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Free Energy of Charges in Solvated Proteins: Microscopic Calculations Using a 
Reversible Charging Processt 
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ABSTRACT: Evaluation of the free energy of ionization of acidic groups in proteins may be used as a powerful 
and general test case for determining the reliability of calculations of electrostatic energies in macromolecules. 
This work attacks this test case by using an adiabatic charging process that evaluates the changes in free 
energies associated with ionizing the acidic groups Asp-3 and Glu-7 in bovine pancreatic trypsin inhibitor 
and aspartic acid in solution. The results of these free energy calculations are very encouraging; the error 
range is about 1 kcal/mol for these free energy changes of about -70 kcal/mol. This indicates that we are 
finally approaching the stage of obtaining quantitative results in modeling the energetics of solvated proteins. 

% correlate the structures of proteins with their functions, 
one must be able to express structures in terms of energies. 
Probably the most important requirement for such a corre- 
lation is the ability to evaluate the energies of charges in 
proteins. This is apparently the case in such key processes as 

‘This work was supported by N S F  Grant CHE-8519194, by N I H  
Grant GM-24492, and by the N S F  San Diego supercomputer center. 

proton transfer, electron transfer, subunit interaction, ion 
binding, and many enzymatic reactions. Thus, it is important 
to develop methods of calculation that yield reliable electro- 
static energies in proteins (Warshel & Russell, 1984). In 
developing these methods it is essential to have experimental 
data capable of providing sufficiently discriminative test cases 
against which the calculations can be compared, so that in- 
correct or incomplete models may be discarded. Probably the 
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simplest yet the most powerful test case is provided by the 
energetics of ionized groups in proteins. These energies, which 
determine the intrinsic pK,’s of the given groups, include the 
self-energy term, whose evaluation is a prerequisite for con- 
sistent electrostatic calculations. 

The only reported microscopic calculations of the energetics 
of ionized groups in proteins have been based on the simplified 
solvent model of the protein dipoles Langevin dipoles (PDLD) 
approach (Warshel & Russell, 1984; Russell & Warshel, 
1985). The emergence of supercomputers makes it possible 
now to explore more rigorous and much more expensive 
models. Here we report an attempt to evaluate the free en- 
ergies of some ionized acids in bovine pancreatic trypsin in- 
hibitor (BPTI) and in solution, using an adiabatic charging 
approach based on the umbrella sampling method (Torrie & 
Valleau, 1977). This approach has already been used in our 
studies of reactions in solutions (Warshel, 1982) and proteins 
(Warshel & Russell, 1984; Warshel, 1984). Other versions 
of umbrella sampling and related perturbation methods were 
applied to various systems in solution (Beveridge et al., 1985; 
Jorgensen & Ravimohan, 1985). Here, however, our primary 
aim is not to elaborate on free energy methods (some of which 
were formulated quite early [e.g., Kirkwood (1935)l) but to 
determine the error range of adiabatic charging calculations 
in proteins. 

A powerful and well-defined test case is provided by com- 
paring the energetics of ionizing acidic groups in different sites 
of BPTI (Asp-3 and Glu-7) and in solution. The free energies 
of ionization are quite similar for these acids (less than 0.5 
kcal/mol difference; Russell & Warshel, 1985). Obtaining 
a difference of this order between the calculated absolute 
values of the relevant energies (-70 kcal/mol) is a major 
challenge and a prerequisite for quantitative electrostatic 
calculations. This test case involves charged groups in dras- 
tically different environments, where the different energy 
contributions (permanent dipoles, induced dipoles, water di- 
poles) vary by as much as 20 kcal/mol. This point can be seen 
clearly in Figure 6 of Russell and Warshel (1985). The proper 
quantitative balance between the different energy contributions 
can be obtained only with theoretical approaches that capture 
the main physics of the system. 

This study gives similar free energies (to within 1 kcal/mol) 
for the three ionization processes of our test case. This in- 
dicates that we are finally approaching the stage of obtaining 
quantitative results in calculating electrostatic free energies 
in solvated proteins. 

