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Cytochrome c interacts with the mitochondrial membrane, which is
negatively charged, and with negative parts of cytochrome bc1 and

cytochrome oxidase.
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drive molecular recognition
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A semi-macroscopic dielectric continuum view

e
w
= 80

CH
2

NH
3

CH
2

CH
2

CH
2

NH

NH
2

NH
2

(CH
2
)

3

+

+

C

O O

CH
2

CH
2

-

Lys

Arg

Glu

-

Poisson's equation:

div e E =  4 p  r
f



alkane/ water segregation 

thioredoxin

Induced
polarization
and charge

Induced polarization and charge

System with a planar dielectric interface

Permanent and induced charge
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For simple geometries, image charges can be used to
represent the polarization charge
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Including counterions:
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Poisson-Boltzmann equation:

div e grad F – c2 sinh eF/ kT=  -4 p  r
f

c =  ionic strength

Electrostatic free energy: the work to assemble a
set of charges in the presence of dielectric boundaries
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Electrostatic free energy: a charge or dipole
in a spherical cavity



The continuum electrostatic solvent model
is not “ pairwise additive”
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Protein boundary

Equipotential lines

The potential at M depends on the shape of the protein/ solvent boundary.

Source charge

Poisson's equation:

div e grad V =  - 4 p  r
f

Discretized version:
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The dielectric constant is determined by the polarity
and the flexibili ty of the medium

e
2

Dipole
                    moment  Dielectric
Molecule     (Debyes) constant 
water 1.9 80
ethanol 1.7 24
acetic acid 1.7 4
acetamide 3.8 41
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Experimental and simulation data

Technique          Protein                 Dielectric constant 
MD cytochrome c 2—4
simulations myoglobin    “

protein G    “
protein A    “

powder collagen 2—5
dielectric albumin    “
dispersion lysozyme    “

polyamides    “

Stark Photosynthetic 2—4
effect Reaction Center

fluorescence chymotrypsin    9
Stokes shift active site
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Polarity and polarizabil i ty contribute to the free energy
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Compare binding reactions: non-electrostatic
contributions approximately cancel

“MMPB/ SA”    cf  Claverie, Case, Hermans, Kollman et al
Simonson, Archontis, Karplus (2002) Accts Chem Res

Molecular recognition
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Stepwise free energy decomposition

electrostatic

Gilson & Honig, 1988

For l inear (but not cyclic) saturated alkanes, the solvation free energy
(in water) scales as the solvent-accessible surface area:

Linear or
weakly-
branched
alkanes

cyclic
alkanes
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Asp, Asn binding to aspartyl-tRNA synthetase
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Modified
  ligand

Native
ligand

Native protein Modified protein

The native protein favors Asp; the modified protein is non-specific.
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Mutation produces structural shifts: compensating interactions

native data in blue

Group contributions to binding

Solvent  17
              17

(12 with Asn)

Archontis, Simonson, Karplus (2001), J Mol Biol, 306:307; (2002) Accts Chem Res, 35:430 
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Proton binding/ pKa calculation

pK
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 +  1/ 2.3 RT  D D G

Henderson-Hasselbach

Eg Simonson, Carlsson, Case (2004) JACS, 126:4167
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Simplifying the solvent
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               IMPLICIT SOLVENT MODELS for
STRUCTURE PREDICTION and REFINEMENT
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Generalized Born analytical
approximation for solvent screening
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The potential of mean force concept

Protein coordinates:   X
Solvent coordinates:   Y
System energy:  U(X,Y)

Thermodynamic average properties “of the protein” can be expressed as:

< A(X)>  =     A e-U(X,Y)/ kT dX dY    =     A(X) dX    e-U(X,Y)/ kT dY

                            =      dX  A(X) e-W(X)/ kT

The solvent has disappeared!

W(X) is the PMF =  free energy at the (fixed) protein conformation X.



W =   (1/ e – 1) Si,j qi qj FGB(i,j)
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Generalized Born analytical approximation
for dielectric screening:

   Higher throughput studies: need for implicit solvent models

Dielectric continuum

Explicit solvent Implicit solvent

r

F
GB

1/ r

small b (exposed pair)

large b (buried pair)

W =   (1/ e – 1) Si,j qi qj FGB(i,j)

FGB(i,j) =  1/ (rij
2 +  b2

ij exp[ -rij
2/ 4b2

ij] )
1/ 2  

   GB has the “ correct”  l imiting form for large and small r
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small b (exposed pair)

large b (buried pair) Large r: GB goes as 1/  r

Small r:  GB goes as 1/ b
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Born self-energy: a single charge Q in a 'protein' cavity
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Analytical approximation for the Born self-energy:
Coulombic field approximation

W =  (1/ D –1) Q2/ R
Born

     ~  energy of Coulombic field
         integrated over protein volume 



  pK
a
 shifts     Asp14   Asp20   Asp26  

  experiment      <  -2       0       + 3.5
 MD/ explicit      -0.9       1.3     + 6.7   
MD/ implicit       -2.2       0.5    + 7.1   

pK
a
 calculations with MD free energy simulations

Asp20

Experiment

Asp26Asp14
MD/ explicit

1

0 3.5-2

TS, Carlsson, Case (2004) J Amer Chem Soc; Archontis & TS (2005) Biophys J

MD/ implicit

                     experiment vs simulation
(Simmerling, Strockbine, Roitberg, 2002) 

Trpcage

Rms C
a
 structural deviation

thioredoxin, RNase A,
protein G, Raf, cytochrome c
1.5 – 2.5 Angstroms
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