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ABSTRACT: Pre-steady state kinetic analyses on the formation of tyrosyl adenylate from tyrosine and each 
of the four diastereomers of a- and @-phosphorothioate adenosine triphosphates [ATPaS and ATP@; 
Eckstein, F., & Goody, R.  (1976) Biochemistry 15, 1685-1691; Yee, D., Armstrong, V. W., & Eckstein, 
F. (1979) Biochemistry 18, 41 16-41231 were performed in the presence of Mg2+, Co2+, and Cd2+ as the 
divalent metal ion cofactor. A modest preference of 5.5-fold in k3/KA’ (where k3 is the rate constant for 
tyrosyl adenylate formation and KA’ is the dissociation constant for ATP, or phosphorothioate ATP, from 
the E-Tyr-metal-ATP complex) for the Sp ATPaS diastereomer and the absence of an inversion of preference 
when the metal ion is changed suggest that there is a stereospecific enzyme-a-phosphate interaction and 
that there is no direct metal ion interaction with the a-phosphate. The extent of reaction of the ATPaS 
diastereomers ( 3 0 4 0 % )  implies that these analogues are more susceptible to the hydrolytic site reaction 
previously reported for this enzyme [Wells, T. N. C., & Fersht, A. R. (1986) Biochemistry 25, 1881-18861. 
The strong preference in k3/KA’ for the RP ATP@S diastereomer (16-fold for Mg2+ and 50-fold for Co2+) 
is indicative of a stereospecific interaction with the pro S ,  oxygen of ATP. The Sp ATP@ diastereomer 
exhibits an unusually low extent of reaction (- 10% versus 70-100% for the RP diastereomer) that does 
not appear to be due to the hydrolytic side reaction. This low extent of reaction appears to mask the inversion 
of preference in k3 and k3/KA‘ when the metal ion is changed. The observed change in preference in KA‘ 
(Sp/Rp for Mg2+ = 1.8 and for Cd2+ = 0.36) is consistent with metal ion binding to the @-phosphate. A 
model of the E-Tyr-MgOATP complex is proposed that involves enzyme binding to the pro-Rp, oxygen and 
Mg2+ chelating to the pro-Sps oxygen of ATP. 

x e  tyrosyl-tRNA synthetase from Bacillus stearothermo- 
philus catalyzes the aminoacylation of tRNA‘Y with tyrosine 
in a two-step mechanism. 

Tyr + Mg-ATP Tyr-AMP + Mg.PPi (1) 

Tyr-AMP + tRNA + Tyr-tRNA + AMP (2) 
In the first step (eq l),  termed “tyrosine activation”, the tyrosyl 
adenylate formed is tightly bound by the enzyme. In the 
second step (eq 2), transfer of tyrosine from the tyrosyl ade- 
nylate to the tRNA occurs. In the absence of tRNA, the 
enzyme tyrosyl adenylate complex is stable and provides an 
accurate means of active-site titration (Fersht et al., 1975). 
A number of three-dimensional X-ray crystal structures of 
wild-type and mutant enzymes and of the E-Tyr and the E. 
Tyr-AMP complexes have been solved (Monteilhet et al., 1984; 
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Brown et al., 1987; Brown, 1988; Fothergill, 1988). However, 
the magnesium ion cofactor is not seen in any of these 
structures. Site-directed mutagenesis experiments on the 
synthetase have revealed many protein residues that are in- 
volved in specific binding interactions with the substrates, 
transition states, and products of the reaction [reviewed in 
Fersht (1987)], but the exact role of the metal ion has re- 
mained obscure. 

Phosphorothioate analogues of ATP (Figure 1) have been 
widely used for the determination of the configuration of the 
metal-ATP substrate complex in enzymatic reactions by 
measuring kinetic parameters of the enzymatic reaction with 
the diastereomers of ATPaS and ATPPS in the presence of 
various metal ions (Eckstein, 1985). The basis of this method 
is that MgZ+ preferentially coordinates to oxygen, Co2+ exhibits 
little selectivity, and Cd2+ preferentially coordinates to sulfur 
(Pecoraro et al., 1984). Thus, if the metal ion is coordinated 
to either the a or P phosphate during the reaction, then a 
change in stereoselectivity for the two diastereomers of ATPaS 

Abbreviations: tRNA, transfer ribonucleic acid; ATP, adenosine 
S’-triphosphate; Sp, S stereoisomer at phosphorus; Rp, R stereoisomer at 
phosphorus. 
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HO OH 

