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Abstract: Recent studies of genetically modified enzymes have indicated that changes in activation free energies, AAg*, 
and changes in reaction free energies, AAGo. are correlated by the relationship AAg* = /SAAGo. The present work 
explores the basis for such linear free energy relationships (LFERs) in enzymatic reactions, focusing on the effects of 
mutations in tyrosyl-tRN A-synthetase (TTS). It is demonstrated that the optimal way to analyze LFERs is by describing 
the reaction in terms of pure valence bond (VB) resonance structures rather than in terms of partially formed bonds. 
The use of the pure VB representation allows one to evaluate the relevant LFER using Marcus-type concepts and to 
compare the predicted /? to the observed one. Using a two-resonance-structure VB model for TTS produces /3 at 0.5, 
which disagrees with the observed values of /3 « 0.83 and fi » 1 for two classes of mutations. Noting, however, that 
the phosphoryl transfer process in TTS has been described before as going through a high-energy intermediate, we 
describe this reaction in terms of three VB resonance structures. This accounts for the observed values of ft and supports 
the validity of LFER in TTS. It is pointed out that LFERs are valid in proteins even when the changes in Ag* involve 
very anharmonic interactions like hydrogen bonds, since such relationships reflect the correlation between AAg* and 
AAGo rather than the correlation between AAg* and the effect of specific residues. However, obtaining LFER in 
proteins requires that the active site environment responds linearly to the change of charges during the reaction, and 
such a linear response is far from obvious. Fortunately, the simulation study presented in this work as well as previous 
simulations has demonstrated that active sites of proteins obey the linear response approximation. Such a behavior 
of highly anharmonic systems is due to the availability of many compensating polar interactions. This finding provides 
a theoretical basis for the experimental observation of LFER in TTS. 

1. Introduction 

Linear free energy relationships (LFERs) have been used 
extensively in physical organic chemistry to correlate reaction 
rates with the corresponding equilibrium constants.1-3 Such 
relationships imply that the changes in activation free energies 
due to various perturbations, AAg-*, are correlated linearly with 
the concomitant change in free energy difference between the 
reactants and products, AAG0, i.e., 
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A A / = 0AAG0 (1) 
The validity of this equation has been widely accepted because 
many reactions follow such relationships1-3 and also because 
theoretical studies4-7 have lent strong support for these relation
ships. Nevertheless, cases where LFERs seem to fail have also 
been documented,7 and the existence of a linear correlation 
between AAg* and AAGo (for small AAGo) is far from being 
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universally accepted. In fact, the observed linear correlations 
have been viewed by some as examples of serendipity in organic 
chemistry and have been regarded as very useful, yet empirical, 
relationships. The validity of LFER is much less firmly established 
when applied to enzyme catalysis. Here the experimental8-" 
and theoretical12"14 assertions of LFER are much more recent, 
and they are somewhat controversial. A case of particular interest 
is the catalytic reaction of tyrosyl-tRNA-synthetase (TTS), where 
a series of 10 active site mutants reproduce an LFER with /3 =* 
0.83 ± 0.05, whileother mutants that are known to interact directly 
with the transition state of a reacting substrate gave a less unique 
LFER with 0 » 1. Despite this observation and theoretical 
simulations of Warshel and co-workers12"14 that predicted regular 
LFERs in some enzymatic reactions, it has been argued by Straub 
and Karplus15 that the TTS reaction should not display LFER 
with 0 =i 0.83, since the relevant interactions are not harmonic 
and are associated with sites that are far from the reacting atoms. 
This argument, however, has been disputed by Fersht and Wells.16 

This work examines the theoretical basis for the observed LFER 
in TTS. It is shown that the observed values of /3 are consistent 
with a true LFER, provided that one considers the correlation 
between pure valence bond (VB) states, with fixed charge 
distributions, rather than the real reactant, product, and inter
mediate states.6 The specific case of TTS is used to illustrate 
that the VB representation provides a general method to discuss 
LFER in proteins and to successfully predict the value of 0 in eq 
1. 

