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ABSTRACT: A mobile loop in tyrosyl-tRNA synthetase, which corresponds to the KMSKS signature sequence
of class I aminoacy!-tRNA synthetases, destabilizes the E‘TyrATP complex but stabilizes the following
E[Tyr-ATP}* transition state for the formation of E‘Tyr-AMP. Three amino acid residues in the mobile
loop, K230, K233, and T234, are known to be primarily responsible for these effects. We now analyze
the network of interactions between these three amino acids using multiple mutant free energy cycles.
The complete characterization of the coupling energies within the mobile loop allows each of the steps
leading to the formation of the transition state complex to be dissected into its energetic components. In
particular, it is found that, in the absence of a functional mobile loop, there is synergistic coupling between
the tyrosine and ATP substrates (i.e., each enhances the binding affinity of the other) which stabilizes the
E-TyrATP intermediate preceding the transition state complex. Thus, the mobile loop disrupts the
synergism between the ATP and tyrosine substrates, using the ATP binding energy to stabilize the transition
state for the reaction. Whereas the net effect of the mobile loop in the E‘TyrATP complex results from
several conflicting side chain interactions that tend to offset each other, conflicting interactions in the
E+[Tyr-ATPJ* transition state complex have been minimized and stabilizing pairwise interactions between
the K230, K233, and T234 side chains are optimized. The tight coupling between the side chains of
K230, K233, and T234 suggests that the mobile loop adopts a highly constrained conformation during
formation of the transition state complex. These results quantitatively demonstrate the importance of
side chain interactions in enzyme catalysis and illustrate the use of binding energy to stabilize the transition

state of a reaction and the presence of unfavorable interactions to destabilize the ground state.

The understanding of the molecular basis of enzyme
catalysis can be divided into two parts: elucidating the
structural basis by which catalysis is achieved; and elucidat-
ing the energetic basis of catalysis. While X-ray crystal-
lography and NMR spectroscopy can establish a structural
basis, understanding the energetics of the reaction is the
domain of kinetic and thermodynamic analyses. For enzyme-
catalyzed reactions in general (and demonstrated directly for
the tyrosyl-tRNA synthetase in particular) both specificity
and rate enhancement are achieved through the use of the
binding energy between the enzyme and its substrate(s)
(Fersht, 1987). Thus, to understand how an enzyme such
as tyrosyl-tRNA synthetase catalyzes a particular reaction,
one must analyze the energetics of the interaction between
the enzyme and its substrate(s) for each step along the
reaction pathway. Site-directed mutagenesis has proven
invaluable in these analyses, as it allows the interactions
between the substrate(s) and specific amino acid side chains
to be evaluated. To understand fully the catalytic mechanism
of an enzyme, however, it is necessary to analyze not only
the energetics of the interaction between an amino acid side
chain and the substrate(s) but also the effect that interactions
between amino acid side chains have on the energetics of
the reaction. In enzyme catalysis, it is possible that several
amino acids may be energetically coupled in a manner that
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affects either the rate or specificity of catalysis. Thermo-
dynamic free energy cycles provide a method by which the
effect that these couplings have on catalysis can be evaluated
(Carter et al., 1984; Horovitz, 1987; Horovitz & Fersht, 1990,
1992; Fersht et al., 1992).

Aminoacyl-tRNA synthetases catalyze the charging of
tRNA by amino acids in a two-step reaction involving: (1)
the activation of the amino acid by ATP, and (2) the charging
of tRNA by this activated amino acid. The aminoacyl-tRNA
synthetases can be divided into two distinct classes on the
basis of their “signature” sequences. Class I aminoacyl-
tRNA synthetases (corresponding to glutamine, tyrosine,
methionine, glutamic acid, arginine, valine, isoleucine,
leucine, tryptophan, and cysteine) all contain two signature
sequences: H-X-G-H and K-M-S(T)-K-S(T) (Webster et al.,
1984; Hountondji et al.,, 1986). X-ray crystallographic
analysis of the tyrosyl-, methionyl-, and glutaminyl-tRNA
synthetases indicates that the tertiary structure of the ATP-
binding domain is similar in this class of enzymes (Bhat et
al., 1982; Brunie et al., 1990; Rould et al., 1991). In contrast,
the class II aminoacyl-tRNA synthetases, which possess a
conserved proline and the signature sequences F-R-X-E and
G-X-G-X-G-X-E-R (Eriani et al., 1990), adopt a tertiary
structure which is distinct from that found in the class 1
aminoacyl-tRNA synthetases (Cusack et al., 1990). Class I
aminoacyl-tRNA synthetases aminoacylate the 2’-hydroxyl
group of the terminal ribose, whereas class II aminoacyl-
tRNA synthetases aminoacylate the 3’-hydroxyl group
(Moras, 1992).
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The KMSKS signature sequence of the class I aminoacyl-
tRNA synthetases is homologous to the “Walker” sequence
found in a number of other nucleotide-binding enzymes
(Walker et al., 1982, 1984). In addition, the tertiary structure
displays a “Rossman fold” which is characteristic of nucle-
otide-binding enzymes (Rossman et al., 1974). In tyrosyl-
tRNA synthetase, Fersht et al. (1988) have shown that a key
component of catalysis in the first step of the reaction is
stabilization of the enzyme-bound tyrosyl adenylate by a
“mobile” loop containing the KMSKS signature sequence.
The actual signature sequence in tyrosyl-tRNA synthetase
is KP0.F-G-K-T#*. Three amino acids, lysine 230 (K230),
lysine 233 (K233), and threonine 234 (T234), substantially
stabilize the transition state complex (Fersht et al., 1988; First
& Fersht, 1993a). Moreover, deletion of the entire “mobile”
loop shows that it is involved both in destabilizing the
E-TyrATP complex preceding the transition state and in
stabilizing the E:[Tyr-ATP]* transition state complex. Both
analysis of a loop deletion mutant (First & Fersht, 1993c)
and preliminary analyses of a K2304/T234A double mutant
(First & Fersht, 1993a) suggest that couplings between the
amino acid residues in this mobile loop are crucial to its
role in catalyzing the formation of tyrosyl adenylate.

In this paper, the effect that couplings between amino acid
side chains within the mobile loop of tyrosyl-tRNA syn-
thetase from Bacillus stearothermophilus have on catalysis
are analyzed. For this purpose, double and triple alanine
mutants involving K230, K233, and T234 have been
constructed. These mutants, together with the single alanine
mutants at these positions (Fersht et al., 1988; First & Fersht
1993a,b) constitute a “triple mutant cube” which allows the
energetics of the couplings between K230, K233, and T234
to be analyzed for each step in the reaction pathway up to,
and including, the formation of the E{[Tyr-ATPJ* transition
state complex. The results of these investigations provide a
detailed picture of the energetic basis for the involvement
of the mobile loop in the catalysis of tyrosyl adenylate
formation by tyrosyl-tRNA synthetase.

THEORY

Kinetic analysis of single mutants is frequently used to
identify specific interactions between an enzyme and its
substrate(s). Analysis of this type of experiment is compli-
cated by the possibility that mutation of the amino acid not
only affects the specific side chain—substrate interaction of
interest but also disrupts interactions with amino acid side
chains surrounding the mutation. The functional importance
of these side chain—side chain couplings in stabilizing a
particular reaction step can be quantified using double mutant
free energy cycles (Carter et al., 1984; Horovitz, 1987).
Consider the double mutant cycle shown in Figure 1
involving two wild-type amino acid side chains, i/ and j. In
this double mutant cycle, the deletion of a wild-type amino
acid side chain (i.e., a mutation to alanine) is denoted by
“0”, and the reference protein is defined to be the double
alanine mutant (0,0 in Figure 1). The free energy change
for the 0,0 — i,0 transition, AG,, corresponds to the
introduction of side chain i in the absence of side chain j
(i.e., AG, contains no ij coupling terms). In contrast, the
free energy change associated with the 0 — i, transition
(AG,) contains two terms: one term corresponding to the
introduction of side chain 7 in the absence of side chain j
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FiGURE 1: Hypothetical double mutant cycle. A hypothetical double
mutant cycle involving the replacement of two alanine side chains
(indicated by *“0”) by the amino acid side chains i and j. AG,, AGy,
AG,, and AGy are the changes in apparent free energies of binding
(—A2Gyyyp) for the conversion of each alanine to side chains i and
Jj. In keeping with the nomenclature introduced in eqs 1—4, a single
delta is used for these transitions, although technically there should
be two deltas since the free energies for binding to each enzyme—
substrate complex are measured relative to the free energy for the
free enzyme (which has been defined to be zero).