~ G U R E  1 : Phosphorothioate ATP analogues ( 1  = RP ATP& isomer; 
2 = S, ATPcrS isomer; 3 = Sp ATP@ isomer; 4 = RP ATP@ isomer). 

or ATPOS is to be expected (Cohn, 1982). 
In this paper we report pre-steady-state kinetic experiments 

on aminoacyl adenylate formation with the tyrosyl-tRNA 
synthetase using a- and 0-phosphorothioate ATP analogues 
with Mg2+, Co2+, and Cd2+ as the divalent metal cation. These 
experiments establish both the catalytic rate constants and the 
binding constants for each of the phosphorothioate ATP 
analogues with each of the metal ions. Conclusions about the 
binding geometry of the metal ion in the E.Tyr.Mg.ATP 
complex are made from these data. 

MATERIALS AND METHODS 
The diastereomers of ATPaS and ATPPS were prepared 

as described previously (Eckstein & Goody, 1976; Yee et al., 
1979). The ATP analogues were characterized by ,'P NMR 
spectroscopy and reverse-phase HPLC as previously described 
for the diastereomers of ATPaS (Ludwig & Eckstein, 1989). 
For the HPLC analysis of the diastereomers of ATPOS, the 
same system was used except that the triethylammonium 
bicarbonate buffer contained 20 mM MgCl, and the aceto- 
nitrile concentration was linearly increased from 0 to 4.5% over 
15 min (Marquetant & Goody, 1983). This led to a partial 
resolution of the two diastereomers with retention times for 
the Sp isomer of 4.83 min and for the RP isomer of 5.18 min. 
The 3'P NMR spectra of the diastereomers of ATPOS were 
identical with those reported earlier (Sheu & Frey, 1977). 

The tyrosyl-tRNA synthetase from B.  stearothermophilus 
was expressed in Escherichia coli TG2 hosts from M13mp9 
phage constructed as described previously (Carter et al., 1984) 
and purified to electrophoretic homogeneity according to the 
method of Wells and Fersht (1986). Uniformly labeled 
[ 14C]tyrosine (486 mCi/mmol) was purchased from Amers- 
ham. Inorganic pyrophosphatase, Trizma base, Bis-tris, and 
chelating resin were purchased from Sigma. Nitrocellulose 
disks (type 1 1306) were obtained from Sartorius. Magnesium 
and cobalt were used as their chloride salts. Cadmium was 
present as its acetate salt. 

Kinetics. Assay mixtures contained the following: 144 mM 
Tris buffer (pH 7.78), 1 unit/100 pL inorganic pyro- 
phosphatase, 19 pM [U-14C]tyrosine, 0.8 pM tyrosyl-tRNA 
synthetase, and 0.05-20 mM phosphorothioate ATP. Addi- 
tionally, in their respective reactions, magnesium and cobalt 
concentrations were maintained at a 5 mM excess over the 
phosphorothioate ATP concentration. Due to apparent sub- 
strate inhibition in the cadmium reactions at concentrations 
1 5  mM, the cadmium concentration was maintained at a 2 
mM excess over that of the phosphorothioate ATPs. A small 
amount ( N 10 mg) of chelating resin was added to buffer/ 
tyrosine and enzyme stocks to remove any traces of divalent 
metal that might interfere in the assays. The chelating resin 
was removed by centrifuging and decanting stock solutions 
prior to use. Trial assays performed in the presence and 
absence of magnesium ion were used to detect the presence 
of contaminating metal ions. The phosphorothioate ATP 
solutions were either treated with chelating resin as above or 

extracted with a 1% solution of 8-hydroxyquinoline in chlo- 
roform to remove trace metal ions. It should be noted that 
the chelating resin does adsorb a small amount of tyrosine and 
ATP. Tyrosine and ATP analogue concentrations were de- 
termined spectrophotometrically after metal ion removal 
treatment. 

Assays were performed at 25 OC by filtering 20-pL aliquots 
taken at various incubation times up to 40 min through ni- 
trocellulose filters. The filters had been prewashed with 144 
mM Tris buffer (pH 7.78) saturated with tyrosine to reduce 
background radioactivity due to adsorption of [U-14C]tyrosine 
to the filters. Filters were dried and counted in OptiPhase 
HiSafe I1 (LKB) liquid scintillant for 10 min each. Tyrosyl 
adenylation rates (kOb) were calculated by using Enzfitter 
(Elsevier-Biosoft) to perform a nonlinear fit of the data to a 
first-order rate equation. Corrected rate constants (k,') were 
then fit (nonlinear) to Michaelis-Menten kinetics. Standard 
errors were calculated by using the method of Cleland (1967). 