THEORETICAL MODEL 
In order to evaluate electrostatic energies in proteins, it is 

essential to represent explicitly both the protein and the sur- 
rounding solvent. This work uses an all-atom representation 
for the entire protein-water system. The protein is represented 
by the same force field used in our earlier studies, which 
includes the regular bonding and nonbonding terms, as well 
as the dielectric effect of the protein-induced dipoles (Warshel 
& Levitt, 1976). As described in detail in Russell and Warshel 
(1983,  we represent the interaction between the permanent 
dipoles ( p )  of the protein and the charges (Q) of the relevant 
“solute” (in this case the acidic group) and the permanent 
dipole-permanent dipole interaction by 

VeLl = 332CQiqj/rij 
iJ 

‘pp = 332CqkqJ/rkJ (1) 
k < j  

in which Qi and qj are respectively the solute charges and the 

Table I: Parameters Used in Calculations” 
type parameter value (or source) 

ionized acid charges (A-) Qo, Qc -0.80, 0.60 

(AH) +0.30 
protonated acid charges Qc, eo,, eo,, QH +0.20, -0.20, -0.30, 

water charges 40, 4H -0.82, +0.41 
water-acid van der Waals Aoo, Boo 710000, -612 

Aco3 Bco 450 000, -600 
water-water van der ’4009 Boo 629 000, -625 

Waals 

and polarizabilities and Warshel 
protein residual charges Table I of Russell 

(1985) 
as in Warshel and 

Levitt (1976) 
protein force field 

‘ A  and E are the coefficients of the fl* and r-6 terms, in units of AI2 
kcal/mol and A6 kcal/mol, respectively. The van der Waals interac- 
tions involving the water hydrogens are taken as zero. Charges are 
given in units of electron charge. 

protein residual charges (in units of electron charge). The 
distances rV are in A, and the potential energy is in kcal/mol. 
Note that these energy contributions are evaluated with the 
vacuum dieletric constant (E = l),  since the dielectric con- 
tributions are included explicitly in the model. The interaction 
between the solute charges and the protein-induced dipoles 
is evaluated by (Russell & Warshel, 1985) 

VIn,j = -166C[,p1 = - 1 6 6 C ~ i ~ ( f P ) ~ / d  (2) 
1 I 

in which pI are the induced dipoles of the protein, [p is the 
vacuum field on the ith protein atom from the charges and 
residual charges of the system, a, are the atomic polariza- 
bilities, and d is an effective screening function (not to be 
confused with the dielectric constant) that reproduces the 
average results of self-consistent calculations. The parameters 
for the protein-solute force field are given in Table I. 

The water molecules around the protein are represented by 
the surface-constrained all-atoms solvent (SCAAS) model 
(Warshel & King, 1985). This model uses a relatively small 
number of water molecules (80 in the present case) to create 
a sphere around the relevant group (see Figure 1). Related 
earlier surface-constrained models, which date back to the 
SCSSD model (Warshel, 1978), are reviewed in Warshel and 
Russell (1984). The SCAAS model incorporates angular and 
radial constraints in order to compensate for the artificial 
surface created as a result of using a finite number of water 
molecules. 

The angular constraint forces the water molecules in the 
surface region to be polarized (on the average) in the direction 
expected of the corresponding infinite system. This polari- 
zation is estimated with the Langevin dipole relationship [see 
Russell and Warshel (1985)l. The polarization energy of the 
surface molecules is 

(3) 

in which the summation runs only over the water molecules 
in the surface region, p, are the dipoles of the water molecules, 
and to are the fields due to the protein residual charges and 
the solute charges. We require the average polarization energy 
of the surface dipoles to approach the Langevin estimate: 

(QOdL = -166C”Ljlt;l (4) 
J 

In order to achieve this, we define a new field 
( t o ) ’  = [0(1 + 6) 

1 + 6 = (Qol)L/Qol 

( 5 )  

(6) 
with 6 chosen to satisfy the relation 
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parameters for the water-solute interactions were obtained 
by calibrating the SCAAS model to reproduce the experi- 
mental free energy of acid ionization in water. 

To evaluate free energy with this, or any other model, it is 
important to find a reaction coordinate that guarantees fast 
convergence. In cases of acid ionization, one can consider the 
reaction coordinate to be the transfer of the proton from the 
given acid to a water molecule. This reaction coordinate 
involves a concerted motion of the protein-solvent system and 
can best be described by the empirical valence bond (EVB) 
method (Warshel & Russell, 1984). However, since we are 
not interested here in activation free energies, but only in free 
energy differences, we can concentrate (see below) on the 
response of the protein to the reversible charging of the relevant 
groups. The corresponding free energy can be evaluated with 
the umbrella sampling equation (Torrie & Valleau, 1977): 

eXP(-fiAGba) = (exp(-@AVba))a (10) 
in which @ = (kbT)-l, kb is the Boltzmann constant, AGba = 

