- 
dient (0.10-0.18 M over 4 mL; 0.18-0.22 M over 6 mL; 
0.22-0.40 M over 4 mL) at a flow rate of 0.5 mL min-'. 
One-milliliter fractions were collected and assayed for ala- 
nyl-tRNA synthetase activity via the aminoacylation assay. 
Both the wild-type and the mutant proteins eluted with 0.2 
M NaC1. Fractions containing activity were pooled, concen- 
trated in a Centricon-30 microconcentrator (Amicon), and 
stored in 40-50% glycerol at -20 "C. The protein composition 
of these pools was shown by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) 
to be approximately 50% 875N or 875N(KQ73). 

When further purification was desired, the pooled fractions 
containing alanine-dependent aminoacylation activity were 
concentrated in a Centricon-30 microconcentrator and applied 
to an S-300 (Pharmacia) column (1 X 47 cm) equilibrated 
in 10 mM sodium phosphate, pH 7.5, 1.0 mM P-mercapto- 
ethanol, and 0.5 mM PMSF at 4 OC. The column was washed 
with the same buffer at a flow rate of 0.3 mL min-l. One- 

' Abbreviations: PAGE, polyacrylamide gel electrophoresis; PMSF, 
phenylmethanesulfonyl fluoride; PP,, inorganic pyrophosphate; RNase, 
ribonuclease; SDS, sodium dodecyl sulfate. 
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milliliter fractions were collected and assayed for amino- 
acylation activity. Those containing activity (fractions 17-23) 
were examined for protein purity by SDS-PAGE (Laemmli, 
1970), pooled appropriately (fractions 17-19), concentrated 
in a Centricon-30 microconcentrator, and stored in 40-50% 
glycerol at -20 OC. At this point, the synthetases were judged 
to be >98% pure. 

All restriction enzymes and DNA and RNA modifying 
enzymes were purchased from New England Biolabs or 
Boehringer Mannheim and used according to manufacturers' 
instructions. Trypsin was purchased from Cooper Biomedical 
in the L-1 -(tosylamino)-2-phenylethyl chloromethyl ketone 
treated form and further purified by passage over an SP- 
Sephadex C-50 column equilibrated in 5 mM sodium citrate, 
pH 3.0, and 0.3 M NaCl. 

Nucleic Acid Material. Purified E.  coli tRNAAIa was 
purchased from Subriden RNA, the concentration of which 
was determined from its total aminoacylation capacity. All 
buffers employed in the storage and incubation of tRNA 
material were pretreated with diethyl pyrocarbonate (Sigma). 
Ethanol precipitation of RNA and separation via PAGE were 
performed essentially as described by Reilly and RajBhandary 
(1986). Elution of RNA material from polyacrylamide gels 
was conducted by modification of published procedures 
(Maxam & Gilbert, 1977). The gel slices were diced and 
placed in a 2X volume of 0.5 M ammonium acetate, 0.1% 
SDS, and 0.1 mM EDTA. Following incubation overnight 
at 37 OC, the suspension was subjected to centrifugation, the 
supernate was filtered through a Millex-GV filter unit 
(Millipore), and the RNA was recovered by ethanol precip- 
itation. ATP was purchased from Boehringer Mannheim; 
deoxynucleotides and dideoxynucleotides were purchased from 
Pharmacia. 

Enzyme Assays. The concentration of active alanyl-tRNA 
synthetase in protein preparations was determined by the 
adenylate burst assay as described by Fersht et al. (1975), with 
the exception that each incubation contained 3 mM alanine. 
The concentration of active sites obtained from each burst was 
divided by four to obtain the concentration of tetrameric 
synthetase. 

The ATP-inorganic pyrophosphate (ATP-PPI) exchange 
assay was adapted from Calendar and Berg (1966). Assay 
mixtures contained the following in 1.0 mL: 100 mM Tris- 
HC1, pH 8.0, 0.01-2.0 mM ATP, 2.0 mM NaPPi (0.2 mCi 
mmol-', New England Nuclear), 10 mM KF, 0.05-2.0 mM 
alanine, 10 mM P-mercaptoethanol, and 5.0 mM MgC12. 
Reactions were carried out with 4 nM enzyme for 15 min at 
37 OC. 

Aminoacylation of tRNAAta was performed according to 
Schreier and Schimmel (1972) and Jasin et al. (1985) at 37 
OC. The assays were performed over a range of tRNAAIa 
concentrations (0.2-72 pM) and at fixed concentrations of 
ATP (4.0 mM) and [3H]alanine (22.4 pM, 5 mCi pmol-', ICN 
Biomedicals). It should be noted that the aminoacylation assay 
is performed at subsaturating alanine concentrations; to raise 
[3H]alanine to saturating concentrations requires impractical 
amounts of radioactive substrate. Previous data suggested that, 
under our assay conditions, the K ,  for tRNAma is not strongly 
dependent on the alanine concentration (Jasin et al., 1985). 
The rate of formation of alanine-tRNA*'" was determined 
from five time points during the initial 2.5 min of each reaction, 
using 3 nM enzyme. 

Radiolabeling and Oxidation of tRNAh. Transfer RNAma 
was 5'-32P labeled by modification of the phosphatase and 
polynucleotide kinase treatment described by Silberklang et 
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al. (1977). The incubation for the first reaction contained 20 
mM Tris-HC1, pH 8.0, 1-60 pg of tRNAAIa, and 20-24 units 
of calf intestinal alkaline phosphatase (molecular biology 
grade) in a final volume of 50 pL. Dephosphorylation was 
carried out for 30 min at 55 OC and then terminated by phenol 
extraction and ethanol precipitation. The incubation for the 
second reaction mixture (20 pL) contained the above de- 
phosphorylated tRNAAta and 20 units of T4 polynucleotide 
kinase in 50 mM Tris-HC1, pH 8.0, 15 mM P-mercapto- 
ethanol, 10 mM MgC12, and 0.8 pM [ T - ~ ~ P I A T P  (4 mCi 
nmol-', New England Nuclear). Incubation was at 37 OC for 
30 min, after which time the mixture was lyophilized and 
subjected to PAGE. 