2. LFERs in Systems That Can Be Described by Two Pure 
Resonance Structures 

Many reactions are characterized by transition states whose 
structural and electronic features are intermediate between 
corresponding features of the reactant and product states. Factors 
that stabilize the product state and thereby reduce the reaction 
free energy, AGo, will also stabilize the transition state to some 
extent and will therefore reduce the activation free energy, Ag*. 
Thus it is reasonable to expect a qualitative correlation of the 
form of eq 1, where (3 is a constant for small changes in AGo-

While the above arguments are qualitative, they could be 
quantified by describing the reaction in terms of two VB resonance 
structures, one ascribed to the product and one to the reactant. 
These resonance structures (RSs) are kept in a pure VB 
representation, where the bonds are either fully made or broken 
and groups are either neutral or fully ionized. A good example 
is the SN2 reaction depicted in Figure 1. The figure describes 
the free energy function associated with the potential surfaces V\ 
and V2 of two VB RSs as a function of a reaction coordinate that 
involves rotation of the solvent molecules and changes in the 
reacting fragments (the solute). The free energy functions which 
are defined rigorously in refs 5 and 6 reflect the probability that 
a system with the potential surface of a given RS will have a given 
value of the reaction coordinate. As can be seen from the figure, 
one can clearly expect a simple correlation between Ag* and AGo 
for small changes of AGo. 

If the two free energy functions can really be described by two 
parabolae with equal curvature, then the dependence of the 
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Figure 1. Schematic description of the relationship between the free 
energy difference, A(Jo, and the activation free energy, Ag*, in a two-RS 
model of an SN2 reaction, where the bonding arrangement of state 1 and 
2 is the same as the corresponding arrangement in the reactants and the 
products, respectively (as described in the lower part of the figure). The 
reaction coordinate, x, is taken as the difference between the potential 
energies V2 and V\ (see ref 6 for more details). The figure illustrates how 
a shift of the free energy function g2 by AA(Jo (which changes g2 to gi' 
and AGo to AGo + AAGo) changes Ag* by a similar amount. If, for 
example, we have four hydrogen bond donors (the dipoles in the lower 
part of the figure) and we mutate one of them (c) to a nonpolar molecule, 
we will find that AGo increases since state 2 is destabilized. As a result, 
we will find that Ag* increases and the rate constant decreases. 

activation free energy on the equilibrium free energy conforms 
to a modified Marcus relationship:6 

Ag* ~ (AG0 + \)2 /4X - Hi2(x*) + Hl2
2(x0)/{M0 + X) (2) 

IF12(X0)I < |AG0 + X|/2 

Here X is the so-called "reorganization energy" which is definedin 
Figure 1, and we consider only the range |AGo| < X. X0 and x* 
are defined in Figure 1, and Hi2 is the coupling term that mixes 
the two resonance structures, where Hi2 is the average value of 
this term at the given value of x. The first term of eq 1 is simply 
the well-known Marcus expression4 for the nonadiabatic case 
with H12(X) at 0. 

Once we assume (or prove) that eq 2 is valid, we can differentiate 
this equation and obtain the linear relationship 

AAg* ~ ((AG0 + X)/2X - H12
2Z(AG0 + X)2JAAG0 = 

0AAG0 (3) 

where the coefficient of AAG0 is the /S of eq 1. Although this /3 
is a function rather than a constant, it has an almost constant 
value of /S =* 0.5 for |AG0| < X. 

The LFER of eq 3 is a direct result of the assumption that the 
free energy functions are parabolae of equal curvature. Such an 
assumption is valid if the given system can be described by the 
linear response approximation, and recent simulation studies18-19 

have indicated that charge transfer reactions in solutions can 

(18) (a) Warshel, A.; Parson, W. W. Amu. Rev. Phys. Chem. 1991, 42, 
279. (b) King, G.; Warshel, A. J. Chem. Phys. 1990,93,8682. (c) Hwang, 
J.-K.; Warshel, A. /. Am. Chem. Soc. 1987,109, 715. 
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Figure 2. Illustration on the effect of an hydrogen bond on the pure and 
mixed VB representation. In this figure, we draw for simplicity the 
potential surfaces V\ and Vi rather than the corresponding free energy 
functions. 

indeed be described by this approximation. Surprisingly, previous 
simulation studies13-14 and the study which will be presented in 
section 3 have demonstrated that protein active sites can also be 
described by the linear response approximation. Thus, enzymatic 
reactions can be described by parabolae of equal curvature so 
that LFERs are also valid in such systems. 