Assays with Cd-ATP@ at pH 6.0 were performed exactly 
as described above with the exception that the buffer was 100 
mM Bis-tris (pH 6.0). 

RESULTS 
Initial steady-state tRNA charging experiments (data not 

shown) determined that both Co2+ and Cd2+ are able to 
substitute for Mg2+ in the tyrosyl-tRNA synthetase reaction. 
At concentrations greater than 5 mM, substrate inhibition was 
observed with CdSATP. This inhibition is presumably due to 
Cd2+ interaction with protein thiol groups. For all of the 
subsequent studies Mg2+ and CoZf were present in 5 mM 
excess and Cd2+ was present in 2 mM excess. 

Steady-state tRNA charging experiments (data not shown) 
performed with the phosphorothioate ATP analogues revealed 
that the analogues reacted much more slowly than ATP in the 
tyrosyl-tRNA synthetase reaction. The rates were sufficiently 
low (CO.01 versus 38 s-l for ATP) that pre-steady-state kinetic 
analyses on aminoacyl adenylate formation could be performed 
by a slight modification of the active-site titration assay de- 
scribed previously (Fersht et al., 1975). These pre-steady-state 
analyses yield both k,, the unimolecular rate constant for 
tyrosyl adenylate formation from the E.Tyr.M.ATPS complex 
(M represents the divalent metal ion), and KA', the true dis- 
sociation constant of the M-ATPS from the E.Tyr.M.ATPS 
complex. 

KA' k 3  
E*Tyr + M*ATP E*Tyr*M*ATP = E*Tyr-AMP i- M*PPi 

E*  Tyr *AMP 

Kinetics. Formation of tyrosyl adenylate is followed by a 
hydrolytic side reaction (eq 3; Wells et al., 1986). In this side 
reaction, enzyme-bound tyrosyl adenylate is hydrolyzed to 
tyrosine and AMP, which then dissociate from the enzyme. 
[This reaction actually occurs via two pathways, the first being 
hydrolysis on the enzyme and the second being via dissociation 
of the Tyr-AMP and subsequent hydrolysis in solution (see 
Discussion). For the purposes of correcting the observed 
formation rates, the hydrolysis reaction may be treated as 
occurring via a single step.] Because of hydrolysis, the E. 
Tyr-AMP complex does not build up to loo%, but reaches a 
steady-state plateau. Consequently, the observed rate constant 
for formation of tyrosyl adenylate (kobs) is larger than the rate 
constant k3. Solution of the first-order rate equation for the 
observed rate (kobs) and the amount of EeTyr-AMP complex 
formed (amplitude) gives 
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kobs = k3’ + khyd 

k3’ = k,[ATP]/(K,’ + [ATP]) 

amplitude = k,’[Eo] /(k3’ + khy,j) 

(4) 

(5) 

(6) 

The amplitude and kobs are calculated from the first-order fit 
of the data. Dividing the amplitude by the enzyme concen- 
tration, determined by the active-site titration assay, gives the 
extent of reaction: 

where 

extent of reaction = k3’/(k3’ + khyd) (7) 

In practice, the extent of reaction is calculated as the ratio 
of [E.Tyr-AMP]observed, from the first-order analysis, to [E- 
Tyr-AMP]ex,,d, calculated from the enzyme concentration. 
Therefore, k3’ is given by kobs times the extent of reaction: 

(8) k3‘ = kobs X extent of reaction 

k3’ = kobs( [E’Tyr-AMPlobscrved/ [E*Tyr-AMPl expected) ( 9 )  

Alternatively, one can use initial rates to analyze the data. 
In this case, k,’ is obtained directly from the initial velocity 
uo: 

k3’ = Uo/[Eol (10) 

Corrected rates are then plotted against ATP analogue 
concentration and nonlinearly fit to Michaelis-Menten kinetics, 
yielding k3 and KA’. 