(AG,) and one term corresponding to the coupling between
side chains i and j (A?Gyy). The coupling energy, A’Giy, is
calculated from the difference between AG, and AG,.
(Alternatively, A’Gyy can be calculated from the difference
between AG, and AG. as the additivity of the free energy
cycle requires that AGy — AG, = AG, — AGy.) If the
energetic effects of the mutations are independent of each
other, then AGy = AG, (and AG, — AGy) so that A2Gy, =
0, and the changes of energy on mutation are said to be
nonadditive. The coupling energy is the quantitative measure
of the magnitude of how the effects of mutations are coupled
or differ from nonadditivity. It is not known, and it is not
assumed in this analysis, whether the coupling results from
direct interactions between the residues concerned or it is
mediated via other groups in the protein (or by the solvent).

The above analysis can be extended to higher order
couplings involving more than two different side chains. For
example, the triple mutant cube shown in Figure 2 can be
separated into six different double mutant cycles (each face
of the cube corresponding to one cycle). By comparing the
A%Gyy, values for cycles located on opposing faces of the
triple mutant cube, one obtains the free energy of coupling
that corresponds to the effect that a third amino acid has on
the coupling between two other amino acids (e.g., A’Gip, =
A2G T3 — A2G, T2, where A2G, T3 and AG, T2
correspond to the cycles in Figure 1 in which all mutants
contain T234 and 7234A, respectively). Owing to the
additivity of energetics within the cube, the A3G, values
calculated from any of the three pairs of opposing faces of
the cube will be equivalent.

In general, the coupling between »n different amino acid
side chains can be calculated by the following equation
(Horovitz & Fersht, 1992):

n (ny)
A'Gp =D (-1 Y AG,, (1)
=1 a=1

where n is the total number of side chains being added, r is
the number of additions in a given molecule (r < n), (n,)
are the binomial coefficients, and a represents the different
possible combinations for each r value. For pairwise and
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FIGURE 2: Interrelationships between the wild-type enzyme and
mobile loop mutants. A triple mutant cube is shown which indicates
the interrelationships between the wild-type enzyme and mobile
loop mutants at positions K230, K233, and T234. The starting point
for this cube is the K230A/K233A/T234A triple alanine mutant
(italics denote mutations). Arrows point from the more highly
mutated species to the less highly mutated species. Opposing faces
of the cube represent identical double mutant cycles except that
the identity of the amino acid side chain at the third position is
altered. The triple mutant cube is shown as isolated double mutant
cycles in Figures 4, 5, and 6.

ternary couplings this equation simplifies to (Horovitz &
Fersht, 1992)

A’G,, = AG, — I AG, 2

A’Gy = AG, = Y AG, + Y AG, ?3)

where AG, is the free energy change for the addition of each
individual side chain in the absence of the other two side
chains (i.e., AG, AGj, and AGy), AG; is the free energy
change for the simultaneous addition of any two side chains
in the absence of the third side chain (i.e., AG;;, AG,y, and
AG;), and AG; is the free energy change for adding all three
side chains, i, j, and k, simultaneously (i.e., AG;;x).

Interpretation of the effect that coupling between n
different amino acid side chains has on the stability of a
particular enzyme—substrate complex is facilitated by eq 4
(Horovitz & Fersht, 1992):

G,=G,+ 2 AG, + Y AGy + DAG, + .+
A"G, 4

where G, is the energy of the reference protein, G, is the
energy when n side chains have been added, > AG, is as
defined above, and Y A%Giyr, 2A3Gin, ..., A"Gin are the sums
of the coupling terms for the 2, 3, .., n dimensions.
Specifically, one can compare the G, value determined
experimentally, Gpexpy, With the G, value that is calculated
if there is no coupling in the nth dimension (i.e., A"Giy =
0), Guda). Although the absolute values for G, Guexpry, and
G adg) are inaccessible, their relative values can be determined
for various enzyme —substrate complexes if the free enzyme
is defined as the reference state (i.e., Gg = 0). For the
E-TyrATP complex in tyrosyl-tRNA synthetase, for example,
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Geyr.atp for the most highly mutated enzyme species in each
cycle is designated G,, the free energy for the reference
protein in the E‘'TyrrATP complex relative to its free energy
in the free enzyme state (Wells & Fersht, 1986). Similarly,
Grryeate for the least mutated enzyme species in each cycle
is designated as Gexpy.-

EXPERIMENTAL PROCEDURES

Materials. All enzymes were obtained from United States
Biochemicals, chemicals from Sigma Chemicals (London)
and radiochemicals from Amersham International.

Production of Mutants. All mutants were constructed
using the method of Kunkel (1985) from pYTSS5, a pTZ18u
phagemid which contains the wild-type tyrosyl-tRNA syn-
thetase gene from B. stearothermophilus preceded by a Trp-
Lac promoter. Construction of this phagemid vector is
described elsewhere (First & Fersht, 1993a). The oligo-
nucleotides used in the mutagenesis were as follows (mis-
matches are shown in italics): 5 CT TTC CGT TGC CCC
GAA TGC CGT GCC GTC 3" (K230A/K233A/1234), 5
GCG GCT TTC CGC TTT CCC GAA TGC CGT GCC
GTC CG 3" (K230A/K233/T234A), 5 CG GCT TTC CGC
TGC CCC GAA TTT 3’ (K230/K233A/T234A), and 5 GCG
GCT TTC CGC TGC CCC GAA TGC CGT GCC GTC CG
3’ (K230A/K233A/T234A). Uracil-containing pYTS5 tem-
plate was purified from Escherichia coli CJ236. Mutagenesis
reactions were transformed into E. coli TG2 cells [recA form
of TG1 (Gibson, 1984)], and mutants were screened by
dideoxy sequencing of the phagemid templates. Single-
stranded template was isolated from positive clones and
retransformed into E. coli TG2 cells, and single-stranded
template was repurified from these cells. The entire tyrosyl-
tRNA synthetase gene for each mutant was sequenced to
ensure no other mutations were present. All transformations
were done using the method of Hanahan (1985).

Purification of Enzymes. Mutant enzymes were expressed
in E. coli TG2 host cells and purified to electrophoretic
homogeneity as described previously (First & Fersht, 1993a).

Kinetic Procedures. All experiments were performed at
25 °C in a standard buffer containing 144 mM Tris-HCl (pH
7.78) and 10 mM MgCl,. ATP was added as the magnesium
salt to maintain the free Mg®t at 10 mM. The final pH
values of the reaction solutions were checked and found to
be 7.8.

Activation. The kinetics was analyzed according to
Scheme 1. The rate constants for the formation of enzyme-
bound tyrosyl adenylate by all mutants were followed by
nitrocellulose filter assays (Calendar & Berg, 1966; Leath-
erbarrow & Fersht, 1987) as described by First and Fersht
(1993a). The kinetic constants k; (the rate constant for
E‘TyrATP — E‘Tyr-AMP-PP;) and Ka1p (the dissociation
constant of E*ATP) were calculated from the variation of
koss with ATP concentration. The dissociation constants for
ATP in the absence of bound tyrosine, designated K’ atp, were
determined according to the procedure described by Wells
et al. (1991). The assays used are essentially identical to
those described for the determination of K’arp values
except: (1) 0.5 uM ["Cltyrosine was used instead of 50
uM [*Cltyrosine, and (2) ATP concentrations between 0.2
and 10 mM were used. The error in the measurement of
dissociation constants was calculated as the standard devia-
tion from the mean of 3—5 different repetitions.
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Binding of Tyrosine. The Kr,; (dissociation constant of
E*Tyr) for all mutants was determined by equilibrium dialysis
as described previously (Fersht, 1975).

Pyrophosphorolysis. Enzyme-bound tyrosyl adenylates
were prepared and stored as described by Fersht et al. (1988).
Pyrophosphorolysis was initiated by the addition of tetra-
sodium pyrophosphate to a solution of 100—400 nM E-[1*C]-
Tyr-AMP in 144 mM Tris-HC1 (pH 7.78) and 10 mM MgCl..
Both solutions were preincubated at 25 °C prior to the start
of the reaction.

Analysis of Kinetics. Kinetic analysis has been previously
described (Fersht et al., 1988; Wells et al., 1991).

