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Hidden Thermodynamics of Mutant Proteins: 
A Molecular Dynamics Analysis 
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JIALI GAO, KRZYSZTOF KUCZERA, BRUCE TIDOR, MARTIN KAWLUS 

A molecular dynamics simulation method is used to determine the contributions of 
individual amino acid residues and solvent molecules to free energy changes in 
proteins. Its application to the hemoglobin interface mutant Asp Gl(99)P-Ala shows 
that some of the contributions to the difference in the free energy of cooperativity are 
as large as 60 kilocalories (kcal) per mole. Since the overall free energy change is only 
-5.5 kcdmole (versus the experimental value of -3.4 kcdmole), essential elements of 
the thermodynamics are hidden in the measured results. By exposing the individual 
contributions, the free energy simulation provides new insights into the origin of 
thermodynamic changes in mutant proteins and demonstrates the role of effects 
beyond those usually considered in structural analyses. 

C HANGES I N  PROTEIN STABILITY 

and function resulting from muta- 
tions can be determined experimen- 

tally. The alterations in free energy are often 
interpreted in terms of the structures of the 
wild type and mutant protein (1, 2). How- 
ever, the connection between structure and 
measured thermodynamic quantities is not 
simple; for example, relatively small mea- 
sured free energy changes can be made up of 
large contributions from a number of pro- 
tein-protein and protein-solvent interactions 
that almost cancel. Moreover, the conse- 
quences of the removal of repulsive interac- 
tions, not usually considered in structural 
studies, can be as important as the loss of 
attractive terms (such as hydrogen bond- 
ing). We demonstrate how molecular 
dynamics (MD) free energy simulations can 
be used to estimate the individual thermody- 
namic contributions that result from a muta- 
tion. The change in the free energy of 

cooperativity of a mutant of hemoglobin 
[Asp Gl(99) P-Ala] is decomposed into 
contributions from the solvent, intersubunit 
interactions, and intrasubunit alterations. 
The qualitative insights obtained from this 
decomposition increase our understanding 
of protein mutants since the effects de- 
scribed for hemoglobin are expected to play 
a general role. 

The free energy difference AG between 
two states A and B can be calculated by 
Monte Carlo and MD techniques (3-7). If 
A corresponds to the wild-type protein and 
B to the mutant, a simulation (which can be 
envisioned as "computer alchemy" since one 
amino acid is transformed into another) can 
be used to determine their free energy differ- 
ence. The simulation is based on thermody- 
namic integration (8) with the equation 

where A V = VB - VA and X is a parameter, 
such that VA = (1  - X )  VA + XVB (9); VA 
and VB are empirical energy functions de- 
scribing the solvated normal and mutant 
hemoglobin molecules, respectively. The 
calculation uses MD for evaluation of the 
thermodynamic average, (A V )  A ,  where the 
subscript X indicates that the average is over 
the hybrid system described by VA. The 
linear form of Eq. 1 allows the free energy to 
be decomposed as 

AG = AGO + 2 AG, 
r>O 

(2) 

where AGO is the contribution from the free 
energy change of the mutated residue and 
AG, (r > 0) are the contributions from in- 
teractions between the mutated residue and 
any other residue or water molecule. 

The free energy simulation and decompo- 
sition method is illustrated for hemoglobin, 
the classic example of cooperativity (10-12). 
We consider the alp2 interface residue Asp 
Gl(99)P for which a series of naturally 
occurring mutants have been shown to have 
significantly reduced cooperativity and in- 
creased oxygen affinity relative to normal 
hemoglobin (10, 11, 13). Based on x-ray 
structures of deoxy and oxy hemoglobin A, 
Perutz et a l .  (14-16) suggested that the 
essential role of Asp Gl(99)P is to stabilize 
the deoxy tetramer by making hydrogen 
bonds to Tyr C7(42)a and to Asn 
G4(97)a; these hydrogen bonds are absent 
in the oxy tetramer. We supplement this 
observational conclusion by a theoretical 
analysis of the free energy changes induced 
by the mutation Asp Gl(99)P-Ala [Hb 
Radcliffe (1 7)], which is of the "deletion" 
type (I) ,  and is therefore expected to lead to 
relatively localized structural changes (18) 
that are simplest to interpret (19). The over- 
all change in the free energy of cooperativity 
(13) is shown to result from a set of large but 
nearly compensating interactions of Asp 
Gl(99) P with several amino acids and with 
the solvent. Although both Tyr C7(42)a 
and Asn G4(97)a play a significant role, the 
calculations indicate that the solvent and 
other interchain and intrachain interactions 
are also important. 