ATP&. Table I lists the pre-steady-state kinetic parameters 
for the ATPaS diastereomers with each of the three metal ions. 
Only k 3 / K ~ ’  values for the cadmium reactions are reported 
because the KA’s for the Cd-ATP& analogues were, in both 
cases, greater than 5 mM. Only the initial, linear portion of 
the Michaelis-Menten curve was determined, yielding k3/KA’ 
values only. These values can be compared to those for 
Mg-ATP, where k3 = 38 s-’, KA’ = 4.7 mM, and k3/KA’ = 
8085 s-l M-I. 

The relative kinetic parameters, calculated as a simple ratio 
of the value for the Sp isomer over that for the R p  isomer, are 
listed in Table 11. Within experimental error, there is no 
isomeric preference with either Co2+ or Cd2+. For Mg2+, there 
is a 5-fold preference in k3/KA’ for the Sp isomer. This 
preference appears to come from KA’, since the preference in 
k3 is small and may be negligible, within experimental error. 

ATPPS. The pre-steady-state kinetic parameters for the 
ATPpS stereoisomers are listed in Table 111. The relative 
kinetic parameters are listed in Table IV. There is a large 
preference for the RP isomer in k3, KA’, and k 3 / K ~ ‘  for both 
Mg2+ and Co2+. The preference in k3 and k3/KA‘ for Cd2+ 
is also for the RP isomer, but is less strong in k3/KA’. The 
preference in KA’ for Cd2+ is reversed, but may be negligible 
within experimental error. 

Extent of Reaction. The extents of reaction for each of the 
phosphorothioate ATP analogues at 1 mM concentration with 
each of the three metal ions are given in Table V. The 
ATPaS analogues give between 30 and 50% reaction. The 
RP ATPpS isomer gives between 74 and 100% reaction. 
However, the Sp ATPpS isomer only gives between 7 and 17% 
reaction. This very low level of tyrosyl adenylate formation 
with the Sp ATPpS isomer (extremely low for the Cd2+ re- 
action, -7%) may mask any inversion of preference that might 
have been observed when the metal was changed from Mg2+ 
to CdZ+. To determine if the low extent of reaction of the Sp 
ATPpS isomer is due to the hydrolytic side reaction, tyrosyl 
adenylate formation assays for the ATPpS analogues with 
Cd2+ were performed at pH 6.0 (data not shown). For the 
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Table I: Pre-Steady-State Kinetic Parameters for ATPaS Sp and RP 
Isomers“ 

SP Mg2’ 1.8 (f0.4)b 0.11 (f0.05) 16 
S P  Co2+ 4.2 (f1.6) 4.3 (f2) 0.98 

RP Mg2+ 2.4 ( f0 .6 )  0.82 (f0.37) 2.9 
RP Co2+ 3.7 (f0.3) 4.3 (k0.5) 0.87 

SP Cd2+ c C 1.3 

RP Cd2+ c C 1.05 
“Reaction conditions: 25 “C, 144 mM Tris (pH 7.78), 19 pM [U- 

14C]tyrosine, 1 unit/100 p L  inorganic pyrophosphatase, 0.8 pM tyro- 
syl-tRNA synthetase, and 0.05-20 mM ATP& Mg2+ and Co2’ were 
present in 5 mM excess, and Cd2+ was present in 2 mM excess. 
bNumbers in parentheses are standard errors. cNot measurable due to 
high KA’ and inhibition by cadmium at concentrations 2 5  mM. 

Table 11: Relative Kinetic Parameters for ATPaS Isomers Sp/Rp 

metal ion k d S ~ ) / k d R ~ )  KA’(RP) ~ ~ / K A ’ ( R P )  
KA’(sP)/ k3/KA’(sP)/ 

Mg2+ 0.75 0.14 5.5 
Co2+ 1 . 1  1 .o 1 . 1  
Cd2+ a a 1.2 

“Not measurable due to high KA’ and inhibition by cadmium at 
concentrations 2 5  mM. 

Table 111: Pre-Steady-State Kinetic Parameters for ATPSS Sp and 
RP IsomersD 

k3/KA“ 
isomer metal ion k3 (X103 S-I) KA’ (mM) (s-I M-]) 

SP MgZt 1.6 (k0.2) 2.8 (f0.7) 0.60 
S P  Co2’ 2.4 (k0.9) 12.8 (h6.0) 0.19 
SP Cd2+ 0.13 (fO.1) 0.50 (fO.l) 0.26 

RP Co2’ 11.0 (f1.4) 1.2 (k0.3) 9.2 
RP Cd2+ 1.9 (k0.6) 1.4 ( f0 .8 )  1.4 

RP Mg2+ 15 (f1.6) 1.6 ( f0 .4 )  9.4 

“ Reaction conditions identical with those for Table I. 