Calculation of Interaction Energies. The energy levels
for each step in the reaction are calculated relative to the
energy level of free enzyme (i.e., Gg = 0) for each mutant
as described by Wells and Fersht (1986). The apparent
binding energy, —A?Gapyp, is calculated by subtracting the
free energy change for formation of the relevant complex

of the wild-type enzyme from that of the mutant enzyme '

(Wells & Fersht, 1986). For the E-Tyr complex, for example,
—A’Gypp = —[AGe1y(mutant) — AGgry(wild-type)], where
AGgry(wild-type) is the free energy of formation of the E-Tyr
complex from E and Tyr as calculated by Wells and Fersht
(1986). For double mutant cycles, the —A?G,y, associated
with each step in the cycle is calculated as the difference
between the energy levels for the two enzyme species in the
step of the cycle.

Pairwise, ternary, and quaternary coupling energies are
calculated as described by Horovitz and Fersht (1992). For
pairwise couplings, A2Gjy, the coupling energy between two
side chains, designated i and j, is calculated from eq 2. In
all cases, the reference protein is the protein species in the
double mutant cycle which contains the greatest number of
amino acids that have been mutated to alanine (e.g., for the
double mutant cycle in which K230A/K233A/T234 is con-
verted to K230/K233/T234, the K230A/K233A/T234 double
alanine mutant is the reference protein). For ternary
couplings, A3Giy, the effect of a third amino acid side chain,
k, on the pairwise coupling between two other amino acid
side chains, i and j, is calculated from eq 3. The reference
protein for these calculations is the K230A/K233A/T234A
triple mutant. For pairwise, ternary, and quaternary cou-
plings involving the tyrosine substrate as the fourth variable,
the reference protein is K230A/K233A/T234A, with the
tyrosine substrate present at 0.5 4M concentration. A*Gin,
the effect that any one of the four variables has on the
coupling between the other three variables, is calculated from
eq 1, where n = 4. Errors in the free energy calculations
were calculated as the square root of the sum of the squares
for the errors in each component of the calculation.

As the Katp and K'atp values for the K230/K233A/T234
mutant were determined in the presence of 0.5 M NaCl (First
& Fersht, 1993b), the free energy values for the E-ATP,
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Kepi
E-Tyr-AMP-PPi =—"™ E-Tyr-AMP
PPi

E‘TyrATP, and E{[Tyr-ATP]* complexes of this mutant were
calculated using Karp and K’ a1p values for the K233 mutant
that were determined in the presence of 0.5 M NaCl, then
normalized to conditions in which no NaCl was present using
the Katp and K’ atp values of wild-type enzyme determined
both in the presence of 0.5 M NaCl and in the absence of
NaCl as reference states. While it is conceivable that this
may affect the values calculated for the coupling constants,
it is unlikely that such effects are significant for the following
reasons: (1) only the Karp and K’ a1p values were determined
in the presence of 0.5 M NaCl, all other values being
determined under the standard assay conditions; (2) the effect
of 0.5 M NaCl on the wild-type enzyme alters the Ka1p and
K’ atp values by less than 2-fold, changing the —AG,y, values
by 0.3 kcal/mol, a value similar to the experimental error
calculated for the free energies of coupling; (3) increased
NaCl presumably alters the Karp and K arp values through
effects on a number of amino acid residues which, with the
exception of K233, are common to both the wild-type
enzyme and the K230/K233A/T234 mutant, so since free
energies of coupling are calculated from the difference
between —AGg, values for these two enzymes, most of the
effects will cancel each other out in the free energy of
coupling calculations; (4) as the primary effect of adding
NaCl is to disrupt long range ionic interactions, it is unlikely
that it has much effect on the observed coupling which (due
to the proximity of K230, K233, and T234 in the primary
structure) presumably involves mainly short-range interac-
tions; and (5) the free energies of coupling present a
consistent picture, regardless of whether the K230/K2334/
T234 mutant is in the particular cycle from which the A?Giy
is calculated, this being especially evident in the E+{[Tyr-
ATP]* complex.

RESULTS

Evidence that K230, K233, and T234 Interact in the Wild-
Type Enzyme. 1t has previously been shown that three amino
acids, K230, K233, and T234, are responsible for nearly all
of the catalytic effects of the mobile loop in tyrosyl-tRNA
synthetase (First & Fersht, 1993¢). As shown in Figure 3,
the effect that mutation of any of these amino acids has on
the stability of the intermediate complexes preceding and
including the E-[Tyr-ATP}* complex is highly dependent on
the identity of the other two amino acids. This is indicative
of the existence of coupling between these three amino acid
side chains in the wild-type enzyme. Analysis of the A2Giy
values confirms the existence of coupling between the three
wild-type amino acids for the E*ATP, E-TyrATP, and E--
[Tyr-ATP]* complexes (Figure 4). In addition, comparison
of A?Gy, values determined when the third amino acid is
the wild-type residue {e.g., K230:K233 (T234) in Figure 4]
with A%G;, values determined when the third amino acid is
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FIGURE 3: A2G,y, for mobile loop mutants. Tyrosyl-tRNA synthetase is represented by E, *” represents noncovalent association, and “—"
represents covalent bonds between species. The transition state is indicated by “+”. The differences in free energies between the complexes
of the mutant and wild-type enzymes are shown for each step leading to the formation of the tyrosyl adenylate intermediate. The energies
are in terms of —A2G,y, the negative sign is used to be consistent with other notations. Negative values of —A2Gyy, for a particular
complex indicate that the wild-type side chain stabilizes the complex relative to the alanine mutant (e.g., for all the interactions in the
E/[Tyr-AMPJ* complex). Values for K230A, K233A, and T234A are taken from Fersht et al. (1988) and First and Fersht (1993a,b). Errors
(bars) are calculated as e, = (£y%)'2, where e, is the total error in —A?G,, and ; is the error for each rate or binding constant used to

calculate the free energies of binding.
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FIGURE 4: Pairwise and ternary coupling values for the E-ATP,
E-TyrATP, and E-[Tyr-ATP]* complexes. The effects of pairwise
coupling on the stabilities of the E*ATP, E-TyrATP, and E+[Tyr-
ATP]* complexes are shown for each of the side chain pairs. The
identity of the third (invariant) amino acid side chain is indicated
in parentheses. The effect that ternary coupling between the K230,
K233, and T234 side chains has on the stability of the E-ATP,
E‘TyrATP, and E{Tyr-ATP])* complexes is shown as an inset.
Negative A2Gjy, and A’Gy, values for a particular complex indicate
that the coupling between wild-type amino acid side chains that
corresponds to the A2Gy, or A*Gyy value stabilizes the complex.
Errors (bars) are calculated as described in the legend to Figure 3.

E: [Tyr-ATP}

alanine [e.g., K230:K233 (T234A) in Figure 4] indicate that
ternary coupling exists between the three wild-type side

chains in the ErATP and E‘TyrATP complexes, but not in
the E-[Tyr-ATP]* transition state complex. Quantitative
analysis of the A’G, term confirms this to be the case
(Figure 4, inset). The precise effects of the AG,, A’Gin,
and A’G;, terms are discussed below in relation to the net
effect that the mobile loop has on catalysis.

It should be noted that the frame of reference used in
Figures 4—7 is opposite to that used previously (i.e., Carter
et al., 1984; Fersht & Fersht, 1993b). In other words, in
previous papers, the starting point (reference protein) for the
double mutant cycles was the wild-type protein, while in
this paper, the starting point is the double or triple alanine
mutant. This has been done for two reasons: (1) to be
consistent with the theory presented earlier in the paper, and
(2) to facilitate interpretation of the effect that the higher
order couplings have on the stabilities of the enzyme—
substrate complexes (i.e., negative values for A’G;y and
A’Giy terms indicate that, in the wild-type enzyme, the
coupling stabilizes the enzyme—substrate complex). It
should also be noted that instead of plotting A2G,y, values
for each bound state, as is normally done (e.g., First & Fersht,
1993c), —A’Gy,, values are plotted in Figure 3 in order to
be consistent with the frame of reference used in Figures
4—7 (e.g., a negative value for —A’G,,, indicates that
addition of the wild-type side chain stabilizes the protein).