With the above discussion in mind, we may conclude that the 
Ag* and AGo of a reaction that can be described by two resonance 
structures will follow the LFER of eq 3. The resulting correlation 
between AAg* and AAG0 is expected to follow eq 1, even if the 
actual interactions that change AGo are very anharmonic (in 
contrast to the argument of Straub and Karplus15). That is, as 
long as the change of a given interaction will not change the 
curvatures of the free energy functions and will only shift their 
minima, it will simply generate different values of AGo, while 
leaving the correlation between AAg* and AAGo unchanged (the 
LFER reflects this correlation and not the correlation between 
AAG0 and the hydrogen bond strength). For example, consider 
the hydrogen bonds that stabilize the second resonance structure 
in Figure 2. In this case, the dependence of AGo on the length 
of a given hydrogen bond might be highly nonlinear. A relatively 
short hydrogen bond to an atom that is negatively charged in a 
given resonance structure (e.g., hydrogen bond a in Figure 2) 
may contribute 5 kcal/mol, while another, longer bond (e.g., 
hydrogen bond b in Figure 2) would contribute only 1 kcal/mol. 
In such a case, one may assume that the effect of the deletion of 
hydrogen bonds cannot be described well by a reasonable LFER, 
since there would be no linear correlation between AGo and the 
hydrogen bond strength. However, LFERs correlate AAg* and 
AAGo (rather than AAGo and the hydrogen bond length), and the 
change of AG* upon deletion of the first hydrogen bond will be 
around 2.5 kcal/mol (since /3 = 0.5 is predicted by eq 3), while 
the change upon deletion of the second hydrogen bond will be 
around 0.5 kcal/mol. 

The fact that /3 <* 0.5 for AGo — 0 (which is obvious in the 
two-RS model) is not so easily recognized if one tries to describe 

(19) (a) Kuharski, R. A.; Bader, J. S.; Chandler, D.; Sprik, M.; Klein, M. 
L.;Impey,R. W./. Chem.Phys. 1988,59,3248. (b)Papazyan,A.;Maroncelli, 
M. J. Chem. Phys. 1991, 95, 9219. 

(20) Warshel, A.; Sussman, F.; Hwang, J.-K. / . MoI. Biol. 1988, 201, 
139-159. 

(21) (a) Warshel, A.; Creighton, S. 1989 In Computer Simulation of 
Biomolecular Systems; van Gunsteren, W. F., Weiner, P. K., Eds.; ESCOM: 
Leiden, The Netherlands, 1989; p 120. (b) Lee, F. S.; Chu, Z. T.; Warshel, 
A. J. Comput. chem. 1993, 14, 161. 

(22) Aqvist, J.; Warshel, A. Biochemistry 1989, 28, 4680. 
(23) Langen, R.; Schweins, T.; Warshel, A. Biochemistry 1992, 31, 869. 

LFER by considering the delocalized charges of the ground state 
obtained by mixing the two VB configurations (lower part of 
Figure 2). Such a mixed-state representation is clearly valid and 
can be related to the VB approach (see Chapter 1 in ref 6), but 
it makes it rather difficult to obtain a quantitative prediction of 
the changes in activation energy and geometry of the transition 
state as a result of changes in AGo. 

It is also important to point out that the ft of eq 1 has not been 
taken as a unique result in traditional physical organic chemistry, 
perhaps because of the observation of deviations from this result 
and the fact that the linear response approximation could not be 
validated without microscopic simulations. It is argued here, 
however, that eq 3 is the correct result for a system that can be 
described by two resonance structures, and the deviations from 
this equation might indicate that the two-RS model cannot be 
used to represent the given system (see below). 

With the above background, we may turn now to the 
observation8 of /3 =* 0.83 in a series of mutants of TTS. In this 
case, AG0 is much smaller than X, so we expect to obtain /3 = 0.5 
rather than /3 = 0.83. One could rationalize the deviation between 
the predicted and observed /3 values by suggesting different 
curvatures for the free energy functions of the two RSs. However, 
as already pointed out above, for aqueous solutions, the "solvent" 
contributions to the free energy functions of different VB 
structures appear to have similar curvatures,18b and preliminary 
studies (e.g., ref 14) also predicted similar curvature for free 
energy functions of proteins. As far as the intrinsic contributions 
by the reacting fragments (the solute) are concerned, it is still 
possible that the curvatures of the reactant and product free energy 
functions are different, but the difference is expected to be small 
in the case of TTS (see section 3). Furthermore, even the 
assumption of different curvatures or even changes in X cannot 
account for the observation8 of j8 » 1 for the class of mutations 
where a very large change in Ag* accompanies very small changes 
in AGo. 