are respectively the free energy and potential energy of the 
protein-solvent system when the solute (acid) charge is taken 
as QA. The expression (...), signifies an average of either a 
molecular dynamics or a Monte Carlo trajectory, propagated 
on the potential surface V(Qa). The overall free energy of a 
charging process converges most efficiently when AG is 
evaluated in small steps, changing the charge in small incre- 
ments from Q, to Qb. In this way the free energy is evaluated 
by a process that resembles the macroscopic integration de- 
scribed in standard physics textbooks. In fact, our umbrellz 
sampling procedure (when done in small increments) is 
equivalent to the microscopic charging proposed in the sta- 
tistical mechanics literature (Hill, 1956). The issue here, 
however, is not of formal justification but of conuergence. It 
is entirely unclear a t  the outset how much computer time is 
required for evaluation of what is in principle a rigorous ap- 
proach. If we can design an approach that converges within 
a reasonable computer time, then we have a way to study the 
energetics of charges in proteins. In our calculations we de- 
termine both AGba and AGab. The charging process is re- 
versible when AGb = -AGab, which is only true for sufficiently 
long trajectories and/or sufficiently small charge increments. 
We use the reversibility of the charging process as a conver- 
gence criterion. 

CALCULATIONS AKD DISCUSSIOK 
In this work we consider the free energy associated with the 

ionization of two acidic groups (Asp-3 and Glu-7) in BPTI 
and with the ionization of an aspartic acid in solution. The 
relevant free energies are given by (Russell & Warshel, 1985) 

AGp(AHp - A; + H:) = 

G(Qb) - G(Qa), and Avba = VQb) - V Q a ) .  G(QJ and V(Qd 

ACgTP(A-) - ACGFP(AH) + AG,(AH, + A, + H,f) = 
ACgTP(A') - AGETP(AH) + 2.3RT(pKa - PH) (1 1 )  

where AGCTP is the difference in solvation energy of the in- 
dicated species in (p) protein and (w) water. As seen from 
this expression, one only has to calculate the solvation free 
energy of the given acid in its ionized and unionized forms. 
Furthermore, comparing different acids in proteins, one only 
has to calculate the solvation free energies of A- and AH in 
their protein sites. That is, eq 1 1  can be rewritten as 

AGp(AHp - A i  + H;) = AGFol(A-) - AGfoI(AH) + 
constant = AAGFol + constant (1 2) 

Thus, our key task is the evaluation of AAGfol. This solvation 

FIGURE 1 : Model system used in this study. The figure describes the 
ionized Asp-3 of BPTI surrounded by the protein-water system. The 
water molecules are simulated by an all-atom model that is constrained 
at the surface (region s) to have the polarization expected in this region 
of an infinite system. The surface region is surrounded by bulk solvent 
with a high dielectric ( c  = 80). 

Using (EO) '  of eq 5 as the actual field on the surface molecules 
is a simple and effective means of satisfying our constraint 
requirement. 

The radial constraint forces the water molecules in the 
protein-water system to maintain the correct density. This 
is accomplished by imposing the force 

(7) 

on water molecule j ,  in which Rj is the distance between 
moleculej and the center of the sphere. R," is determined by 
first defining the function n(R):  

fi = -k(R, - R,O) 

R 
n ( ~ )  = 1 - nsolute - nprotein(R) + ~TPS, g(r)r2 d r  (8) 

which represents the number of water molecules within the 
radius R [g(r) is the experimental radial distribution function 
for water]. The term nsolute is the effective number of water 
molecules excluded by the solute, and the term nprotein(R) is 
the effective number of water molecules excluded by protein 
atoms within the radius R. The value of R for which n(R) 
= j (with j an integer) is taken as R,". The value used for the 
force constant k is 15 kcal mol-] .k2. 

Now our total protein-water-solute potential is represented 
by 
v = p a i n  + 

tot p Qfi + yfi + p n d  + VQw + Vpw + V w w  + 
vconstraints (9) 

in which strain is the potential energy of the protein, excluding 
the electrostatic contributions of VQF, q,, and Vnd. Vew is 
the interaction between the water and the solute; this term 
contains both the charge-charge and the van der Waals 
contributions. Vpw represents the interaction between the water 
molecules and the protein, V,, is the water-water interaction, 
and VcOnStraintS is the potential of the angular and radial con- 
straints. The parameters used are summarized in Table I .  The 
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duction of the charge increments @e., inclusion of more points 
in the charging cycle). More importantly, the average of AGba 
and AGab (which is the value we report here) does not change 
by more than 1 kcal/mol when smaller charge increments are 
used. There is no rigorous way to determine the exact con- 
vergence error, since one cannot run infinitely long trajectories 
and explore the entire phase space. We believe that the best 
check for convergence is a test case (such as the one reported 
here) that compares free energy changes in very different 
environments, because the chance of accidental success is then 
quite small. 