The dialdehyde derivative of tRNAAIa was obtained ac- 
cording to Buonocore and Schlesinger (1972) with the ex- 
ception that smaller quantities were used. Typically, 0.6 mg 
of tRNAAta was treated in 0.3 mL of 4 mM KIO,,. 

Preparation and Purification of tRNA-Labeled Tryptic 
Peptides of Alanyl-tRNA Synthetase. The 875N-tRNAAta 
and 461N-tRNAAta covalent complexes were obtained by 
modifications of procedures described previously (Hountondji 
et al., 1985, 1986b, 1987). Reaction mixtures contained 20 
mM imidazole hydrochloride, pH 8.0, 25% glycerol, 10 mM 
MgC12, and 3.0 mM sodium cyanoborohydride and were 
conducted at 37 OC. When conducted on an analytical scale, 
a typical reaction contained 4.3 pM 875N and 8.0 pM oxidized 
[32P]tRNAAta in a volume of 10 pL. Following an 80-min 
incubation, the reduction reaction was completed by the ad- 
dition of 1 pL of 50 mM sodium borohydride (to 5 mM) and 
a further 5-min incubation. When desired, exhaustive trypsin 
digests were performed by the addition of 5 pL of 10 M urea 
(to 3 M), 0.5 pL of 5 mM CaCl, (to 0.15 mM), and 0.15 pg 
of RNase-free trypsin and a further 4.5-h incubation at 37 
OC. In preparation for PAGE, each sample was dried down 
to approximately 5 pL in a Speed Vac concentrator (Savant) 
and then dissolved in 10 pL of deionized formamide loading 
buffer. The samples were then subjected to electrophoresis 
through a 6.5% polyacrylamide gel (0.4 mm thick). When 
larger amounts of peptide-tRNAAIa complex were required 
for peptide sequence analysis, the above analytical procedure 
was conducted on a larger, preparative scale. A typical re- 
action contained 87 pM 875N and 28 pM [32P]tRNAAta in 
a volume of 600 pL, and all other reagents were scaled up 
accordingly. Electrophoresis was conducted with 0.1 mM 
sodium thioglycolate (Sigma) in the cathode tank buffer and 
a 6.5% polyacrylamide gel (2.5 mm thick) containing deionized 
urea (Hunkapiller et al., 1983). 

Oligonucleotide-Directed Mutagenesis. The KQ73 sub- 
stitution was introduced into protein 875N by site-directed 
mutagenesis with a synthetic oligonucleotide. We followed 
the procedure of Zoller and Smith (1 983) as described by Toth 
and Schimmel (1986). DNA manipulations were according 
to Maniatis et al. (1982). The entire alas  gene was cloned 
into the EcoRI and SmaI sites of the single-stranded DNA 
phage M13mp8 as an EcoRIIBalI fragment derived from 
pMJ301 (Jasin et al., 1984). Mutagenesis of alaS was directed 
by the permuted 2 1'-mer TGCGGGTGGTCAGCACAA- 
CGA synthesized on a Systec Microsyn 1450A automated 
DNA synthesizer. Except for the permuted positions (un- 
derlined), this oligonucleotide is complementary to the coding 
strand of alas that includes the codons for amino acid residues 
70-75. The permuted triplet encodes glutamine at position 
73. 

Mutant mp8 plaques were detected at a frequency of 4% 
by screening for hybridization with the 5'-32P-labeled permuted 
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trast to a control experiment that employed native tRNAAia, 
in which an apparent zero-order inactivtion occurred at a much 
slower rate (20% inactivation at 90 min). (There was no more 
than a 6% loss of activity after a 210-min incubation with 
native tRNAAia in the absence of sodium cyanoborohydride.) 
Other data in Figure 1A show that the inactivation of ami- 
noacylation activity conferred by the dialdehyde derivative of 
tRNAAla was partially blocked by native tRNAAia. Specifi- 
cally, the presence of a 5.4-fold higher concentration of native 
tRNAA‘“ led to a 2.7-fold reduction in the rate of inactivation 
by the oxidized species. 

The observed inhibitory effect of oxidized tRNAh on 875N 
catalytic activity was not unique to the aminoacylation assay. 
Data presented in Figure 1B establish that synthesis of the 
aminoacyladenylate intermediate, as assayed by the rate of 
ATP-PPI exchange, was also inhibited by prior incubation of 
the enzyme with the dialdehyde derivative of tRNAh. In this 
case, however, no more than 80% inhibition of ATP-PPi ex- 
change activity was obtained, even after an incubation period 
of over 8 h (data not shown). For a direct comparison of the 
inhibition of ATP-PP, exchange activity with that of amino- 
acylation activity, the ATP-PP, exchange rate data were 
normalized by subtraction of the approximate 20% residual 
activity and are plotted with the aminoacylation data in Figure 
1C. The data from the two different assays now coincide on 
the inactivation plot. 