Contribution of the Mobile Loop to the Stability of the
E-Tyr Complex. As indicated in Table 1, none of the mobile
loop mutants investigated substantially alters the affinity of
the enzyme for the tyrosine substrate. This is consistent with
the results of previous investigations (Fersht et al., 1988;
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Table 1: Kinetic Constants for the Formation of ETyr-AMP by Tyrosyl-tRNA Synthetase and Its Mutants®

K1y Karp K atp k3 k3K ate k-3 Kepi k—3/Kpp

enzyme (uM) (mM) (mM) (s7hH s"IM™ (s™h (mM) ('M™H
K230/K233/T234b¢ 12 35 4.7 38 8080 16.6 0.61 27 200
K230A/K233/T234% 23 8+1 49 0.39 80 130
K230/K233A/T2344 10.4 14+£2([7+£08] 13£2[22+2] 0.55 40
K230/K233/T234A 10+1 941 1.1+ 04 70x 1072+ 1 x 1072 60 031+003 4408 70
K230A/K233A/T234  124+2 25=%0.1 0.16 £0.04 1.0 x 1073 £ 2 x 1074 0.33
K230A/K233/T234A 14+£2 51=£08 30+03 1.1 x10724£2 x 1073 3.7 0.37+£0.03 2805 0.13
K230/K233A/T234A 102 17+£09 0.14 £ 0.03 8 x 1074+ 2 x 1074 57
K230A/K233A/T234A 152 2105 0.1 @0.02 12 x1073+£5x 10 12

“ K1y is the dissociation constant of the E‘Tyr complex, Karp that of the E:ATP complex, K arp the dissociation constant of ATP from the
E-TyrATP complex, Kpp; the dissociation constant of PP; from the E-Tyr-AMP-PP; complex, k3 is the rate constant for ETyrATP — E-Tyr-AMP-PP,,
and k-3 is the rate constant for the reverse reaction. Standard errors are indicated after each kinetic constant. ® All values except those for Karp are
taken from Fersht et al. (1988). < The Karp value is taken from Wells et al. (1991). ¢ Kty value taken from Fersht et al. (1988). Karp and K'ate
values cannot be accurately determined in the absence of 0.5 M NaCl (First & Fersht, 1993b) and have been corrected for the effect of 0.5 M NaCl.
The Katp value shown was calculated from the Karp obtained in the presence of 0.5 M NaCl (shown in square brackets beside the corrected Karp
value) using the equality Karp(K233A, 0.0 M NaCl)/Katp(K2334, 0.5 M NaCl) = Karp(wild type, 0 mM NaCl)/Karp(wild type, 0 mM NaCl). The
corrected K’s1p value was calculated in an analogous manner.

Table 2: The Net Contribution of Each Free Energy Term on the Catalytic Effects of the Mobile Loop (Residues K230, K233, and T234)“

ZAG[ ZAZGint
G G, (sum of energies of (sum of all pairwise
complex (complex — free)ws (complex — free)mu all single mutations) coupling energies) A3Gi
E-ATP? -3.35 —3.66 0.5 1.9 -2.1
ETyrATP¢ —-9.90 —12.05 22 2.1 -2.1
E[Tyr-ATP]* ¢ 540 9.40 1.2 -54 0.2
ETyrATP (no synergism)>¢ -10.07 —10.24 0.1 24 -23

4G and G, are the free energies for the complexes with substrates of wild-type and K2304/K233A/T234A triple mutant, respectively, relative to
the free energy of the uncomplexed parent enzyme. The standard states are 1 M. ? Energies are in kcal mol™2. ¢ Energies are in kcal mol™*. ¢ Energies
are in kcal mol~!. ¢ The free energy changes for the E-TyrATP complex in the absence of synergism between the tyrosine and ATP substrates were
calculated by replacing the K'arp with Katp, where Kare is the dissociation constant for ATP in the absence of enzyme-bound tyrosine.

First & Fersht, 1993a,c). As mutation of the mobile loop
does not alter the stability of the E-Tyr complex, it is not
possible to evaluate either the strength or existence of
pairwise and ternary couplings between K230, K233, and
T234 for this complex.

Dissection of the Mobile Loop’s Effect on the Stability of
the E*ATP Complex. As indicated in eq 4, the free energy
change associated with mutation of the mobile loop (G, —
G,) can be separated into terms corresponding to (1) the free
energy changes associated with the addition of each wild-
type side chain to the K230A/K233A/T234A triple mutant
(ZAG)), and (2) pairwise and higher order coupling terms
associated with the interactions between the wild-type side
chains (e.g., XA?Giy and A’Giy). The contribution of each
of these terms towards the net effect of the mobile loop is
discussed below for the E:ATP, ETyrATP, and E{Tyr-ATP}*
complexes.

Comparison of Karp values for K230/K233/T234 with
those of the K230A/K233A/T234A triple mutant indicates that
the mobile loop has only a small effect on the binding of
ATP when tyrosine is not bound to the enzyme (Table 1).
This results in a small difference in the stabilities of the
E-ATP complexes for these two species (shown in Table 2,
G and G, represent the relative stabilities of the E-TyrATP
complexes for the wild-type and K230A/K233A/T234A
enzymes). Despite the small net difference in the free
energies for the wild-type enzyme and the K230A/K233A/
T234A triple mutant, however, dissection of this net free
energy difference into its individual components indicates
that it is composed of larger, offsetting free energy changes
(Table 2). The free energy cycles used to calculate the
individual components of the net free energy change are

shown in Figure 5. The six cycles shown in Figure 5
represent the six faces of a triple mutant cube (Figure 2) for
the E‘ATP complex. To calculate the 2AG, term (0.9 kcal/
mol, Table 2), the individual AG; values associated with the
addition of each wild-type side chain to the K230A/K233A/
T234A triple mutant (the relevant AG, and AGy, values in
Figure 5) are determined and the sum of these terms is
calculated. A2Gi, values are calculated from the difference
between the free energy changes corresponding to processes
located on opposite sides of the free energy cycle (e.g., AGy
— AG,incycle A). The TA*Gy, term (1.9 kcal/mol in Table
2) is calculated from the sum of the A2G;, values determined
from double mutant cycles in which the K230A/K233A/
T234A triple mutant is the reference protein (Figure 5, cycles
A, C, and E). Finally, the A3Gi, term is the difference
between A’Gy, values calculated from any pair of free energy
cycles located on opposing sides of the triple mutant cube
shown in Figure 2 (e.g., in Figure 5 A%’Gy, for cycle B —
A’Gyy for cycle A). As mentioned previously, negative free
energy values for a particular term indicate a stabilizing effect
in the wild-type enzyme, whereas positive free energy values
indicate a destabilizing effect. Thus, destabilization of the
E:ATP complex by the XAG; and Y AGy, terms (by a total
of 2.4 kcal/mol) is offset by the —2.1 kcal/mol of (stabilizing)
free energy associated with the ternary coupling term,
L A3Gyy (i.e., by the effect that the third wild-type side chain
has on the coupling between the other two wild-type side
chains).

Dissection of the Mobile Loop’s Effect on the Stability of
the E*TyrATP Complex. Comparison of the K'atp values
for the wild-type and the K230A/K233A/T234A enzymes
indicates that, in the wild-type enzyme, the presence of a
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FIGURE §: Pairwise couplings between the side chains of K230, K233, and T234 relative to alanine for the E-ATP complex. Pairs of cycles
(A + B, C + D, E + F) represent the same pairwise couplings but in the context of a different amino acid side chain in the third position
(alanine for cycles A, C, and E; wild type for cycles B, D, and F). The amino acid side chains involved in pairwise coupling are shown in
the center of each cycle, with the identity of the third amino acid side chain undemneath, in parentheses. AG,-4 = Grarp(species 2) —
Gratp(species 1), where species 1 is the enzyme containing the larger number of alanine mutations (e.g., for AG, = 0.7 kcal/mol in cycle
A, species 1 is K230A/K233A/T234A and species 2 is K230A/K233/T234A). A2Gy, for each cycle is calculated by subtraction of the changes

in free energy for opposing sides of the cycle (e.g., A’Gine = AG4 —

functional mobile loop decreases the affinity of the ETyr
complex for ATP by 50-fold. This destabilizes the E‘TyrATP
complex by 2 kcal/mol (Table 2, G — G,). This is similar
to the effect that deletion of the mobile loop has on the
stability of the E‘TyrATP complex (First & Fersht, 1993c).
As was the case for the E*ATP complex, dissection of the
net free energy difference for the E‘TyrATP complex into
its component parts indicates that it is composed of larger
free energy changes, with the A3Gy, term partially offsetting
the YAG; and YA2G, terms (Table 2). The free energy
cycles used to calculate the individual components of the
net free energy change for the E‘TyrATP complex are shown
in Figure 6. The main component of the AG, term is the
free energy change associated with the introduction of the
K233 side chain into the K230A/K233A/T234A triple mutant
which destabilizes the E‘TyrrATP complex by 2 kcal/mol
(Figure 6, AG, value in cycle A). The net effect of the A?Giy
values (LA%G;, in Table 2) is to destabilize the E-TyrATP
complex by 2.1 kcal/mol. This is primarily due to coupling
between amino acids K230 and T234 destabilizing the
ETyrATP complex by 2.5 kcal/mol relative to alanine
(Figure 6, cycle C). The combined effect of the XAG; and
Y AGiy terms is to destabilize the E'TyrATP complex by
4.3 kcal/mol. This destabilization is partially offset by the
ternary coupling between the K230, K233, and T234 side
chains which stabilizes the E‘TyrATP complex by —2.1 kcal/

AG, = —0.3 kcal/mol for cycle A).

mol (Table 2, A’Gy,). Thus, the net effect of the mobile
loop on the E‘TyrATP complex is to destabilize it by 2.2
kcal/mol.