Our earlier attempt to calculate the energetics of the acidic 
groups of BPTI was based on the PDLD method. This study 
gave a similar trend but with a larger error range. The ex- 
planation for the improved agreement seems to reside in the 
fact that the X-ray structure of BPTI (on which the PDLD 
calculation was based) was obtained at a pH range where both 
Asp-3 and Glu-7 are ionized. On the other hand, the calcu- 
lations reported in Figure 7 of Russell and Warshel (1985) 
correspond to the case in which one acid is ionized. In fact, 
the PDLD method gives better results when we calculate the 
ionization of one acid when the other is also ionized [Figure 
9 of Russell and Warshel (1985)l. As opposed to the PDLD 
calculation, the present calculation allows the protein to relax 
from the initial structure (Le., the X-ray structure) to one in 
which only one of the residues is ionized. Thus, the ionized 
Glu-7 (which is not stabilized sufficiently by the surrounding 
water molecules in the unrelaxed X-ray structure) gains sig- 
nificant stabilization from protein configurations that are 
polarized toward Glu-7 and allow water molecules to penetrate 
closer to the ionized acid. 

The adiabatic charging method should not be viewed as the 
automatic method of choice in all cases. The method requires 
a very large amount of computer time, and the PDLD cal- 
culations are a factor of about 500 faster. Furthermore, the 
PDLD gives in a straightforward way the different contribu- 
tions to the total electrostatic energy (induced dipoles, per- 
manent dipoles, etc.). Our attempts to obtain these individual 
contributions with the method used here do not yet give 
converging results. It appears that the energy distribution (and 
other distribution functions) converges much more slowly than 
the total free energy. 

The error range of our adiabatic charging process should 
be examined with longer simulation times and with exploration 
of more ionized groups. Nevertheless, it seems from this study 
that we are moving toward an error range of less than 2 
kcal/mol. Such an error range might allow one to reach 
semiquantitative conclusions in studying enzymatic reactions 
where the catalytic energy is on the order of 7 kcal/mol. 
Furthermore, the error range in studies of site-directed mu- 
tagenesis (Warshel & Sussman, 1986) are expected to involve 
a smaller error range; the environmental changes induced by 
mutation are usually smaller than those studied in this work. 
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FIGURE 2: Charging cycle used in our adiabatic charging process. 
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FIGURE 3: Calculated free energy of ionization for Asp-3 (A) and 
Glu-7 (HI in BPTI and Asp (0) in solution. 

' CHARGE OF ACID 

Table 11: Calculated Energetics of Ionizing Acidic Groups in BPTI 
and Solution" 

acid SG,,I(A-) AC.,I(AH) AAG(AH 4 A-) 
ASP-3 -79.8 f 0.5 -9.5 f 0.5 -70.3 i 1.0 
Glu-7 -79.0 f 0.5 -9.8 f 0.5 -69.2 i 1.0 
Asp in solution -80.0 f 0.5 -9.9 f 0.5 -70.1 f 1.0 
Energy values are given in kcal/mol. 

free energy can be evaluated by the ''charging'! process de- 
scribed in Figure 2. In this process we start with the pro- 
tonated acid and then remove the residual charges to form a 
neutral COO group. From here we perform a gradual 
charging process to form the fully ionized carboxylate group. 
The calculations consist of running trajectories at 300 K of 
6 ps (after a 2-ps equilibration period) for each of the points 
of the charging process. About 2 h of Cray time is needed 
to complete a charging cycle containing 12 points. 