Inactivation similar to that reported in this work has been 
observed for other aminoacyl-tRNA synthetases upon incu- 
bation, under reducing conditions, with the dialdehyde de- 
rivatives of their cognate tRNAs (Baltzinger et al., 1979; 
Hountondji et al., 1985, 1986b, 1987). In these cases, the 
inactivation resulted from covalent cross-linking, via a Schiff 
base intermediate (Fayet et al., 1979), between one of the 
3’-aldehydes on the oxidized cognate tRNA and the €-amino 
group of a lysine in the synthetase polypeptide chain. In order 
to establish that a stable complex is formed between 875N and 
oxidized tRNAAla, we incubated these materials together, in 
the presence of sodium cyanoborohydride, and subjected the 
resulting protein-nucleic acid mixture to PAGE. When 
SDS-PAGE and Coomassie blue staining were employed, we 
detected the formation of one major and several minor species 
that migrate with Rf values less than that of 875N (data not 
shown). The rate of formation of the major species resembled 
closely the rate of inactivation observed in the same experiment 
(Figure 1C). Furthermore, upon digestion with RNase, all 
of these higher molecular weight species were reduced to a 
molecule that comigrated with 875N. No such higher mo- 
lecular weight species were observed when native tRNANa was 
employed. 

The results of similar incubations with 5’-radiolabeled 
tRNAAia, following electrophoresis through a denaturing po- 
lyacrylamide gel, are presented in Figure 2. Autoradiography 
confirmed that no protein was complexed with native tRNANa 
(lane I), but apart from material that remained in the well, 
one major putative 875N-tRNAAia complex was detected 
when the dialdehyde-tRNA*” derivative was employed (lane 
2). Exhaustive trypsin digestion of the protein material in the 
incubation mixture, prior to electrophoresis, yielded one major 
and several minor peptide-tRNAAia species (lane 3) that 
migrated through the gel with Rfvalues slightly less than that 
of free tRNAAla. 

Because 461N is an active truncated fragment containing 
only the amino-terminal portion of alanyl-tRNA synthetase, 
we anticipated that the use of this protein may aid in the 
determination of the region of 875N to which oxidized 
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FIGURE 1: Inhibition of 875N catalytic activity by oxidized tRNAALa. 
Protein 875N (4.1 pM) was incubated as described under Materials 
and Methods in the presence of 52 pM oxidized tRNAALa (O), 52 pM 
native tRNAMa (O), or 52 pM oxidized tRNAMa and 282 pM native 
tRNAMa (X). At the times indicated, aliquots were withdrawn and 
assayed for aminoacylation (A) and ATP-PP, exchange (B) activity. 
The ATP-PPI exchange data obtained in the presence of oxidized 
tRNAh were normalized (A) by subtraction of the activity remaining 
upon termination of the incubation and are plotted for comparison 
with the corresponding aminoacylation inhibition data (A) (C). 

oligonucleotide (Carter et al., 1984). Single-stranded DNA 
was prepared from these plaques, and the presence of the new 
glutamine codon confirmed by dideoxy sequencing (Sanger 
et al., 1977; Biggin et al., 1983) with an oligonucleotide that 
primes 56 base pairs 5’ to codon 73. An approximate 600 base 
pair EcoRVIBamHI fragment was cut from the mutant mp8 
double-stranded DNA and subcloned into the EcoRVIBamHI 
sites of pMJ301. The result is a plasmid containing a mutant 
alas that encodes 875N(KQ73), as confirmed by sequence 
analysis of the double-stranded plasmid DNA. 

RESULTS 

Cross-Linking of Alanyl-tRNA Synthetase with Oxidized 
tRNAA”. Observed changes in the catalytic activity of 875N 
upon incubation with tRNAAla, in the presence of sodium 
cyanoborohydride, are presented in Figure 1. When the 
aminoacylation activity of 875N was assayed as a function of 
incubation time (Figure 1 A), the presence of oxidized tRNAh 
was seen to cause irreversible inactivation of the synthetase 
in an apparent first-order process, leading to essentially com- 
plete (97%) inactivation within 90 min under the conditions 
employed. Similar inactivation was obtained when fragment 
461N was utilized (data not shown). These data are in con- 
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Table I: Sequence of the tRNAAIB-Labeled Peptidea 
cycle 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6  
461Nb A G G x x N  
875Nb4 x x x x x N D L E N V x Y x x x  

x x x v H N y p E N V G Y x A x  
knownsequence" A G G K H N D L E N V G Y T A R 
residue 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 

a Peptide sequences were determined at the Whithead Institute for Biomedical Research on an Applied Biosystems, Inc., Gas-phase protein se- 
quencer. Amino acid residues listed for each cycle correspond to chromatograph peaks showing the strongest increase over the previous cycle. Cycles 
that produce either no amino acid signal or no signal increase over the previous cycle are designated as x. Upper and lower case letters designate, 
respectively, amino acid residues that match or do not match the known sequence that is shown. bPeptide-tRNAA1a complexes were purified from 
polyacrylamide gels and sequenced either with the tRNAAIa moiety intact or following digestion with RNase A. cResults of two independent 
experiments are shown. "Peptide Ala-70-Arg-85 from 875N; the sequence is from Putney et al. (1981b). 

tRNAAIa specifically cross-links. We first showed that the 
aminoacylation activity of 461N is inhibited by oxidized 
tRNAAa (unpublished data) and then conducted cross-linking 
experiments that utilized this fragment in parallel to the ex- 
periments that employed 875N, the results of which are also 
presented in Figure 2. One major putative 461N-tRNAAIa 
complex was observed upon incubation with the dialdehyde 
derivative of tRNAAa (lane 5).  As expected, due to the smaller 
protein employed, this complex migrated further into the gel 
than the larger 875N-tRNAAIa complex (lane 2). Following 
exhaustive digestion with RNase-free trypsin, autoradiography 
revealed a peptide-tRNAh complex that comigrated with the 
corresponding material originating from 875N. This suggested 
that the major site of cross-linking with oxidized tRNAA'" is 
located in the amino-terminal half of 875N. 