The essential free energy simulation re- 
sults are shown in Table 1 (9, 21, 22). 
Energy-minimized unliganded (23) and li- 
ganded (24) x-ray structures for the normal 
hemoglobin tetramers were used to generate 
the starting configurations (Fig. l ) ,  and the 
stochastic boundary molecular dynamics 
(SBMD) method (25) was used for the 
(A V )  A simulations (26-28). Both the deoxy 
and oxy tetramers are destabilized by the 
mutation (by 66 and 60.5 kcal/mole, respec- 
tively, per alp2 interface) (29), but the 
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deoxy tetramer is more destabilized, leading 
to the observed reduction in cooperativity 
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Flg. 1. Stereoviews of the (A) deoxy (23) and (B) oxy (24) x-ray strwtwes showing the a,& contact 
region; some of the important side chains are labeled and colored a r e n t l y  h m  the blue background 
[Asp Gl(99)P is in red]. The deoxy simulation included 87 residues (962 atoms) and 124 water 
molecules; the oxy simulation included 99 residues (1003 atoms) and 146 water molecules. 

and increased &ty of the Ala mutant (1 7). 
The value of AAC(oxy - deoxy) can be 
compared with the fke energy of cooper- 
ativity measured by Ackers and co-workers 
(13,30). Both the experimental and theoret- 
ical thermodynamic cycles (Fig. 2) provide 
indirect approaches to the change in free 
energy of cooperativity resulting from the 
mutation, a quantity that is difficult to ob- 
tain directly either experimentally or theo- 
retically. The measured value (-3.4 kcall 
mole per interface) has the same sign and is 
of the same order as the calculated result 
[-5.5 kcallmole; other Asp Gl(99)P mu- 
tants that have been studied experimentally 
(13) yield similar values for AAC], suggest- 
ing that the simulation results, although 
approximate, may be used to obtain insights 
into the specific interactions that contribute 
to the free energy differences. 

We separated the calculated free energy 
changes into those arising from the solvent 
or the protein using Eq. 2; for the latter, we 
considered the contributions from the same 
subunit (Pz) and from the different subunit 
(al) and finally decomposed these into indi- 
vidual residue contributions. In most of the 

following discussion (not in the calcula- 
tions), we simplifl the description by refer- 
ring to the Asp side chain (see caption to 
Table 1); the free energy contribution from 
the mutant (Ala) side chain is small because 
of its size and nonpolar character. 

The structural difference between the 
deoxy and oxy tetramer x-ray results in the 
Gal, FGP2 region [Asp Gl(99)P is adjacent 
to the FG comer] has been characterized 
(1416, 31, 32) as an approximately rigid- 
body displacement, in which FGPz shifts 
relative to Gal by approximately 6 A [the 
so-called quaternary "switch" (31)l. A large 
alteration in the intersubunit packing occurs 
with relatively small intrasubunit conforma- 
tional &ang&. In the oxy tetramer, the Asp 
side chain is more exposed to solvent, 
whereas it is partly buried by interactions 
with the a subunit in the deoxv tetramer: 
the difference in accessible surfak area for a 
1.6 A probe (33) is 13.7 A'. Thus the large 
loss in the solvent contribution (Table l) ,  
which ii almost entirelv due to electrostatic 
interactions, is more destabilizing for the 
oxy than the deoxy tetramer. Five water 
m61ecules couple s&ongly to the carboxylate 

Tabk 1. Free energy (kcdmole) computed for 
the mutation Asp Gl(99)p -* Ala. All values are 
given for one alp2 interface; a term in AG with a 
positive sign corresponds to .the given conmbu- 
tion destabilizing the mutant (Ala) relative to the 
wild type (Asp). When the effect of the Asp 
residue by itseIf is discussed in the text, a positive 
sign implies that a stabilizing conmbution is 
involved. M G  is AC(oxy) - AG(deoxy). 

Contribution AG(deoxy) AG(oxy) AAC 

Solvent 46.0 68.5 22.5 
Protein* 20.0 -8.0 -28.0 

Asp G1(99)P2t -8.8 -11.0 -2.2 
Inter (a,) 2.8 -24.4 -27.2 

Tyr C7(42) 8.4 4.3 -12.7 
Asp Gl(94) -22.0 -44.4 -22.4 
Val G3(96) 1.6 7.1 5.5 
Asn G4(97) 9.7 13.0 3.3 

Intra (82) 26.1 27.4 1.3 
His FG4(97) -2.1 -3.3 -1.2 
Pro G2(100) 8.2 5.4 -2.8 
Glu G3(101) -11.2 6.9 18.1 
Asn G4(102) 14.3 10.1 -4.2 

Total 66.0 60.5 -5.5 

'(Only rcsiducs that mntibute more than 1.5 kcaJ/molc 
m both the dooxy and forms arc listed. tMutant 
residue self-energy conzution. 

group in the oxy tetramer, whereas only 
three do so in the deoxy tetramer (Fig. 3). 
The solvation free energy change calculated 
for the mutation of the highly exposed Asp 
in the oxy tetramer (68.5 kcallmole) is only 
slightly less than the difference between 
acetate and ethane in aqueous solution [the 
experimental value is -77 kcallmole (34); 
the value calculated for aqueous solution 
with the CHARMM 19 charges (22) by use 
of an integral equation method is 75 kcall 
mole (391. 