Dissection of the Mobile Loop’s Effect on the Stability of
the E[Tyr-ATPF Transition State Complex. Comparison of
the forward rate constants for the wild-type and K230A/
K233A/T234A enzymes indicates that the mobile loop
increases the rate of the reaction by five orders of magnitude
(Table 1). This agrees well with the results obtained when
the entire mobile loop is deleted (Fersht & Fersht, 1993c).
Comparison of the G and G, values indicates that the net
effect of the mobile loop is to stabilize the E+[Tyr-ATPF*
complex by 4 kcal/mol (Table 2). Stabilization of the E--
[Tyr-ATP)* complex is entirely due to the XA2G;y, term. As
indicated in Figure 7 (cycles A, C, and E), all three pairwise
couplings between the K230, K233, and T234 side chains
stabilize the E-[Tyr-ATP]* complex with approximately equal
magnitude (—1.5 to —2.1 kcal/mol). These pairwise cou-
plings are slightly offset by the AG, terms, primarily by the
introduction of the K233 side chain into the K230A/K233A/
7234A triple mutant (Figure 7, AG, in cycle A). There is
no ternary coupling between the three wild-type amino acid
side chains (e.g., the difference between the A?Gi, values
for cycles A and B in Figure 7 is negligible).

Contribution of the Mobile Loop to the Stability of the
ETyr-AMPPP; and E'Tyr-AMP Complexes. As it is not
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FIGURE 6: Pairwise couplings in the E‘TyrATP complex. See Figure 4 legend for an explanation of the formalism used.

possible to measure pyrophosphorolysis above the back-
ground rate for any of the multiple alanine mutants except
the K230A/K233/T234A double mutant, it is impossible to
quantify fully the effects that coupling between K230, K233,
and T234 have on the stability of the E-Tyr-AMPPP; and
E‘Tyr-AMP complexes. The effect of pairwise coupling
between K230 and T234 on the stability of these complexes
has been demonstrated previously (First & Fersht, 1993a).
As demonstrated by the pairwise and ternary couplings in
the E‘TyrATP complex, it is impossible to determine the
net effect of the mobile loop on the basis of one pairwise
coupling term. The presence of coupling between K230 and
T234 does indicate, however, that the mobile loop is able to
affect the stabilities of the E*-Tyr-AMP-PP; and E‘Tyr-AMP
complexes.

Disruption of the Synergistic Coupling between the Ty-
rosine and ATP Substrates by the Mobile Loop. Comparison
of the dissociation constants for ATP indicates that mutations
in tyrosyl-tRNA synthetase that render the loop nonfunctional
(e.g., the K230A/K233A/T234A triple mutant) increase the
ATP binding affinity of the enzyme 50-fold compared with
that of the wild-type enzyme (Table 1). This contrasts
sharply with the situation that exists when tyrosine is not
bound to the enzyme. In this latter case, the affinity of the
K230A/K233A/T234A triple mutant for ATP is decreased 20-
fold, whereas the affinity of the wild-type enzyme for ATP
shows only a slight increase (Table 1). As a result, in the
absence of enzyme-bound tyrosine, the affinities of the wild
type and K230A/K233A/T234A triple mutant enzymes for
ATP are within 2-fold of each other. Comparison of the
Kry: values indicates that the mobile loop does not interact

directly with the tyrosine substrate (Table 1). Thus, in the
absence of a functional mobile loop, there is synergistic
coupling between the ATP and tyrosine substrates. This
synergism is disrupted by the interaction of the mobile loop
with the ATP substrate (Table 1). To elucidate the mech-
anism responsible for the disruption of synergism between
the ATP and tyrosine substrates, a triple mutant free energy
cube was constructed which corresponds to an E‘TyrATP
complex in which no synergism exists between the tyrosine
and ATP substrates, irrespective of the functionality of the
mobile loop. In other words, the K's1p term is replaced by
Karp when calculating the relative stabilities for the wild-
type and mutant enzymes. The net contributions of each
free energy term for this triple mutant cube are compared
with those of the actual E‘TyrATP complex (Table 2). It
can be seen from this comparison that, in contrast to the
actual E'TyrATP complex, in the absence of synergism
between the tyrosine and ATP substrates, there is little
difference between the relative stabilities of the wild type
(G) and K230A/K233A/T234A triple mutant (G,) enzymes.
This is due to a 2.0 kcal/mol decrease in the AG, term for
the hypothetical E‘TyrATP complex in which synergism
between tyrosine and ATP is absent. Table 3 illustrates in
greater detail the effects of removing the synergistic binding
of tyrosine and ATP. Comparison of AG; values for the
addition of each individual amino acid indicates that only
the addition of the K233 side chain significantly disrupts
the synergism between the tyrosine and ATP substrates.
Analysis of the pairwise couplings indicates that although
the net difference between the ZA2G;, terms is negligible,
this is due to the effect of coupling between K230 and K233
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FIGURE 7: Pairwise couplings in the E-[Tyr-ATP]* complex. See Figure 4 legend for an explanation of the formalism used.

Table 3: Effects of Tyrosine on the Components of the LAG;,

A?Giy, and YA3Giy Terms for the ETyrATP Complex®

amino acid A(ZAGy
K230 0.3
K233 1.5
T234 0.2
pairwise interaction AZAG )
K230:K233 -13
K230:T234 1.2
K233:T234 0.0
ternary interaction A(A3Giy)"
K230:K233:T234 0.2

2 The effects of tyrosine were determined by calculating the AG,,
A%Gi, and A’Gi values for two triple mutant cubes: cube 1
representing the E-TyrATP complex in the presence of synergistic
coupling between the ATP and tyrosine substrates and cube 2
representing the E‘TyrATP complex in the absence of synergism
between the substrates. Free energy values were calculated from the
equations G = —RT In KryK are for the first cube and G = ~RT In
KryKatp for the second cube. Differences in free energy changes [ie.,
A(AG1), A(A%Gin), and A(A3Gyy)] are calculated by subtracting the
free energy changes caiculated for cube 1 from those of cube 2. All
energies are kcal mol™2,

offsetting those between K230 and T234. Interestingly, it
is the coupling between K230 and T234 that disrupts the
synergism between tyrosine and ATP (by 1.2 kcal/mol)
indicating that, in the wild-type enzyme, all three amino acid
side chains are involved in disrupting the synergism between
tyrosine and ATP. Finally, the difference between the
ternary coupling terms is not affected by the synergism
between tyrosine and ATP.

As implied by comparison of the two triple mutant cubes
for the E‘TyrATP complexes, the tyrosine substrate can be
considered explicitly as a fourth variable (where the identities
of the amino acid at positions 230, 233, and 234 in tyrosyl-
tRNA synthetase are the first three variables). Graphically,
this can be pictured as a four-dimensional hypercube
(Horovitz & Fersht, 1990) in which a triple mutant cube
corresponding to the actual E‘TyrrATP complex (i.e., one in
which tyrosine is present at saturating tyrosine concentra-
tions) is surrounded by a triple mutant cube corresponding
to the hypothetical E‘TyrrATP complex in which there is no
synergism between the tyrosine and ATP substrates (i.e., the
outer triple mutant cube is identical to the inner triple mutant
cube except that the concentration of tyrosine is at least 10-
fold lower than the value of its dissociation constant). The
vertices of the outer cube are connected to the vertices of
the inner cube by arrows pointing toward the inner cube. In
other words, the “wild-type” complex is considered to be
the K230/K233/T234 enzyme at saturating tyrosine concen-
trations.