Isolation and Sequencing of Labeled Peptide. In order to 
determine the precise location of the primary alanyl-tRNA 
synthetase amino acid residue(s) that participate(s) in the 
oxidized tRNAAIa/sodium cyanoborohydride modificatibn 
reaction, we analyzed the amino acid sequence of the pep- 
tide-tRNAAIa material obtained upon exhaustive tryptic di- 
gestion of the 875N-tRNAh and 461N-tRNAfi complexes. 
The required quantity of peptide-tRNAAia complex was 
prepared by scaling up the analytical procedure and was pu- 
rified partially by denaturing PAGE. Due to the inherent 
presence of numerous nonlabeled peptides (48 are possible 
from 461N and 93 from 875N) in each of the trypsin digest 
mixtures, the major peptide-tRNAAa complex was eluted from 
the polyacrylamide and purified further by a series of ethanol 
precipitations. This procedure was sufficient to remove pep- 
tides that comigrate with the peptide-tRNAAIa complex. 
[ Comigrating non-cross-linked peptides were observed when 
the peptide-tRNAAIa complex band was electroblotted from 
the polyacrylamide onto a poly(viny1idine difluoride) mem- 
brane (Millipore) and sequenced directly as described by 
Matsudaira (1 987).] 

The results of sequence analysis of the major tRNAAa-la- 
beled peptide, derived from 461N and 875N, are shown in 
Table I. Sequencing reactions were carried out for 6 cycles 
with the limited material available from the 461N complex 
and for 16 cycles with the peptide from 875N. Strong signals 
for alanine, glycine, and glycine were always detected in cycles 
one, two, and three, respectively, but were not always increased 
over the previous cycle, and thus are designated as x in some 
cases. The combined results of one experiment with 461N and 
two experiments with 875N provide the amino acid sequence 
AGGvHN(Dy)(Lp)ENVGYXAX (Table I). Upon com- 
parison of this sequence with the published amino acid se- 
quence of 875N (Putney et al., 198 1 b), the only close similarity 
was found in the peptide Ala-70-Arg-85 (AGGKHNDLEN- 
VGYTAR), where there is a match of 13/16 residues. As- 
suming that this is the peptide of interest, the lack of an 
unambiguous signal in cycle 14 is not surprising due to the 

875N , I 461N I : 
I , 

a- 875N-tRNA complex 

1 nantida-tRNA comnlnx 

+free tRNA 

1 2 3 4 5 6  
FIGURE 2: Complexation of 875N and 461N with oxidized [32P]- 
tRNA*. Shown is an autoradiograph of a denaturing polyacrylamide 
gel through which radioactively labeled products of various incubations 
were subjected to electrophoresis. Proteins 875N (25 pM, lanes 1-3) 
or 461N (22 pM, lanes 5 and 6) were incubated as described under 
Materials and Methods in the presence of native [32P] tRNAAIa (1 4 
pM, lane 1) or oxidized [32P]tRNAk (13 pM, lanes 2,3,5,  and 6). 
Prior to electrophoresis, the protein material in lanes 3 and 6 was 
digested exhaustively with RNase-free trypsin. The sample in lane 
4 contains oxidized [32P] tRNAAIa (1 3 pM) in the absence of protein. . 

ready degradation of tryptophan, and no signal is expected in 
cycle 16 because of the inherent low yield of the carboxyl- 
terminal residue. Furthermore, the lack of a lysine signal in 
cycle four could reflect chemical modifications at this position. 
Because residues 69 and 85 of 875N are arginine, it is rea- 
sonable to expect a tryptic digest peptide with the amino- 
terminal sequence A70GG and the carboxyl-terminal sequence 
TARg5. By the same token, one would expect tryptic cleavage 
to occur at Lys-73, a cleavage site that is apparently blocked 
in the tRNAAIa-labeled synthetase. Because incubations of 
the nature described in this work result in covalent cross-linking 
between one of the 3'-aldehydes on the oxidized cognate tRNA 
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I 875N I 1875N(KQ73) I 

- protein-tRNA complex 

1 2 3 4 5 6 7  

FIGURE 3: Complexation of 875N and 875N(KQ73) with oxidized 
[32P]tRNAA1a. Shown is an autoradiograph of a denaturing poly- 
acrylamide gel through which radioactively labeled products of various 
incubations were subjected to electrophoresis. Proteins 875N (4.3 
pM, lanes 1-3) or 875N(KQ73) (4.2 pM, lanes 5-7) were incubated 
as described under Materials and Methods in the presence of native 
[32P]tRNA* (8.0 pM, lanes 1 and 5) or oxidized [32P]tRNAAla (7.2 
pM, lanes 2,3,6, and 7). Prior to electrophoresis, the protein material 
in lanes 3 and 7 was digested exhaustively with RNase-free trypsin. 
The sample in lane 4 contains oxidized [32P]tRNAA1a (7.2 pM) in 
the absence of protein. 

and the t-amine of a lysine residue in the synthetase poly- 
peptide chain (Fayat et al., 1979), these data provide evidence 
that the side chain of Lys-73 is the major site of cross-linking 
between alanyl-tRNA synthetase and the 3' terminus of 
t RNAAla. 

Modification of Alanyl-tRNA Synthetase by Oligonu- 
cleotide-Directed Mutagenesis. Our peptide sequencing data 
suggest the probability that Lys-73 of alanyl-tRNA synthetase 
is proximal to the 3' end of its bound cognate tRNA. We 
decided to test this hypothesis through the introduction of a 
single amino acid change at position 73 via oligonucleotide- 
directed mutagenesis. The substitute amino acid of choice was 
glutamine, in order to eliminate the positive charge yet 
maintain closely the steric and hydrophilic properties of lysine. 