The mutation stabilizes the oxy tetramer 
and destabilizes the deoxv tetramer bv an 
amount that counterbalances the solvent 
term (Table 1). There are both intersubunit 
(al-Pz) and inmubunit (P2-P2) contribu- 
tions; the fonner are more important than 
the latter. The intersubunit interaction be- 
tween Asp Gl(99)P and Tyr C7(42)a does 
indeed stabilize the deoxy form in accord 
with the analysis of Perutz (10, 14-16). The 
total contribution of Tyr C7(42)a, indud- 
ing effects in both the-deoxy and the oxy 
tetramers (Table l) ,  is somewhat greater 
than twice the overall calculated free energy 
difference. All other contributions from in- 
teractions with the Cal region are small. 
There are, however, large contributions 
fiom the G region of the a, chain, which is 
also dose to the FG comer of P2 (Fig. 1). 
Most important is Asp G1(94)a, which has 
an unfavorable interaction free energy in 
both the deoxy and oxy forms [the interac- 
tion between Asp Gl(94)a and Asp 
Gl(99)P is destabilizing in both tetramers, 
so that the replacement by the nonpolar Ala 
stabilizes the system], but the destabilization 
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is calculated to be much greater in the oxy 
than the deoxy structure. In the x-ray struc- 
tures, the two Asp side chains are closer in 
the oxy than the deoxy tetramer, and the 
relative orientations are such that the 
charge-charge repulsions between the oxy- 
gens of Asp 94a and Asp 99P are greater in 
the former than the latter. The simulations 
show that the unfavorable interactions are 
balanced by the presence of water-bridged 
hydrogen bonds between the two Asp car- 
boxylate groups; there are three water 
bridges in the oxy and two in the deoxy 
interface. Although macroscopic dielectric 
treatments (37, 38) account, in part, for the 
balance of protein and solvent interaction, 
such specific effects are diflicult to include in 
continuum solvent models. In particular, 
hydrogen bonds involving charged groups 
lead to highly stable structures because of 
the strength of the interaction, relative to 
polar group-water hydrogen bonds (25); a 
carboxylate-water hydrogen bond has an 
energy of 11 to 15 kcaYmole (34L41). For 
Asn G4(97)a, the simulation shows that the 
mutation is destabilizing in both structures 
(Table l ) ,  but that it is somewhat more 
destabilizing in the oxy than the deoxy form. 
This result disagrees with suggestions from 
structural analyses (10, 14-16), which fo- 
cused on an Asp-Asn hydrogen bond that is 
present in the deoxy and absent in the oxy 
tetramer. Energy calculations for the x-ray 
structure show that the Asp Gl(99)pAsn 
G4(97)a interaction, which is due primarily 
to the Asp-C02-and Asn-NH2 moieties, is 
attractive in both the deoxy and oxy tetra- 
men, as it is in both average dynamics 
structures; this result is in accord with the 
destabilizing effect of the mutation obtained 
from the 111 simulation. For Val G3(96)a, 
there is an attractive interaction between the 
NH of its backbone and the Asp side cham 
in both structures that is lost when the 
mutation is introduced. 

The contributions that arise from within 
the p subunit are by definition the result of 
tertiary structural changes that accompany 
the quaternary transition. There are the in- 
ternal energy t e r n  of the Asp and Ala side 
chains (Table 1) that contribute -2.2 k c d  
mole to the fiee energy difference (42, 43). 
The other residues involved (see Table 1) 
are all relatively near Asp Gl(99)P. The 
largest contribution arises from Glu 
G3(101)P. The Asp 994111 101 interaction 
k energy is calculated to be destabilizing 
in the deoxy tetramer and stabilizing in the 
oxy tetramer. The x-ray structures indicate 
that the side chain of Glu 101 in the deoxy 
form is closer to Asp Gl(99) P (5.70 A) than 
in the oxy tetramer (6.10 A), but that the 
orientation is such as to minimize the charge 
repulsion. There is a strong hydrogen bond 

between the Asp Gl(99)P side chain and 
the main chain NH of Glu G3(101)P that is 
more favorable in the deoxy than the oxy 
tetramer [0 . . . H distances are 2.1 A (2.4 
A) for deoxy (oxy)]. The interaction be- 
tween Asp Gl(99)P and Asn G4(102)P is 
long range, primarily electrostatic in origin, 
and stabilizing in both tetramers (Table 1). 
The contributions from His F6(97)P and 
Pro G2(100)P also arise from electrostatic 
t e r n  but the difference between the deoxy 
and oxy tetramers is relatively small. 