Application of eq 4 to the case of a four-dimensional
hypercube permits dissection of the free energy changes for
the E°TyrrATP complex into its individual components. This
is analogous to the analyses shown in Table 2, except that
now couplings between the mobile loop and the tyrosine
substrate are explicitly considered. When the tyrosine
concentration is included as an explicit variable in the
E‘TyrATP complex, there is little difference in the free
energy of the wild-type enzyme and that of the quadruple
mutant (K230A/K233A/T234A/0.5 uM tyrosine, G — G, =
0.2). Analysis of the individual components, however,
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indicates this is due to larger free energy differences in the
YAG; (—1.3 kcal/mol), X A2Giy (4.4 kcal/mol), and YAGiy
(—2.6 kcal/mol) terms which essentially offset each other.
Comparison with Table 2 shows that considering tyrosine
as an explicit variable substantially alters the net values of
the XAG; and YA’G;, terms, consistent with the hypothesis
that tyrosine is coupled to both the ATP substrate and the
mobile loop. In addition, analysis of the individual free
energy changes that make up the > A3Gyy term indicates that
ternary interactions involving tyrosine contribute both posi-
tive and negative A3G;, values. No significant quaternary
coupling is observed between the four variables in the
E‘TyrATP complex.

DISCUSSION

The Mobile Loop Uses ATP Binding Energy to Stabilize
the E[Tyr-ATPJ* Transition State Complex. In the absence
of a functional mobile loop, synergism is observed between
the tyrosine and ATP substrates (Table 1, Karp vs. K arp for
the K230A/K233A/T234A mutant). As this synergism is not
observed in the wild-type enzyme, one function of the mobile
loop must be to disrupt the synergism between tyrosine and
ATP in the E-TyrrATP complex. Moreover, mutation of the
mobile loop destabilizes the E{[Tyr-ATP]* transition state
complex (Table 2; First & Fersht, 1993c) indicating that in
the wild-type enzyme stabilization of the transition state
complex occurs at the expense of the preceding E‘TyrATP
complex.

Three lines of evidence indicate that the transfer of binding
energy from the E‘TyrATP complex to the transition state
complex occurs through the interaction of the mobile loop
with the ATP substrate. First, evidence in this and previous
investigations indicates that amino acids K230, K233, and
T234 in the mobile loop interact directly with the phosphate
groups of ATP (Fersht et al., 1988; First & Fersht, 1993a,b,c).
Second, the initial binding of the tyrosine substrate is
unaffected by the presence or absence of a functional mobile
loop, indicating the tyrosine substrate does not interact with
the mobile loop in the absence of ATP (Table 1; First &
Fersht, 1993c). Third, the X-ray crystal structure of the
tyrosyl-tRNA synthetase—tyrosine complex suggests that the
mobile loop and tyrosine substrate do not directly interact
with each other (Brick & Blow, 1987; Brick et al., 1989).
One consequence of the disruption of coupling between the
tyrosine and ATP substrates by the mobile loop is that amino
acids K230, K233, and T234 are in effect coupled to the
tyrosine substrate through their interactions with ATP. The
net effect of this coupling between the mobile loop and the
tyrosine substrate (i.e., the disruption of synergism between
the tyrosine and ATP substrates) is to destabilize the
ETyrATP complex by 2 kcal/mol.

The hypothesis that the coupling between the tyrosine
substrate and the mobile loop is mediated by the phosphate
groups of the ATP substrate is consistent with previous
observations made by Blanquet and co-workers for methio-
nyl-tRNA synthetase (Blanquet et al., 1975a,b; Hyafil et al.,
1976, Fayat et al., 1977; Mechulam et al., 1991). Whereas
no synergism is observed between methionine and ATP in
wild-type methionyl-tRNA synthetase, when methionine is
replaced by an analogue lacking the carboxylate group
(methioninol) a strong synergism is observed between the
methionine analogue and ATP, suggesting that the amino
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group of methionine interacts with the phosphate groups of
ATP. The presence of similar synergistic couplings in both
methionyl- and tyrosyl-tRNA synthetase suggests that this
is a general feature of the catalytic mechanism for the class
I aminoacyl synthetases. It has been postulated that when
methionine is present, the free energy gained through this
synergism counteracts the electrostatic repulsion between the
methionyl carboxyl group and the phosphoryl groups of ATP
that result when the two substrates are properly aligned in
the active site of the enzyme. This suggests a mechanism
in which the mobile loop positions the phosphate groups of
the ATP substrate such that the reaction of the carboxyl group
of the amino acid substrate with the y-phosphate group of
ATP is enhanced.

The Energetics of Tyrosyl Adenylate Formation Are
Consistent with the Transition State Model Proposed by
Leatherbarrow et al. (1985). On the basis of the X-ray
crystal structure of the tyrosyl-tRNA synthetaseTyr-AMP
intermediate, Leatherbarrow et al. (1985) proposed a model
for catalysis in tyrosyl-tRNA synthetase in which binding
energy is used to stabilize the transition state relative to the
initial state of the reaction. In this model, it is proposed
that the y-phosphate group of ATP is initially surrounded
by solvent but, on formation of the transition state complex,
moves into a binding pocket on the enzyme. This model
correctly predicted the involvement of T40 and H4S in
stabilizing (relative to the free enzyme) the E+[Tyr-ATPJ*
transition state complex but not the E‘TyrATP intermediate.
This model is also consistent with the evidence presented in
this paper, which indicates that the mobile loop uses the
energy for binding ATP to stabilize the E<[Tyr-ATPJ¥
transition state complex relative to the free enzyme.

Recently, a variation of the model proposed by Leather-
barrow et al. has been postulated (Perona et al., 1993). In
this variation, which is based on the X-ray crystal structure
of the glutaminyltRNA synthetasetRNAS™ATP ternary
complex, it is assumed that the enzyme initially fixes the
position of the pyrophosphate moiety of ATP (i.e., the
configuration of the phosphate groups does not significantly
change on conversion of the E*AA*ATP complex to the E--
[AA-ATPJ* complex). Although the kinetic evidence pre-
sented here does not strictly rule out this variation for the
catalytic mechanism of tyrosyl-tRNA synthetase, changes in
the observed interactions between the mobile loop and the
phosphate groups on ATP in going from the ETyrATP
intermediate to the E[Tyr-ATPJ* transition state complex
suggest that these phosphates do undergo a conformational
change during formation of the transition state complex. It
should be noted that several differences appear to exist
between the active sites of tyrosyl-tRNA synthetase and
glutaminyl-tRNA synthetase. Although the homologous
lysines, K233 of tyrosyl-tRNA synthetase and K270 of
glutaminyl-tRNA synthetase, appear to play similar roles in
catalysis, the precise roles of the two histidine residues in
the HIGH regions of the enzymes appears to be different
for each of the enzymes. In addition, whereas in tyrosyl-
tRNA synthetase K82 and R86 have been implicated in
stablilizing the phosphate groups of ATP, no homologous
residues for K82 and R86 have been identified in the
glutaminyl-tRNA synthetase. These differences may reflect
real differences in the catalytic mechanisms of the two
enzymes (glutaminyl-tRNA synthetase, for example, requires
tRNA to form the aminoacyl adenylate species, whereas
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tyrosyl-tRNA synthetase does not). Alternatively, it may
reflect differences in the complexes on which the transition
state models are based (i.e., the Leatherbarrow et al. model
is based on the X-ray crystal structure of the tyrosyl-tRNA
synthetaseTyr-AMP complex, whereas the variation pro-
posed by Perona et al. is based on the glutaminyltRNAC™ATP
ternary complex). Finally, it should be emphasized that
although the mechanistic details proposed by Leatherbarrow
et al. (1985) and Perona et al. (1993) differ slightly, both
models are in agreement that it is the use of binding energy
to stabilize the transition state of the reaction (relative to
the ground state) which is responsible for the catalytic effects
of the two enzymes.

The Contribution of Coupling Energies to the Stability of
Each Step in the Reaction Pathway. The mobile loop has
previously been shown to have no effect on the stability of
the ETyr complex (First & Fersht, 1993¢). This is confirmed
by the findings of this investigation. For the E-TyrATP
complex, previous investigation has shown that the net effect
of the mobile loop is to destabilize this complex by 2 kcal/
mol, decreasing the free energy difference between the
ETyrATP and Ef[Tyr-ATP]* complexes (First & Fersht,
1993¢). The present investigation delineates the energetics
of this destabilization. Specifically, the net destabilization
of the E‘TyrATP complex by 2 kcal/mol results from a
balance between the destabilizing effects of both the K233
side chain and the pairwise coupling between K230 and
T234, and the stabilizing effect of the ternary coupling
between all three side chains.