Since the two-RS model predicts /J ~ 0.5, which does not 
correspond to the experimental observations, we must consider 
a more appropriate description of the actual situation in TTS. 
The development of such a model is the subject of the next section. 

3. LFER in a three-RS model of TTS 

3.1. General Considerations. As argued above, the simple 
two-RS description gives a prediction of 0 ~ 0.5 that does not 
correspond with the observed £. Since it is hard to find conditions 
that would change this prediction, we must question the validity 
of the two-RSs model (rather than the LFER predicted by this 
model). Previous studies of TTS9'10 have described the phosphoryl 
transfer reaction in terms of reactant and product and a high-
energy pentacoordinate intermediate. The reaction in this model 
can be described in terms of the steps depicted in Figure 3. The 
pure VB description involves three resonance structures and two 
transition states (see Figure 4). In this case, the pentacoordinated 
transition state is considered as a real intermediate rather than 
a transition state. The transition states correspond to the 
intersections of the parabolae. The energy of the intermediate 
VB state (state 2) is hard to determine experimentally, but other 
crucial parameters such as AGi-3 (the overall free energy of the 
reaction) and the largest of the two Ag* values (which is designated 
here as Ag'1—3) are known from available experimental infor
mation.8-10 If a true LFER exists, then we should find a correlation 
of the form 

AAg* = AAg* ,_3 e* /3AAG1^3 (4) 

To examine the free energy relationships that are expected 
from the model of Figure 4, it is useful to designate the minima 
of the free energy functions for the three RSs by the three 
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Figure 4. Schematic description of the three-RS model of TTS. The 
three resonance structures are depicted schematically on the upper part 
of the figure (see also Figure 3), and the corresponding configurations 
in the protein active site are drawn in the lower part of the figure. 

independent variables X, r and Z, respectively. With this notation 
and eq 2, we may write 

Warshel et al. 

= AG1^2 + (AG2^3 + X23)
2/4X23 

= ( r - * ) + (Z -K+\ 2 3 )74X 2 3 (5) 

AG1^3 = ( Z - A ) 

where we neglect the Hn terms since the effect of these terms 
on AAJ?* is small. 

Now let us examine two limiting cases. The simplest one 
involves a mutation that changes only the product energy (AX 
= O, AF = 0, AZ = 03). In this case, it follows that 

AAg* = (d Ag* IdX)AX+ (BAg*/QY)AY + (dAg* /QZ)AZ 

AAG1^3 = 03 

Thus, the linear correlation coefficient is /3 = AAf*/AAGi-3 at 
(0.5 - AG3-.2/2X23) =* 0.5, while the experimentally determined 
coefficient is jS at 0.83. However, one has to take into account 
that a mutation in the active site of an enzyme is likely to have 
an effect not only on RS3 but also on RS2 and even on RSl 
(where RS/ designates the ith RS). Thus, we may write AAT = 
0i, AK = 02, AZ = 03 and define C1 = 61/63, «2 = fa/h- The 
resulting /3 is now given by 

/j <* [-^1 + e2 + H 2 + O3)Q - ^ ^ ) ] / K + S3)] 

« 3 K + «2 + (1 " «2)(l/2 - ((AGM)/2X23))] 

[A3(I-Ol 

(7) 

In this derivation, we assume that X23 » |AG2_3|, which is 
reasonable when |AG2-.3| < Ag* and Ag* < X23, where Ag* ~ 15 
kcal/mol and X23 =*50 kcal/mol (see refs 5 and 14 for typical 
values of X). Now, in the specific case of TTS, it appears that 
the substrate conformation in RSl is quite different than that 
found in RS2 and RS3.9 This was suspected on the basis of a 
comparison of the forward rate for the reaction and the k^/Ku 
values for the formation and destruction of tyrosyl adenylate on 
the enzyme.24 Protein engineering experiments8 have supported 
this speculation. In fact, it appears that almost all the mutations 
that give /3 at 0.83 and change the energy of RS3 do not change 
the energy of RSl (i.e., the binding of ATP), as the Michaelis 
complex is not affected by mutations that change the energy of 
the product. Thus we use t\ = 0. With this selection, a value 
of «2 = 0.6 (which implies that the effect of these mutations on 
state 2 is 60% of the corresponding effect on RS3) will reproduce 
/3 = 0.8. The same considerations can be applied to mutations 
that stabilize RSl and RS2 but do not affect RS3. 