Figure 3 and Table I1 display the results of our calculations 
of the free energies associated with charging Asp-3 and Glu-7 
in BPTI, as well as of aspartic acid in water. The results are 
quite encouraging; the solvation free energies of these residues 
are around 70 kcal/mol, very close to the experimental esti- 
mate (Russell & Warshel, 1985). Maybe more important is 
the fact that the free energies of these three cases are similar 
to each other to within 1 kcal/mol. Since the observed dif- 
ference in solvation free energies is about 0.3 kcal/mol [as 
estimated in Russell and Warshel (1985) from the corre- 
sponding intrinsic pK,'s], we conclude that the relative error 
in the calculation is at the 1 kcal/mol range. This is not to 
be confused with the difference between the absolute values 
of AGb, and hGab, which is about 3 kcal/mol with the current 
simulation time and with increments of 0.1 charge units in the 
charging process. This difference becomes smaller upon re- 
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ABSTRACT: Myosin light chain kinases (MLCK) are  the most studied of the calmodulin-activated enzymes; 
however, minimal sequence information is available for the smooth muscle form of the enzyme. The 
production of an  antibody against the enzyme and the use of expression vectors for constructing c D N A  
libraries have facilitated the isolation of a c D N A  for this kinase. The derived amino sequence was found 
to contain a region of high homology (54%) to the rabbit skeletal muscle enzyme and also very significant 
homology (35%) to the catalytic subunit of phosphorylase b kinase and cGMP-dependent protein kinase. 
All of these homologies were found in the known catalytic domains of these enzyme, thus enabling us to 
predict the location of the catalytic domain for the chicken gizzard myosin light chain kinase. Within the 
catalytic domain a consensus sequence for an ATP-binding site was located. Subcloning and expression 
of different regions of the cDNA defined a 192 base pair fragment coding for the calmodulin-binding domain 
of MLCK. Both of the CAMP-dependent protein kinase phosphorylation sites were identified by sequence 
homology. A linear model for MLCK is presented placing the various domains in relative position. Northern 
blot analysis and SI protection and mapping experiments have revealed that the m R N A  for MLCK is 5.5 
kilobases in length, but there also exists a second mRNA of 2.7 kilobases that shares a high degree of homology 
with about 520 base pairs a t  the 3' end of the c D N A  for MLCK. 

M y o s i n  light chain kinases (MLCK) are Ca2+-calmodu- 
lin-dependent enzymes that phosphorylate the regulatory light 
chain of myosin. In smooth muscle and nonmuscle tissues this 
phosphorylation is obligatory for the stimulation of myosin 
ATPase, which precedes tension development (Adelstein & 
Klee, 1980). Myosin light chain kinases have been isolated 
from a variety of sources including smooth muscle, skeletal 
muscle, cardiac muscle, platelets, and macrophages. The 
enzymes are substrate-specific and preferentially phophorylate 
light chains from homologous tissues. One common charac- 
teristic these enzymes share is the requirement of calmodulin 
for activity. 

These enzymes are also phosphorylated by CAMP-dependent 
protein kinase. The smooth muscle (Conti & Adelstein, 198 1) 
and nonmuscle forms (Nishikawa et al., 1984) of the enzyme 
are inhibited by phosphorylation due to a decreased affinity 
for calmodulin. The cardiac (Wolf & Hofman, 1980) and 
skeletal muscle (Edelman & Krebs, 1982) forms are also 
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phosphorylated, but this has no effect on either enzyme activity 
or calmodulin affinity. Finally, the enzyme from the striated 
muscle of Limulus (Sellers & Harvey, 1984) is not phos- 
phorylated by the catalytic subunit of CAMP-dependent protein 
kinase. 

These differences in various myosin light chain kinase en- 
zymes must arise from alterations in the primary structure of 
the proteins. To date, the only MLCK to be extensively se- 
quenced is from rabbit skeletal muscle (Takio et al., 1985). 
The organization of the functional domains in this enzyme are 
similar to those predicted for the chicken smooth muscle 
MLCK from the proteolysis mapping studies of Foyt et al. 
(1985). As a further step in understanding the relationship 
between the primary structure and location of functional do- 
mains of these enzymes, we have cloned and sequenced a 
cDNA encoding the carboxy-termina160% of chicken gizzard 
MLCK. Comparison of this sequence with that of the rabbit 
skeletal enzyme reveals a high degree of homology in  the 
predicted catalytic site. Indeed the similarity of this region 
with identical sized portions of other protein kinases suggests 
a common evolutionary history. 

MATERIALS AND METHODS 
Antibody to MLCK was produced and purified as described 

by Guerriero et al. (1981). Protein A was iodinated by the 
Bolton-Hunter procedure (1973) as modified by Chafouleas 
et al. (1979). 

Preparation of Poly(A+) R N A .  The muscular portion of 
chicken gizzards was cut into small pieces (approximately 3-5 
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