In the E-[Tyr-ATP]* complex, the net effect of the mobile
loop is to stabilize this complex by 4.0 kcal/mol (First &
Fersht, 1993c). Previous investigations have implicated
K230, K233, and T234 as the amino acids in the mobile
loop that are responsible for this stabilization (Fersht et al.,
1988; First & Fersht, 1993a). In addition, X-ray crystal-
lographic analysis of the glutaminyl-tRNA synthetase indi-
cates that K270, which is homologous to K233 in tyrosyl-
tRNA synthetase, is within hydrogen bonding distance of
oxygen atoms associated with the a- and y-phosphate groups
of ATP, as well as the bridging oxygen between the a- and
B-phosphate groups. This agrees with the role proposed for
K233 by Fersht et al. (1988) on the basis of site-directed
mutagenesis and enzyme kinetics. The X-ray crystal struc-
ture of glutaminyl-tRNA synthetase complexed with ATP
and tRNASN also indicates that the Mg?* ion is ligated to
the 5- and y-phosphate groups of ATP, in agreement with
the results of the kinetic analysis of tyrosyl-tRNA synthetase
using phosphorothioate ATP analogues (Garcia et al., 1990).

In contrast to the E‘TyrATP complex, conflicting effects
and interactions are minimized in the transition state
complex. This leaves the three stabilizing pairwise interac-
tions between the K230, K233, and T234 side chains, each
of which is of similar magnitude (—1.5 to —2.1 kcal/mol).
The minimization of conflicting effects is particularly ap-
parent on comparison of the AG; terms for the ETyrATP
and E{[Tyr-ATP]* complexes. Whereas in the E‘TyrATP
complex the introduction of a single amino acid side chain
(K233) has substantial effects on the stability of the complex
(2.0 kcal/mol), in the E-[Tyr-ATP]* complex none of the AG;
terms is larger than 0.7 kcal/mol.

The observation that the removal of any one of the three
amino acid side chains disrupts pairwise couplings with the
other two amino acids suggests that the mobile loop adopts
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a highly constrained conformation in the EJ[Tyr-ATPT*
complex. This hypothesis is supported by the X-ray crystal
structure for the glutaminyl-tRNA synthetasetRNACATP
complex, in which the mobile loop is found to adopt a well-
ordered conformation (Perona et al., 1993). It should be
noted that the conformations of the mobile loop in the X-ray
crystal structures of the tyrosyl-tRNA synthetase'Tyr-AMP
complex and the glutaminyl-tRNA synthetasetRNAC™ATP
complex are substantially different (Brick et al., 1989; Perona
et al., 1993), although this may result from the different
ligation states of the two enzymes rather than their differing
amino acid specificities. In addition, as has been previously
observed, the mobile loop in tyrosyl-tRNA synthetase
displays a high degree of conformational flexibility and may
adopt a conformation in the E{Tyr-ATP]* complex that
differs from that seen in the crystal structure (Fersht et al.,
1988; Perona et al., 1993). This is consistent with the results
presented here, as the tight pairwise coupling between the
K230, K233, and T234 side chains provides a rationale for
the conservation of the KMSKS signature sequence, implying
that the mobile loop adopts a similar conformation in the
E+[Tyr-ATPJ* transition state complex for all class I ami-
noacyl-tRNA synthetases.

Amino Acids K230, K233, and T234 Form a Subnetwork
of Interacting Amino Acids Which Act in Concert To Catalyze
the Formation of the Tyrosyl Adenylate Intermediate. 1t is
apparent from Tables 2 and 3 that coupling between K230,
K233, and T234 plays a significant part in determining
whether the mobile loop stabilizes or destabilizes a particular
complex in the reaction pathway. While this is most apparent
in the E-[Tyr-ATP]* complex, where the pairwise coupling
term entirely accounts for stabilization of this complex,
pairwise and higher order coupling effects are seen at all
steps in which the mobile loop participates in the catalytic
reaction. It is interesting to note that, whereas in the steps
preceding formation of the transition state complex the
coupling terms generally offset one another, stabilization of
the transition state complex is in part achieved by minimizing
the unfavorable interactions between the K230, K233, and
T234 side chains.

The energetic analysis of coupling energies presented here
provides an excellent example of the influence that neighbor-
ing amino acid side chains exert on one another and, as
previously observed by others (Carter et al., 1984; Wells,
1990; Steyaert & Wyns, 1993), illustrates the limitations of
using single mutants in analyzing structure-function relation-
ships in proteins. The tight energetic coupling seen between
K230, K233, and T234 is reminiscent of the couplings found
between D32, H64, and S221 in subtilisin (Carter & Wells,
1988, 1990) and between H40, ES8 and H92 in ribonuclease
T (Steyaert & Wyns, 1993). In each of these enzymes,
mutation of one member of the trio alters the catalytic effect
of the other members. The couplings observed in tyrosyl-
tRNA synthetase are unique, however, in that they all occur
within a single structural element, the mobile loop. This
has permitted the net effect of the loop (determined by
deletion of the mobile loop) to be dissected into its
component parts (i.e., the effect of isolated amino acid side
chains + the effect of pairwise couplings + the effect of
ternary coupling) to elucidate the contributions of each part
in the total effect of the mobile loop on the catalytic
mechanism. In other words, within the mobile loop, all of
the different side chain environments that affect catalysis
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have been investigated. This does not, of course, exclude
additional couplings with other parts of the enzyme. For
example, it is possible that the KMSKS mobile loop interacts
with the conserved HIGH sequence in the aminoacyl-tRNA
synthetases. All significant effects of energetic coupling
within the mobile loop have, however, been quantified.

It should be emphasized that higher order coupling terms
(i.e., A’Gyy, and A3Gyy) do not necessarily measure direct
interactions between amino acid side chains. Rather, non-
additive coupling terms can result from several different types
of effects including (1) direct effects, where amino acid side
chains are in direct contact with each other, (2) indirect
“environmental” effects, where the amino acid side chains
are coupled through intermediary amino acids or through
their interactions with substrate molecules, (3) gross structural
effects, where replacement of one amino acid side chain
disrupts the tertiary structure of the protein, indirectly
affecting the ability of active site amino acids to participate
in catalysis, and (4) indirect “‘conformational” effects, where
replacement of an amino acid side chain affects the stability
of a particular conformation of the protein, altering the ability
of active-site amino acids to participate in the catalytic
mechanism (i.e., an amino acid side chain, j, which stabilizes
a conformation that is necessary for catalysis, will produce
A*G;y, terms which reflect the coupling between the amino
acid and active-site amino acids since addition of the side
chain j enhances the probability of the active site amino acids
being in the correct conformation to catalyze the reaction).
In the mobile loop mutants, gross structural effects are
unlikely to be the cause of the higher order coupling that is
observed in the E-TyrATP and E-[Tyr-ATP]* complexes. The
evidence for this is as follows: (1) on the basis of X-ray
crystallography, all three amino acids investigated in this
paper, K230, K233, and T234, occur in a flexible surface
loop (Brick et al., 1989), (2) the binding of the tyrosine
substrate is unaffected in these mutants, indicating that no
gross structural changes have occurred, and (3) elution of
mutant enzymes from an FPLC Mono-Q column is similar
to that of the wild-type enzyme. In addition, deletion of the
entire loop does not appear to induce any gross structural
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changes by the above criteria. Thus, as far as the tertiary
structure of tyrosyl-tRNA synthetase is concerned, the mobile
loop appears to be superfluous. The coupling effects
observed are, therefore, due either to direct interactions or
to indirect interactions that are either environmental or
conformational in nature.

Summary and Conclusions. In the absence of a functional
mobile loop, there is synergistic coupling between the ATP
and tyrosine substrates. The mobile loop disrupts this
synergism, destabilizing the E‘TyrATP intermediate by 2
kcal/mol but stabilizing the subsequent E+[Tyr-ATPJ* transi-
tion state complex. Stabilization of the E+[Tyr-ATPJ* transi-
tion state complex is entirely due to pairwise couplings
between the K230, K233, and T234 side chains, suggesting
the mobile loop is in a highly constrained conformation in
this complex. It should be emphasized that neither the
mechanism by which the E‘TyrATP intermediate is desta-
bilized nor the high degree of synergism between the K230,
K233, and T234 side chains that is required to stabilize the
E[Tyr-ATP]* transition state complex could have been
elucidated from analysis of single mutants alone. Instead,
it was necessary to use multiple mutant free energy cycles
both to identify these essential features and to quantify the
network of interactions that are responsible for the mobile
loop’s participation in the catalytic mechanism of tyrosyl-
tRNA synthetase.