The same arguments used to rationalize the observation of 0 
Qi 0.8 can be used now to account for the observation of /3 » 1 
for mutations of residues that stabilize the intermediate RS. In 
doing so, we note that in the VB representation of Figure 4, we 
consider RS2 as an intermediate and locate the actual transition 
state at the intersection of the parabolae for RS2 and RS3, while 
the mixed state notation of ref 9 refers to RS2 as the transition 
state. In order to determine 0 for interactions that mainly stabilize 
RS2 (e.g., AK » A* « AZ or 02 » 6X at 63), we can use eq 7 
but now substituting t\ = 61/82 and e3 = 63/62- This procedure 
yields 

13. 
(24) Fersht, A. R.; Mulvey, R. S.; Koch, G. L. E. Biochemistry 1975,14, 
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/9 « 02[-e, + 1 + (-1 + <3)/2]/02H, + «,] 

= [ l / 2 - e 1 + 63/2]/[e3-«1] (8) 

Since ci and «3 are small, we obtain here a very large /8, and its 
actual value will depend largely on the uncorrelated difference 
between €3 and «1. Such an LFER is indeed observed experi
mentally for mutations of Thr40 and His45.8 It should be pointed 
out that the above LFERs are merely elaborations of the basic 
Marcus idea to a three-RS system, and we have lost neither the 
predictive power nor the simplicity of the method. 

3.2. Microscopic Simulations of LFER in TTS. Although the 
discussion in the previous section provides a feasible explanation 
for the observed LFERs in TTS, it does not prove that this reflects 
the actual energetics of the system. Thus it is important to try 
to establish our concepts by computer simulations which are based 
on a realistic model of the enzyme-substrate complex. Trying 
to reproduce the observed LFER in TTS is very challenging since 
the mutations affect different VB structures to varying degrees, 
and sometimes the changes are too small to be reproduced by 
current simulation strategies. However, it is much simpler to 
simulate LFERs that involve only two VB states (e.g., Ag*i - 2 vs 
AGi-2 or Ag*3—2 vs AG 3 - 2 ) . Although such LFERs are not 
observed experimentally since the energy of the intermediate R S 
is too high, they provide the opportunity to examine the validity 
of the linear response approximation in TTS (see below). 

Such simulations were performed using the previous described 
EVB method5 '6 and the program E N Z Y M I X . 2 1 The parameters 
used are similar to those used in related studies on the mechanism 
of staphylococcal nuclease22 and rasvp21,23 with the exception 
that we now consider three VB RSs as indicated in the upper part 
of Figure 4. The free energy perturbation (FEP) calculations 
involve 22 mapping steps, each with 2000 steps of 1 fs each. The 
simulations were carried out for a temperature of 300 K. The 
gas phase shift parameters (the a ( i ) of ref 6) for RSs 1, 2, and 
3 were taken as 0.0, -165.0 and -95.0 kcal/mol, respectively. 
These values were obtained by trying to achieve the best fit between 
the calculated and observed values of Ag* and A G i - 3 of the wild-
type enzyme. This fit yields AG* and AGi-3 of 15.5 and 2.0 
kcal/mol, respectively, where the corresponding observed values 
are 15.0 and 0.4 kcal/mol. It is important to note that the 
simulations involved the same intramolecular bonding potential 
functions for the two P - O bonds. Despite the fact that this 
assumption is a rough approximation, we found that the use of 
different Morse potentials accompanied by adjustment of the aW 
to give the same Ag* 1—3 and AGi-3 had little effect on our final 
results (the curvatures of the reactant and product states remained 
similar). 