Table IV: Relative Kinetic Parameters for ATPaS Isomers Sp/Rp 

Table V: Extents of Reaction for 1 mM ATPS” 
ATPaS (%) ATPBS (5%) 

metal ion RP SP RP S P  

MgZt 51 36 1 1 3  17 
co2+ 32 32 84 10 
Cd2+ 38 44 74 7 

“ ([E.Tyr-AMP]obacrvd/[E.Tyr-AMP]upe,d) X 100. 

RP isomer, the KA’ was 0.24 mM and k3 was 0.001 s-I (50% 
less than at pH 7.78). Substrate inhibition was observed at 
RP isomer concentrations greater than 1 mM. The Sp isomer 
showed essentially no reaction at concentrations from 0.1 to 
2.0 mM. 

DISCUSSION 
The first use of a phosphorothioate ATP analogue (ATPaS) 

for the elucidation of the mechanism of an aminoacyl-tRNA 
synthetase was reported by Von der Haar et al. (1977) in their 
study of the phenylalanyl-tRNA synthetase from yeast. 
Connolly et al. (1980) extended that study and used phos- 
phorothioate ATP analogues to deduce the absolute geometry 
of the metal ion binding to ATP for that synthetase. 
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ATP analogues (they also tested ATPyS) are substrates in 
the reaction with Mg2+ and that their V,,, values are ap- 
proximately 20% of that for ATP. They noted that there is 
only a very small discrimination between the stereoisomeric 
pairs. Within experimental error, we find that the reactions 
with Coz+ and Cd2+ show no significant preference for either 
a isomer. In contrast, the reaction with Mg2+ exhibits a 
7.3-fold binding preference for the S p  isomer. The ATPaS 
analogues are bound much more tightly (5-40 times) in their 
complex with Mg2+ than with the other metal ions. In this 
tight complex, the Mg2+ most probably tethers the p- and 
y-phosphates to the enzyme, forcing the a-phosphate into a 
position where an enzymatic residue stereospecifically interacts 
with one of the oxygens, resulting in the observed diastereo- 
meric preference. The looser complexes formed with Co2+ and 
Cd2+ show no discriminatory interaction. The lack of any 
inversion of preference upon changing the metal ion suggests 
that there is no direct interaction between the metal ion and 
the a-phosphate, consistent with the argument that the ob- 
served diastereomeric preference in binding in the presence 
of Mg2+ is due to tighter binding of the p- and y-phosphates. 
The absence of preference with Co2+ and Cd2+ and the small 
preference with Mg2+ imply that the interaction between the 
protein and the a-phosphate is weakly stereospecific and is 
involved only in binding, not in catalysis. 

The presence of sulfur on the a-phosphate slows down the 
rate of tyrosyl adenylate formation by some 5 orders of 
magnitude (- versus 38 s-l for Mg-ATP). At present, 
there is no nonenzymatic reaction reported from which one 
could deduce a value for the elemental P==O/P=S effect in 
this reaction. The only model reaction available is the base- 
catalyzed hydrolysis of triethyl phosphate and phosphoro- 
thioate (Ketelaar et al., 1952). The rate of hydrolysis of the 
latter is reduced by a factor of 30. There are, however, a few 
enzyme-catalyzed reactions for which the rates of nucleophilic 
substitution at phosphates and phosphorothioates have been 
compared by pre-steady-state kinetics. This effect is about 
3-7-fold in the large fragment of E.  coli DNA polymerase 
(Klenow) catalyzed polymerization step of dATP versus 
dATPaS (Kuchta et al., 1987). A much larger effect of 
approximately 700-fold is seen for the myosin-catalyzed hy- 
drolysis of ATP and ATPyS (Bagshaw et al., 1972). An even 
larger value of 2500-fold has been observed for the GTP and 
GTPyS hydrolysis catalyzed by the EF Tu factor (Thompson 
& Karim, 1982). Thus, although at present no definitive value 
can be put on the elemental effect, it probably is not more than 
2 orders of magnitude. The larger effects seen in the en- 
zyme-catalyzed reactions might well be due to an imperfect 
alignment of the functional groupos on the enzyme with the 
substrate analogue. There is a crucial difference between 
enzymatic and nonenzymatic reactions, and that is that the 
enzymatic groups that are involved in solvating the transition 
state have a fixed geometry. When water solvates the tran- 
sition state for the same reaction, the water is capable of 
adjusting its position to accommodate the different geometries 
of the transition states for the phosphate versus phosphoro- 
thioate reactions. The tyrosyl-tRNA synthetase uses a mobile 
loop that binds to the triphosphate moiety of ATP to stabilize 
the transition state for tyrosyl adenylate formation. Mutation 
of either Lys 230 or Lys 233 to alanine reduces k3 by 2-3 
orders of magnitude (Fersht et al., 1988). Negative interac- 
tions between the phosphorothioate ATP analogues and the 
mobile loop of the enzyme may account for the additional 3 
orders of magntidue in rate reduction over that due to the 
elemental effect. Aminoacyl-tRNA synthetases vary greatly 