The KQ73 substitution was introduced into 875N as de- 
scribed under Materials and Methods, and the phenotype of 
this mutation was tested in the E. coli alas  deletion derivative 
of strain W3110 (Regan, 1986). When encoded on a mul- 
ticopy plasmid, the mutant protein was found to be functional 
by its ability to complement the growth-defective phenotype 
of this deletion strain. It is not known whether there is suf- 
ficient activity for complementation by a single copy of the 
gene. 

In order to substantiate the finding that Lys-73 is the major 
site of cross-linking between 875N and oxidized tRNANa, we 
attempted to complex this dialdehyde derivative with the KQ73 
mutant protein. The results of these experiments, and parallel 
experiments with the wild-type protein, are presented in Figure 
3. Autoradiography revealed that when 875N or 875N- 
(KQ73) was incubated with oxidized tRNANa, in the presence 
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FIGURE 4: Comparison of 875N and 875N(KQ73) catalytic activities. 
Kinetic data obtained with 875N and 875N(KQ73) are presented 
in Lineweaver-Burk plots of initial rates versus initial substrate 
concentrations. The data were obtained via the aminoacylation (panel 
A, [alanine] = 22 pM; [ATP] = 4.0 mM) and ATP-PPi exchange 
(panel B, [ATP] = 2.0 mM and panel C, [alanine] = 5.0 mM) assays. 
Rates are presented as picomoles of alanyl-tRNA* formed per second 
per picomole of enzyme (A) or picomoles of [y-32P]ATP formed per 
second per picomole of enzyme (B and C). 

of sodium cyanoborohydride, protein-tRNA& complexes were 
generated (lanes 2 and 6). These complexes did not form when 
native tRNAAIa was employed (lanes 1 and 5 ) .  Upon ex- 
haustive trypsin digestion, it was observed that the major 
peptidetRNAfi complex formed with 875N (lane 3) was not 
generated when 875N(KQ73) was employed (lane 7). The 
minor sites observed with the wild-type enzyme were the only 
sites of cross-linking between oxidized tRNAAIa and 875N- 
(KQ73). These results confirmed the peptide sequencing data 
and established Lys-73 to be the major site of cross-linking 
between 875N and oxidized tRNAA'". 

Kinetic Evaluation of Mutant Alany 1-t RNA Synthetase. 
Although the mutant alanyl-tRNA synthetase was functional 
in vivo, an evaluation of its kinetic parameters provided a more 
sensitive indication of subtle functional changes caused by the 
KQ73 substitution. The functional importance of Lys-73 in 
alanyl-tRNA synthetase was assessed by comparing the 
steady-state kinetic parameters of 875N and 875N(KQ73) for 
both the ATP-PPi exchange and aminoacylation reactions. 
The data from these experiments are presented in Figure 4, 
and the apparent kinetic parameters obtained upon extrapo- 
lation of the plots are summarized in Table 11. 

The initial rates of aminoacylation of tRNANa by 875N and 
875N(KQ73) are plotted, in Lineweaver-Burk form, as a 
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Table 11: Apparent Kinetic Parameters for Enzymes 875N and 875N(KQ73) 
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ATP-DvroDhosDhate exchange assav 

875N 1.4 f 0.3 1.7 f 0.3 1 .o 240 f 50 8 3  * 17 46 f 9 33 f 7 
875N(KQ73) 17 f 3 0.42 f 0.08 0.02 450 f 90 79 f 16 30 f 6 35 f 7 

a Aminoacylation assays were conducted at subsaturating concentrations of alanine; see comment under Materials and Methods. Determined 
from the negative reciprocals of the abscissa intercepts of Figure 4A. CDetermined from the reciprocals of the ordinate intercepts of Figure 4A. 
dRelative values are shown. Actual values are 1.2 f 0.2 pM-' s-I for 875N and 0.025 f 0.005 pM-' s-' for 875N(KQ73). eDetermined from the 
negative reciprocals of the abscissa intercepts of Figure 4B. /Determined from the negative reciprocals of the abscissa intercepts of Figure 4C. 
f Determined from the reciorocals of the ordinate intercepts of Figure 4B. *Determined from the reciprocals of the ordinate intercepts of Figure 4C. 

function of tRNAAIa concentration in Figure 4A. Upon in- 
spection of this graph, it is immediately obvious that the lysine 
to glutamine substitution at position 73 caused a significant 
change in the apparent kinetic parameters of alanyl-tRNA 
synthetase. Specifically, the point mutation resulted in a 
12-fold increase in the apparent K ,  for tRNAAa and a 4-fold 
decrease in the apparent kcat (Table 11). This corresponds to 
a 50-fold (98%) decrease in the efficiency of this synthetase 
to aminoacylate its cognate tRNA under the conditions of the 
assay. 

In addition to the above evaluation of k,, and K ,  with 
respect to tRNAAa, we compared the apparent K,'s for alanine 
and ATP via the ATP-PPI exchange reaction. The initial rates 
obtained in these assays are plotted, in Lineweaver-Burk form, 
as functions of alanine and ATP concentrations in Figure 4B 
and Figure 4C, respectively. The apparent kinetic parameters 
obtained from the data in these plots show small or no changes 
resulting from the lysine to glutamine mutation at position 73. 
Specifically, the mutation led to an approximate 2-fold increase 
in the apparent K ,  for alanine with no significant alteration 
in the apparent K ,  for ATP or the apparent k,, for this 
reaction (Table 11). 