The results of the simulation for the His45Gly mutant are 
summarized in Figure 5. This calculation gives AAg* =* 4.0 
kcal/mol, as compared to the observed value of 3.5 kcal/mol. 
The corresponding calculated AAG1-3 is slightly less than 1 kcal / 
mol, while the observed value is 1 kcal/mol. This mutant has the 
smallest 0 and the largest AAGi-3 in the class of mutants that 
give 18 » 1. This is probably the reason why we obtained such 
good agreement between the calculated and observed values. 
However, as stated above, the reason for studying this mutant 
and also the Thr40Gly mutant is not the attempt to reproduce 
the observed /9 but the attempt to establish that the Ag curves in 
TTS are practically harmonic (see Figure 5). This point can be 
verified by treating varying a(3> as a parameter and using it to 
change AAG2-3 (see ref 14). Such an examination, which is 
summarized in Figure 6, reproduces a very regular LFER between 
AAg*3—2 and AAG 3 - 2 with /8 =* 1 (note that this {3 cannot be 
evaluated from available experiments). This calculation estab
lishes that the linear response approximation is indeed valid in 
TTS and that LFERs exist between the VB states of this system. 
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Figure 5. Result of the simulation of the His45Gly mutations (see upper 
right corner of the figure). As seen from the figure, the mutation mainly 
affects Ag-* while leading to a substantially smaller change in AGi-3. 
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Figure 6. Calculated LFER obtained for the RS3 - • RS2 process. The 
different points reflect the results of a parametric change of the gas phase 
shift (the c*<3>), which represents an artificial change in the interaction 
between the active site and the substrate. The set of points for each 
mutant represents the results of small changes in a<3> for this mutant. 

Concluding Remarks 

The present work explores the validity of LFERs in enzymatic 
reactions, focusing on the observed effects of mutations in tyrosyl-
t R N A-synthetase. It is demonstrated that LFER can exist despite 
the possible anharmonicity and nonlinearity of the individual 
interactions involved in the different mutations. The overall 
correlation between AAg* and AAGo reflects the fact that a change 
in the free energy of the RSs is related in a simple way to the 
energy of the intersection of the free energy functions of these 
RSs (the transition state). The origin of this correlation would 
remain obscure without the use of a pure VB representation. 
Thus, while the change of AG0 by a given mutation might be hard 
to predict (without expensive free energy perturbation calcula
tions) , the corresponding change of Ag* is predictable by a simple 
LFER. The only requirement for an L F E R between resonance 
structures is that the mutations will not change the curvatures 
of the free energy functions or the corresponding X values in a 
significant way. This has nothing to do with the nature of the 
interactions between the mutated residues and the substrate; 
different mutations might shift the free energy parabolae by a 
different magnitude, but this would only mean that such mutations 
will generate different AAG0, while the correlations between AAf* 
and AAG0 (the /3) will remain constant. 

The validity of the specific L F E R of eq 7 requires that the 
entire active site rather than isolated residues will respond linearly 
to a change in the charges of the reacting system. This linear 
response requirement has been confirmed in simulation studies 
of several enzymes12-22 and in the present work. 

Our attempt to rationalize the LFER in TTS is based on the 
conclusion that a two-RS model with g of equal curvatures and 
AGi-2 — 0 should give /3 a* 0.5, which does not correspond to 
the observed value of 0.83. One may still argue that the 
observation of j8 ^ 0.5 can be rationalized by assuming different 
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curvatures for the solute contributions to the g curves, having an 
#12 that changes in a different way for x > x* and x < x* or by 
a change of \ with mutations. These options cannot be excluded, 
but they cannot explain the observation of /3 » 1 for some 
mutations. Thus, it is essential to describe the reaction of TTS 
in terms of a three-RS model. Such a model allows us to 
rationalize the observed values of/8 for the two classes of mutations. 

One of the main points of the present work is the observation 
that LFER should be formulated in terms of resonance structures 
rather than in terms of reactant and product states. Extending 
the analysis of LFER to this type of valence bond formalism 
appears to give a better explanation for the observed results and 
provides a more convenient method for analyzing reaction 
mechanisms. More importantly, the pure EVB description can 
be used to predict LFER, while the mixed representation cannot 

be used for this purpose. Note in this respect that computer 
simulations can be used to evaluate the free energy of different 
intermediates and to predict the corresponding LFER, even if 
such intermediates are hard to observe by regular experimental 
approaches. For example, this work reproduces a regular LFER 
with /3 =* 1 for Ag*3_2 and AG3-̂ 2. It would be extremely 
interesting to try to confirm this prediction by some clever 
experiment that measures directly the value of AG3-2. 
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