,.\ 
P - 0  0-AMP 
/'..\ L / 

O O P  MelaleATP p S - S, isomer 
L A No 
M - S  

\P-0 OAMP \ 

O O P  / \  L/ MelabATP p S - R p  isomer dp\OL 40 

L M - 0  A Ns ' M - S  OAP\OAMP 
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FIGURE 2: Absolute configurations of the &y-bidentate metal ion (M) 
complexes of ATP and ATPB [adapted from Connolly et al. (1 980)]. 

Steady-state kinetic analyses of pyrophosphate exchange 
(where [32P]pyrophosphate is exchanged into ATP in the 
absence of tRNA) and aminoacyl-tRNA formation (tRNA 
charging) with each of the phosphorothioate ATP analogues 
with Mg2+ and Co2+ revealed the stereoisomeric preferences 
(of V , / K , )  for these metal ions. The a isomers were inactive 
with Cd2+, and for the 0 isomers only a ratio of tRNA 
charging rates at 1 mM ATPOS and 0.1 mM Cd2+ was de- 
termined. From these data, the investigators deduced that the 
metal ion binds to ATP in a P,y-bidentate complex with the 
A configuration (Figure 2). These authors observed an un- 
usual o to y interchange reaction previously reported by 
Rossomando et al. (1979) in which the phosphorothioate is 
transferred from the /3 position to the y position. However, 
the stereoisomeric preference for the interchange reaction 
determined by Connolly et al. (1980) was identical with that 
for pyrophosphate exchange and tRNA charging. They also 
found that while there was no difference in activity of the 
ATP& stereoisomers when the metal ion was changed, only 
the S p  isomer was a substrate. This led the authors to conclude 
that there is a specific interaction between the protein and the 
a-phosphate of the ATP that requires an oxygen atom in the 
pro-R, position. Smith and Cohn (1982) performed a study 
with the methionyl-tRNA synthetase from E .  coli. In this 
study, they used Zn2+ as the sulfur-preferring metal ion. The 
RP ATPaS isomer was inactive with either metal ion in either 
pyrophosphate exchange or tRNA charging. The S p  ATPaS 
isomer was active only with Mg2+. The ATP@ analogues 
exhibited a 21 000-fold preference in V,,, for the S p  isomer 
in the presence of Mg2+ and a 20-fold preference for the RP 
isomer with Zn2+. A ratio of pyrophosphate exchange rates 
at 2 mM methionine, 1 mM [32P]pyrophosphate, and 1 mM 
ATPpS exhibited essentially the same preferences. These 
authors also concluded that the metal ion chelates in a 0,y- 
bidentate complex, however, with the A configuration. In a 
study of the tryptophanyl-tRNA synthetase from yeast, Pie1 
et al. (1983) reported pyrophosphate exchange kinetics on 
phosphorothioate ATP analogues. They determined that Mg2+ 
interacts only with the S p  ATPaS and the S p  ATPOS isomers 
and that Zn2+ only interacts with the RP ATP@ isomer. They 
concluded that, like the methionyl-tRNA synthetase, the metal 
ion coordinates in a P,y-bidentate complex with the A con- 
figuration. 