DISCUSSION 
Much effort has been directed in recent years at developing 

a deeper understanding of the factors responsible for the ef- 
ficient and functional protein-RNA interactions that occur 
between aminoacyl-tRNA synthetases and their cognate 
tRNAs (Schimmel, 1987). Although high-resolution X-ray 
diffraction data have been obtained for two members of this 
class of enzymes [ E .  coli methionyl-tRNA synthetase (Zelwer 
et al., 1982) and Bacillus stearothermophilus tyrosyl-tRNA 
synthetase (Bhat et al., 1982)], rigorous structural information 
on a synthetase-tRNA complex is not yet available (Lorber 
et al., 1983; Frederick et al., 1988; Perona et al., 1988). 
Studies on the protein-RNA interaction have thus been limited 
to the use of other physical and chemical techniques, with the 
addition of the more recent developments in molecular biology. 
With regard to the specific interaction between aminoacyl- 
tRNA synthetases and the amino acid acceptor arm of their 
cognate tRNAs, the periodate-oxidized tRNA affinity label 
has proven to be a valuable tool in the identification of peptide 
sequences that may be proximal to the 3' end of the bound 
tRNA molecule (Renaud et al., 1982; Hountondji et al., 1985, 
1986b, 1987). When combined with information generated 
by site-directed mutagenesis, the importance of such amino 
acid residues can be addressed directly. 

Affinity labeling of E .  coli alanyl-tRNA synthetase with 
periodate-oxidized tRNAh caused inactivation of this enzyme 
in a time-dependent, irreversible manner. The inactivation 
was observed when assayed by either the two-step amino- 
acylation reaction or the one-step ATP-PPI exchange reaction, 
and comparison of the two processes (Figure 1C) suggests that 
inactivation was caused in each case via the same phenomenon. 

However, inactivation of the adenylate synthesis reaction was 
only partial, with a residual activity of 20% after long incu- 
bation with the oxidized tRNAAla. In other work, essentially 
total inactivation of both aminoacylation and ATP-PPI ex- 
change activities was obtained in cross-linking experiments 
with E.  coli methionyl-tRNA synthetase (Hountondji et al., 
1979) and E .  coli tyrosyl-tRNA synthetase (Hountondji et 
al., 1986b) but not with the phenylalanyl-tRNA synthetases 
from yeast (Baltzinger et al., 1979) or E.  coli (Hountondji et 
al., 1987). In the latter two cases, inactivation of the ami- 
noacylation reaction but not the ATP-PPI exchange reaction 
was observed. In all of these examples, the inactivation was 
due to covalent cross-linking, presumably via the formation 
of a Schiff base between one of the 3'-aldehydes on the oxi- 
dized tRNAMa and the +amine of one or more lysines (Fayat 
et al., 1979). This is in contrast to the noncovalent, partial 
interference of some cognate tRNAs with the adenylate syn- 
thesis reaction (Buonocore & Schlesinger, 1972; McNeil & 
Schimmel, 1972). 

In our work, the specificity of the affinity label was inves- 
tigated by testing for interference with the inactivation process 
by native tRNAAIa. This experiment revealed the presence 
of competition between native tRNAAIa and the dialdehyde 
derivative (Figure 1 A), suggesting that the affinity label binds 
to a functionally important site. The slow inactivation obtained 
in the presence of only the native tRNAh species (Figure 1A) 
was not due to the formation of covalent synthetase-tRNANa 
complexes (Figure 2 ,  lane 1) but may represent nonspecific 
sodium cyanoborohydride reduction of functionally important 
amino acid side groups. 

The identity of the amino acid residue responsible for the 
formation of the major peptide-tRNAAla complex was de- 
termined by peptide sequence analysis to be Lys-73. This 
identity was based on a peptide sequence that corresponded, 
in the majority of residues, with an alanyl-tRNA synthetase 
peptide that extends from Ala-70 to Arg-85 (Putney et al., 
1981b). In this peptide, tryptic cleavage at Lys-73 was pre- 
vented due to the inherent modification of this base in the 
cross-linking procedure. We therefore concluded that Lys-73 
is located in the region of alanyl-tRNA synthetase responsible 
for binding the 3' end of t R N A ~  and may be at least partially 
responsible for this functional interaction. 

Peptide sequences potentially responsible for the association 
of three other E .  coli aminoacyl-tRNA synthetases with the 
3' end of their cognate tRNAs have been identified. In the 
case of methionyl-tRNA synthetase, one minor and two major 
peptides were labeled with oxidized initiator tRNAMet 
(Hountondji et al., 1985), the location of which can be de- 
termined from comparison with the crystallographic structure 
(Zelwer et al., 1982; Blow et al., 1983; Brunie et al., 1987). 
All of these peptides are located in the amino-terminal domain, 
which extends to residue 360 and includes the mononucleotide 
binding fold (Rossmann et al., 1977; Risler et al., 1981). The 
two major peptides contain Lys-6 1 and Lys-335, respectively, 
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both of which are in connecting sequences between an a-helix 
and a @-sheet in this fold (Brunie et al., 1987; Starzyk et al., 
1987). Substitution of Lys-335 with glutamic acid results in 
complete inactivation of methionyl-tRNA synthetase, although 
it is not clear from the published data whether this mutation 
blocks adenylate synthesis or inhibits aminoacylation at a 
subsequent step (Brunie et al., 1987). The minor peptide, 
containing Lys- 142, - 147, and - 149, lies in a long connective 
polypeptide that joins two @-sheet segments of the nucleotide 
fold. 