The analysis has shown how a number of 

large free energy contributions due to a 
mutation can yield a small observed change 
in cooperativity. Such effects are likely to be 
particularly important when charged side 
chains are involved. In both the deoxy and 
oxy tetramers the A s p A l a  mutation leads 
to an important destabilization (46 and 68.5 
kcdmol, respectively) as a result of the loss 
of stabilizing interactions with the solvent. 
This mutation does not produce an unstable 
protein because the Asp residue presumably 
is well solvated in the denatured form and a 
similar (perhaps even larger) destabilization 

0 
~ C ~ ~ ( a s p )  A C ~  (asp + d a )  

2[aBl,p - - 
[%B2IaSp Ia2B2]a~a 

A C : ~  (asp) I 
Fig. 2. Diagram showing the thermodynamic cycles used to determine AAC in the calculation (inner 
cycle) and the experiments (two outer cycles). Superscripts D and 0 indicate the unliganded and 
liganded systems, respectively; subscripts 2 and 14 indicate dimers and tetramers, respectively; asp and 
ah indicate the normal and mutant system, respectively; and the arrow associated with a given AC 
indicates the reaction to which it applies. Horizontal arrows correspond to measured or calculated 
quantities and vertical arrows to those obtained by difference. The free energy of cooperativity, AC,-, 
is given by AC,,, = A C P 0  - A C P O  with the assumption that the dimer is noncooperative 13 LLi The quantiz$AC, the difference in the fiee energy of cooperativity, is given by AAC = AC4 
(ah) - AC4 (asp) if AGPO(asp) = A~-~(a la) ;  it is obtained in the simulation from the inner 
cycle by C ~ C U ~ M ~  AC$'(aspala) and ACy(aspala), and it is obtained in the experiment from the 
outer cycles by measuring [ACL4(asp) - ACF+(asp)] and [AcR4(ala) - AC?+(ah)]. 

Fig. 3. Stereoviews of water molecules that interact strongly with Asp G1(99)@ in the (A) deoxy and 
(B) oxy simulations; the minimized average structures are shown. The Asp side chain is in red and the 
water molecules with the largest interactions are shown as hydrogen bonding to the carboxylate oxygens 
(waters with distance of 2.3 A or less are included). 
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is expected. In contrast, in protein associa- 
tion reactions (insulin dimerization, for ex- 
ample), such a polar to nonpolar mutation 
can play an important role due to solvation 
effects; an example is given by sickle cell 
hemoglobin [Glu A3 (6) P+Val], where the 
mutated residue is exposed in the monomer 
and partly buried in the dimer (44) so that 
the complex is calculated to be stabilized 
about 15 kcal/mole per interface (45, 46). 

- - 
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Brefeldin A Specifically Inhibits Presentation of 
Protein Antigens to Cytotoxic T Lymphocytes 

Cytotoxic T lymphocytes (CTLs) recognize foreign antigens, including viral proteins, 
in association with major histocompatibility complex (MHC) class I molecules. 
Brefeldin A, a specific inhibitor of exocytosis, completely and reversibly inhibited the 
presentation of viral proteins, but not exogenous peptides, to MHC class I-restricted 
CTLs directed against influenza virus antigens. The effect of brefeldin A on antigen 
presentation correlated with its inhibition of intracellular transport of newly synthe- 
sized class I molecules. Brefeldin A is thus a specific inhibitor of antigen processing for 
class I-restricted T cell recognition. Its effect on antigen presentation supports the idea 
that exogenous peptide antigens associate with cell surface class I molecules, whereas 
protein antigens processed via the cytosolic route associate with nascent class I 
molecules before they leave the trans-Golgi complex. 

C YTOTOXIC T LYMPHOCYTES (CTLs) to the cytosol of target cells to be processed 
are a critical component of the im- for presentation to CTLs (2, 3); and (iii) 
mune response to infectious agents foreign proteins are recognized by CTLs 

and neoplasms. Some of the general features only in association with class I molecules of 
of CTL recognition of foreign antigens are the major histocompatibility complex 
understood: (i) epitopes recognized by (MHC) (4). 
CTLs are linear determinants that can be 

'ynthetic peptides ('1; (ii) Laboratow for Viral Diseases, National Institute of 
nonfragmented proteins must be delivered Allergy a d  Infectious Diseases, RockviUe, MD 20852. 
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