APPENDIX

The free energies of coupling for the various intermediate
and transition state complexes are shown below. G, is
defined in eq 4. In each case, the reference protein indicates
the most highly mutated species in the free energy cycle
being analyzed, Gaexp represents the actual free energy of
the least mutated protein in the cycle relative to the unligated
state of the enzyme, Gyadq) represents the free energy that
the least mutated protein in the cycle would have (relative
to the unligated state of the enzyme) if there is no coupling
(i.e., if the free energy of coupling is zero), A?Giy is the

Table Al: Free Energies of Coupling in the E-:ATP Complex

effect of coupling

coupling unchanged Gagexpty Gaady A¥Giy on the stability of the

analyzed amino acid reference protein (kcal/mol) (kcal/mol) (kcal/mol) E*ATP complex?
K230:K233 (T234) K230/K233/T234 —3.35+0.05 -2.0+02 —14+02 stabilizing
K230:K233 (T234A) K230A/K233A/T234 —2.79 £ 0.06 —-3.1=£03 03+0.1 negligible
K230:T234 (K233) K230A/K233/T234A —3.35+0.05 -27+01 —074+0.2 stabilizing
K230:T234 (K233A) K230A/K233A/T234A —2.53+£0.05 ~354+04 1.0+04 destabilizing
K233:T234 (K230) K230/K233A/T234A —3.35+0.05 -1.5+04 ~-19+04 stabilizing
K233:T234 (K2304) K230A/K233A/T234A —2.87 £ 0.07 —-27+£03 —02=x0.3 negligible

@ The stability of the E*ATP complex is measured for species 1 relative to the reference species.

Table A2: Free Energies of Coupling in the E-TyrATP Complex

effect of coupling

coupling unchanged Gaexp) Gadd) A2Giny on the stability of the

analyzed amino acid reference protein (kcal/mol?) (kcal/mol?) (kcal/mol?) E-TyrATP complex?
K230:K233 (T234) K230A/K233A/T234 —9.89 + 0.07 —7.0£0.1 -29x02 stabilizing
K230:K233 (T234A) K230A/K233AIT234A —-109+0.2 —10.1£0.3 —-0.8£0.3 stabilizing
K230:T234 (K233) K230A/K233/T234A -9.89 + 0.07 —-103£02 04+02 destabilizing
K230:T234 (K2334) K230A/K233A/T234A —9.37 £0.07 —-119+0.2 25+£02 destabilizing
K233:T234 (K230) K230/K233A/T234A —9.89 + 0.07 -82+02 —-1.7£03 stabilizing
K233:T234 (K230A) K230A/K233A/T234A —9.48 + 0.08 -99+0.2 04+0.2 destabilizing

“The stability of the E‘TyrATP complex is measured for species 1 relative to the reference species.
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Table A3: Free Energies of Coupling for the E{Tyr-ATP]* Complex

effect of coupling

coupling unchanged Goexpyy Gaade) AGipe on the stability of the

analyzed amino acid reference protein (kcal/mol®) (kcal/mol®) (kcal/mol?) E-[Tyr-ATP]* complex?
K230:K233 (T234) K230A/K233A/T234 54+0.1 73+02 -19+0.2 stabilizing
K230:K233 (T234A) K230A/K233A/T234A 82+0.2 10304 —21x04 stabilizing
K230:T234 (K233) K230A/K233/T234A 54+£0.1 67£03 —-13+03 stabilizing
K230:T234 (K233A) K230A/K233A/T234A 84 +0.1 9.9+03 -1.54+0.3 stabilizing
K233:T234 (K230) K230/K233A/T234A 54+0.1 7.0+03 —-16+03 stabilizing
K233:T234 (K230A) K230A/K233A/T234A 8.5+0.1 104 +£0.2 —-19x03 stabilizing

2 The stability of the E[Tyr-ATP]* complex is measured for species 1 relative to the reference species.

Table A4: Free Energies of Coupling for the Binding of ATP at Saturating Tyrosine Concentrations

coupling unchanged Gexpry Gaaday A2Gy, effect of coupling

analyzed amino acid reference protein (kcal/mol) (kcal/motl) (kcal/mol) on the binding of ATP*
K230:K233 (T234) K230A/K233A/T234 —3.17 £ 0.05 —-06+0.1 —-26=+01 stabilizing
K230:K233 (T2344) K230A/K233A/T234A -41+0.2 -33£03 —08+£02 stabilizing
K230:T234 (K233) K230A/K233/T234A —3.17+£0.05 —37+02 0601 destabilizing
K230:T234 (K2334) K230A/K233A/T234A —2.57 £0.08 —50+£02 24101 destabilizing
K233:T234 (X230) K230/K233A/T234A —3.17 £ 0.05 —-14+03 ~-1.8+03 stabilizing
K233:T234 (K2304) K230A/K233A/T234A —3.15+0.04 —-32+02 00£02 negligible

% The effect of coupling on the binding of ATP is measured for species 1 relative to the reference species.

Table AS: Free Energies of Pairwise Coupling between Mobile Loop Mutants and the Tyrosine Substrate for the Binding of ATP

coupling unchanged reference protein Gaexpty Graddy AGi effect of coupling
analyzed amino acids (0.5 uM Tyr) (kcal/mol) (kcal/mol) (kcal/mol) on the binding of ATP?
K230:Tyr K233, T234 K230A/K233/T234 —3.17 £ 0.05 —-37=+0.1 05+0.1 destabilizing
K230:Tyr K233A,T234 K230A/K233A/T234 —2.57 £ 0.08 —42+0.1 1.7+£0.1 destabilizing
K230:Tyr K233, T234A K230A/K233/T234A —44+02 -3.1+£02 -09+0.2 stabilizing
K230:Tyr K233A,T234A K230A/K233AIT234A -53+01 —56£04 03+04 negligible
K233:Tyr K230, T234 K230/K233A/T234 —3.17 £ 0.05 —34+0.1 02+01 negligible
K233:Tyr K230A, T234 K230A/K233A/T234 —3.15+£0.04 —-45+0.1 13401 destabilizing
K233:Tyr K230, T234A K230/K233A/T234A -40=£02 —43+£03 03+04 negligible
K233:Tyr K230A, T234A K230A/K233A/T234A —3.44 £ 0.06 —49+0.1 15401 destabilizing
T234:Tyr K230, K233 K230/K233/T234A —3.17 £ 0.05 —-47+£02 1.5+£02 destabilizing
T234:Tyr K230A,K233 K230A/K233/T234A —-315+£0.04 —33+0.1 0.1+01 negligible
T234:Tyr K230, K233A K230/K233A/T234A —2.57 £ 0.08 —-4.0+0.3 14+£03 destabilizing
T234:Tyr K230A, K233A K230A/K233A/T234A —5.18 £ 0.04 —54+02 02+02 negligible

Table A6: Free Energies of Ternary Coupling between Mobile Loop Mutants and the Tyrosine Substrate for the Binding of ATP

coupling unchanged reference protein Gaexpry Goaddy A%Gin effect of coupling

analyzed amino acid (0.5 uM Tyr) (kcal/mol) (kcal/mol) (kcal/mol) on the binding of ATP#
(K230:K233):Tyr (T234) K230A/K233A/T234 —-3.17 £ 0.05 —2.1x02 -1.1+02 stabilizing
(K230:K233):Tyr (T234A) K230A/K233A/T234A —41+02 —29+02 -12+£02 stabilizing
(K230:T234):Tyr (K233) K230A/K233/T234A ~3.17 £ 0.05 —46+02 14+02 destabilizing
(K230:T234):Tyr (K233A) K230A/K233A/T234A ~2.57 £ 0.08 ~39+04 1.3+£04 destabilizing
(K233:T234):Tyr (K230) K230/K233A/T234A —3.17£0.04 —-32+05 0005 negligible
(K233:T234):Tyr (K230A) K230A/K233A/T234A —3.15£0.04 -3.0+0.1 02+0.1 negligible

@ The effect of coupling on the binding of ATP is measured for species 1 relative to the reference species.

pairwise coupling energy, and A3Gyy is the ternary coupling
energy.
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