In the case of tyrosyl-tRNA synthetase, three lysine residues 
(Lys-229, -234, and -237) were found to be labeled by oxidized 
tRNATY (Hountondji et al., 1986b). These lysines correspond 
to three lysines in a highly conserved sequence in the same 
enzyme from Bacillus stearothermophilus (Winter et al., 
1983), two of which have been shown by mutagenesis ex- 
periments to be important in the synthesis of tyrosyladenylate 
(Bedouelle & Winter, 1986; Fersht et al., 1988). On the basis 
of this information, and by analogy with the known three- 
dimensional structure of Bacillus stearothermophilus tyro- 
syl-tRNA synthetase (Bhat et al., 1982; Blow et al., 1983), 
Lys-229, -234, and -237 in the E .  coli enzyme are most likely 
located in or near the nucleotide binding fold. 

Affinity labeling studies with phenylalanyl-tRNA synthetase 
have also identified potential tRNAPhe binding peptide se- 
quences in the amino-terminal region of this enzyme’s large 
a subunit (Hountondji et al., 1987). In this case, peptides 
containing Lys-2, -61, and -106 were shown to be almost 
equally capable of complexing with the dialdehyde derivative 
of tRNAphe. The orientation of these lysines in the three- 
dimensional structure of phenylalanyl-tRNA synthetase re- 
mains to be determined. 

Upon the identification of lysine residues most reactive with 
the 3’-acceptor end of their cognate tRNAs in E .  coli meth- 
ionyl- and tyrosyl-tRNA synthetases, it was noted that sim- 
ilarities exist among their adjacent peptide sequences 
(Hountondji et al., 1986b). This led to a systematic computer 
analysis to search for similarities between these peptide se- 
quences and those in other synthetases with known primary 
structure (Hountondji et al., 1986a). The relevant amino acid 
sequence KMSKS was found to be highly conserved in the 
primary structures of six aminoacyl-tRNA synthetases, with 
similar short peptides noted in five others. E.  coli alanyl-tRNA 
synthetase is among the enzymes containing a similar short 
peptide, consisting in this case of Ala-8 15-Lys-8 19 (AGVSK) 
in the carboxyl-terminal region. This sequence was noted with 
reservation as to its significance because it shares only 3 amino 
acid identities and 1 conservative replacement out of 11 com- 
pared residues. Moreover, it should be noted that the entire 
sequence of E .  coli alanyl-tRNA synthetase has little or no 
similarity with that of any other synthetase for which the 
primary structure has been determined (Schimmel, 1987). 

In order to test the significance of Lys-73 in the functional 
alignment of the 3’-acceptor end of tRNAAIa with alanyl- 
tRNA synthetase, we introduced a single amino acid substi- 
tution at this position by site-directed mutagenesis. The 
substitute of choice was glutamine, in order to eliminate the 
positive charge yet maintain closely the steric and hydrophilic 
properties of lysine. With this mutation, we established that 
Lys-73 is not essential for the aminoacylation of tRNAALa, 
because the mutant protein [875N(KQ73)] was able to com- 
plement the growth of an alas  deletion strain. However, the 
substitution of glutamine at position 73 did prevent cross- 
linking at the major contact site with oxidized tRNA* (Figure 
3), thus confirming our peptide sequence analysis. 

The functional importance of Lys-73 in alanyl-tRNA 
synthetase was assessed in a comparison of the steady-state 
apparent kinetic parameters obtained with both the wild-type 
and the mutant enzymes (Figure 4). By studying apparent 
K ,  and k,, values determined in both the aminoacylation and 
ATP-PPI exchange reactions, we noted that the most signif- 
icant effect of the KQ73 mutation was a 12-fold decrease in 
the apparent affinity of alanyl-tRNA synthetase for tRNAAa 
(Table 11). When considered in the context of the amino- 
acylation reaction, this mutation resulted in a 98% decrease 
in the catalytic efficiency of this enzyme. We thus conclude 
that the side chain of Lys-73, with its inherent positive charge, 
is partially responsible for the functional alignment of the 
3’-acceptor end of the cognate tRNA but is not essential for 
catalysis of the aminoacylation reaction. The precise role of 
this residue in catalysis may be determined upon the substi- 
tution of other amino acids at position 73. Furthermore, 
because crystals of an alanyl-tRNA synthetase fragment 
containing Lys-73 have recently been obtained (Frederick et 
al., 1988), we anticipate detailed structural information on the 
orientation of this amino acid to be available in the near future. 

In contrast to the aminoacylation reaction, the KQ73 mu- 
tation introduced relatively small alterations in the ability of 
this enzyme to catalyze the ATP-PPI exchange reaction. 
Specifically, we noted only an approximate 2-fold increase in 
the apparent K,,, for alanine with no significant change in the 
other values determined. Other mutations in E.  coli alanyl- 
tRNA synthetase have also been shown to affect the affinity 
of this enzyme for alanine [see Theall et al. (1977) and ref- 
erences cited therein], but the precise locations of these mu- 
tations in the alas gene sequence have not been determined. 
Such mutations are possibly in a region containing a mono- 
nucleotide binding fold, as is thought to be the case for the 
methionyl-tRNA synthetase from yeast. In this enzyme, a 
single amino acid change in the carboxyl-terminal part of the 
putative mononucleotide binding fold apparently elevates the 
K ,  for methionine in vivo and causes the enzyme to be labile 
and inactive in vitro (Chatton et al., 1987). 