ATPaS. Unlike the studies reported by Connolly et al. 
(1 980) and Smith and Cohn (1 982), both ATPaS isomers are 
substrates for the tyrosyl-tRNA synthetase. However, in their 
study of the phenylalanyl-tRNA synthetase from E .  coli., 
Pimmer et al. (1 976) reported that all five phosphorothioate 
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EeTyreATP 
or 

EqTyr-ATP pS 
E-Tyr-ATP aS 
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HO 

Tyr-AMP Tyr-AMPS 

FIGURE 3: Tyrosyl adenylate formed from ATP and ATP@ and from 
ATPaS. 

in size and structure (Schimmel & Soll, 1979), and not all may 
have this mobile loop. 

The extent of reaction for the ATPaS analogues (3040%) 
implies that the rate of hydrolysis (khyd) is on the same order 
of magnitude as the rate of tyrosyl adenylate formation (k , ) .  
One possible explanation is that the hydrolysis rate on the 
enzyme for Tyr-AMPS (Figure 3) may be increased by ap- 
proximately 2 orders of magnitude over that for Tyr-AMP (kk 
= 5.14 X s-l; Wells et al., 1986). This increase in hy- 
drolysis rate for the tyrosyl AMPS would be inconsistent with 
the expected decrease in rate due to the elemental effect if the 
hydrolysis reaction occurred via a nucleophilic substitution at 
phosphorus. However, if water (or hydroxide) attacks the 
carbonyl carbon of this mixed anhydride and adenosine 5'- 
phosphorothioate (AMPS) ion is the leaving group, then an 
increase in rate is to be expected because of the lower pK, of 
this anion in comparison to that of AMP (Jaffe & Cohn, 
1978). A second, and perhaps more likely, explanation for 
the observed extent of reaction for the ATPaS analogues is 
that the Tyr-AMPS is dissociating from the enzyme and hy- 
drolyzing in solution. Wells et al. (1986) determined that the 
hydrolysis of Tyr-AMP occurs via two pathways. 

koM k h  EOTyr-AMP e Tyr-AMP - Tyr + AMP 
k&I i khe 

E + Tyr + AMP 

In the first pathway, hydrolysis occurs on the enzyme with a 
rate constant (khe),  for wild-type enzyme, of 5.14 X s-', 
The second pathway involves rate-determining dissociation of 
Tyr-AMP from the enzyme (koff) = 6.7 X lo4 s-l) and sub- 
sequent hydrolysis in solution (khs = 7.6 X lo-, s-'). Clearly, 
if Tyr-AMPS dissociates 5-10 times faster than Tyr-AMP, 
then the effective hydrolysis rate becomes approximately equal 
to the Tyr-AMPS formation rate (k3 ) .  

ATPPS. The RP ATP@ isomer reacts approximately 5-fold 
faster (k ,  is 5-fold larger) than either of the ATPaS analogues. 
This most probably is a result of transferring the sulfur atom 
to the @-phosphate, away from the center of the reaction at 
the a-phosphate. The high extent of reaction of the @ RP 
isomer (70-100%) is consistent with the argument that the 
lower extents of reaction observed for the a analogues are due 
to the presence of the sulfur atom in the tyrosyl adenylate 
(Figure 3). The sulfur atom of the RP ATP@ isomer would 
end up in the pyrophosphate moiety and would not be expected 
to influence the hydrolysis or binding of the tyrosyl adenylate. 
In this case, the hydrolysis rate may not be much higher than 
for the reaction with ATP. The observed extent of reaction 
is probably due to the lower of k3 by 4 orders of magnitude 
from that of ATP, making the hydrolytic side reaction sig- 
nificant for the reactions with Co2+ and Cd2+, where k,  is even 

i o  HO' A, 
"n 

H d  

FIGURE 4: Deduced interactions within the E-Tyr-MgATP complex. 

lower than for the reaction with Mg2+. 
The Sp ATPpS isomer appears to be an extremely poor 

substrate. The very low extent of reaction ( N 10%) appears 
not to be due to the hydrolytic side reaction. The lack of 
reaction at pH 6.0, where kh, is slowed considerably, and the 
high extent of reaction for the RP ATPOS isomer are incon- 
sistent with a high hydrolysis rate. (The khyd would have to 
be 9 times larger than k3 to result in a 10% extent of reaction.) 
The inactivity of the Sp isomer masks the attempt to detect 
an inversion of isomeric preference when the metal ion is 
changed. There does appear to be an inversion of preference 
in KA' upon going from Mg2+ to Cd2+, but, within experimental 
error, this may not be significant. 

CONCLUSIONS 
Figure 4 sketches the interactions of the E-Tyr-MgmATP 

complex deduced from the data in this study which may be 
added to those deduced previously (Fersht, 1987). The 7.3-fold 
preference in binding of the MgATPaS Sp isomer indicates 
that there is a protein interaction with the pro-Rp, oxygen of 
ATP. The absence of an inversion of preference when the 
metal ion is changed suggests that there is no direct interaction 
between the Mg2+ and the a-phosphate of ATP. The inactivity 
of the ATP@S Sp isomer makes it difficult to draw any firm 
conclusions. However, the reversal of KA' preference for fl 
isomer implies that there is metal ion coordination to the 
@-phosphate of ATP. The observed preference for the RP 
isomer by Mg2+ suggests that the metal ion binds stereo- 
specifically to the pro-Sq8 oxygen of ATP in the A configu- 
ration. This configuration is the same as that found by 
Connolly et al. (1980) and opposite to that found by Rosso- 
mando et al. (1979) and Pie1 et al. (1983). 

Registry No. Sp-ATPaS, 58976-48-0; Rp-ATPaS, 58916-49-1; 
Sp-ATP@, 59261-36-8; Rp-ATPm, 59261-35-7; Mg, 1439-95-4; CO, 
1440-48-4; Cd, 1440-43-9; tyrosyl-tRNA synthetase, 9023-45-4. 
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1 2- [ (5-Iodo-4-azido-2-hydroxybenzoyl)amino]dodecanoic Acid: Biological 
Recognition by Cholesterol Esterase and Acyl-CoA:Cholesterol 0-Acyltransferase? 
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ABSTRACT: Potential probes of protein cholesterol and fatty acid binding sites, namely, 12- [ (5-iodo-4- 
azido-2-hydroxybenzoyl)amino]dodecanoate (IFA) and its coenzyme A (1FA:CoA) and cholesteryl 
(1FA:CEA) esters, were synthesized. These radioactive, photoreactive lipid analogues were recognized as 
substrates and inhibitors of acyl-CoA:cholesterol Qacyltransferase (ACAT) and cholesterol esterase, neutral 
lipid binding enzymes which are key elements in the regulation of cellular cholesterol metabolism. In the 
dark, IFA reversibly inhibited cholesteryl [I4C]oleate hydrolysis by purified bovine pancreatic cholesterol 
esterase with an apparent Ki of 150 pM. Cholesterol esterase inhibition by IFA became irreversible after 
photolysis with UV light and oleic acid (1 mM) provided 50% protection against inactivation. Incubation 
of homogeneous bovine pancreatic cholesterol esterase with 1FA:CEA resulted in its hydrolysis to IFA and 
cholesterol, indicating recognition of 1FA:CEA as a substrate by cholesterol esterase. The coenzyme A 
ester, IFA:CoA, was a reversible inhibitor of microsomal ACAT activity under dark conditions (apparent 
Ki = 20 pM), and photolysis resulted in irreversible inhibition of enzyme activity with 87% efficiency. 
1FA:CoA was also recognized as a substrate by both liver and aortic microsomal ACATs, with resultant 
synthesis of '251FA:CEA. IFA and its derivatives, 1FA:CEA and IFA:CoA, are thus inhibitors and substrates 
for cholesterol esterase and ACAT. Biological recognition of these photoaffinity lipid analogues will facilitate 
the identification and structural analysis of hitherto uncharacterized protein lipid binding sites. 

Photoaffinity labeling using photoreactive lipid analogues 
has been of unique value in the structural study of hydrophobic 
proteins in their native states associated with the lipid bilayer. 
Lipid-soluble ligands have been used successfully for the 
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identification and characterization of integral membrane 
proteins and receptors, many of which are easily denatured 
upon separation from cell membranes. For example, photo- 
reactive phospholipid analogues incorporated into the sur- 
rounding membrane have been used to identify the trans- 
membrane domains of glycophorin A and the membrane-an- 
choring groups of cytochrome b5 (Ross et al., 1982; Takagaki 
et al., 1983). 

Intracellular cholesterol metabolism involves many such 
highly hydrophobic, neutral lipid binding enzymes. For ex- 
ample, acyl-CoA:cholesterol 0-acyltransferase (ACAT) cat- 
alyzes the intracellular synthesis of cholesteryl esters in vas- 
cular tissue, and large increases in ACAT activity are likely 
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