It is not surprising that a mutation in the region of ala- 
nyl-tRNA synthetase responsible for binding the 3’ end of 
tRNAALa slightly interferes with alanine binding (Table 11), 
because both components must at some time be brought into 
close proximity in order for aminoacylation to occur. On the 
other hand, the finding that the KQ73 mutation affects mostly 
tRNAAIa interactions portrays the substrate specificity of 
Lys-73 in this multisubstrate enzyme. Previous work in our 
laboratory showed that an amino acid substitution (Ala-409 - Val) on the carboxyl-terminal side of the adenylate synthesis 
domain alters the enzyme-tRNAAla interaction (Ho et al., 
1985; Regan et al., 1988). However, to our knowledge, Lys-73 
is the first amino acid identified in the adenylate synthesis 
domain of alanyl-tRNA synthetase that is involved specifically 
in the interaction of this enzyme with its cognate tRNA. 

The observation that ATP-PPI exchange activity was par- 
tially inhibited upon cross-linking of alanyl-tRNA synthetase 
with the 3’ end of tRNAAIa (Figure 1B) must now be un- 
derstood in light of the kinetic data obtained with the mutant 
enzyme. Because Lys-73 is not required for aminoacyl- 
adenylate synthesis to occur, it is possible that the partial 
inactivation observed represents steric interference by the large, 
covalently bound tRNAA1” molecule. 

Our studies on the nature of one region of the tRNAAla 
binding site on alanyl-tRNA synthetase provide another ex- 
ample of the complementary use of a chemical modification 
technique and site-directed mutagenesis. We utilized an af- 



Site on Aminoacyl-tRNA Synthetase for Binding tRNA 

finity label to identify Lys-73 as an amino acid residue that 
probably exists in the region of alanyl-tRNA synthetase re- 
sponsible for binding the 3'-acceptor end of its cognate tRNA. 
However, on the basis of the affinity label studies alone, the 
significance of Lys-73 in the catalytic function of this 
synthetase could not be assessed. Site-directed mutagenesis 
provided a mutant enzyme with which we established that 
Lys-73 in alanyl-tRNA synthetase is important for a 
tRNA*'*-dependent step that is subsequent to the synthesis 
of the aminoacyladenylate intermediate. 
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ABSTRACT: The catalytically essential amino acid, histidine 176, in the active site of Escherichia coli 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been replaced with an asparagine residue by 
site-directed mutagenesis. The role of histidine 176 as a chemical activator, enhancing the reactivity of 
the thiol group of cysteine 149, has been demonstrated, with iodoacetamide as a probe. The esterolytic 
properties of GAPDH, illustrated by the hydrolysis of p-nitrophenyl acetate, have been also studied. The 
kinetic results favor a role for histidine 176 not only as a chemical activator of cysteine 149 but also as a 
hydrogen donor facilitating the formation of tetrahedral intermediates. These results support the hypothesis 
that histidine 176 plays a similar role during the oxidative phosphorylation of glyceraldehyde 3-phosphate. 

~-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)’ 
is a tetrameric enzyme, using NAD’ as a cofactor. The re- 
action it catalyzes can be decomposed into an oxidoreduction 
step, with formation of an acyl-enzyme and NADH, and a 
phosphorylating step, including the nucleophilic attack of the 
acyl-enzyme by phosphate ion in the presence of NAD’, giving 
rise to 1,3-diphosphoglycerate. The currently accepted 
mechanism (Harris & Waters, 1976), supported by extensive 
pre-steady-state (Trentham, 197 1 ; Harrigan & Trentham, 
1974) and steady-state kinetic experiments (Duggleby & 
Dennis, 1974; Meunier & Dalziel, 1978), is in favor of the 
formation of a thiohemiacetal intermediate involving two es- 
sential residues, Cys-149 and His-176. The His residue is 
postulated to act as a chemical activator by enhancing the 
reactivity of the thiol group of Cys-149, possibly through the 
formation of an ion pair with the imidazolium ring of His-176 
(Polgar, 1975). The tetrahedral transition state for the hem- 
ithioacetal formation would also be stabilized by hydrogen 
bonding between the protonated imidazole N‘ of His-176 and 
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the carbonyl oxygen atom of glyceraldehyde 3-phosphate, thus 
favoring a nucleophilic attack by the thiol group. A similar 
activation could also occur during the phosphorylating step, 
with the formation of a hydrogen bond between the imida- 
zolium ring and the oxygen of the carbonyl group of the 
acyl-enzyme, facilitating the nucleophilic attack by the 
phosphate ion. 

As postulated for certain dehydrogenases (Holbrook et al., 
1976; Fersht, 1985), the His residue could also play a role as 
a base catalyst, facilitating hydride transfer, during the oxi- 
doreduction step, in the case of GAPDH, from the thio- 
hemiacetal intermediate toward the C4 position of the nico- 
tinamidium ring of the coenzyme (Harris & Waters, 1976). 
According to the crystal structure of GAPDH from Bacillus 
stearothermophilus (Skarzynski et al., 1987; Skarzynski & 

Abbreviations: GAPDH, ~-glyceraldehyde-3-phosphate de- 
hydrogenase (EC l .2. l .  12); Tris, tris(hydroxymethy1)aminomethane; 
Pipes, piperazine-N,N’-bis(2-ethanesulfonic acid); EDTA, ethylenedi- 
aminetetraacetic acid; pNPA, pnitrophenyl acetate; pNP, p-nitrophenol; 
IAM, iodoacetamide; G3P, glyceraldehyde 3-phosphate; 1,3-DPG, 1,3- 
diphosphoglycerate; Pi, inorganic phosphate; NAD+ and NADH, nico- 
tinamide adenine dinucleotide, oxidized and reduced forms; B. stear- 
othermophilus, Bacillus stearothermophilus; E. coli, Escherichia coli. 
Mutant is referred to as follows: His-176 - Asn-176 enzyme with 
asparagine at position 176. 
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