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Interactive Modeling
Binding path of retinal to bacterio-opsin (1)

• Retinal deep in bacterio-opsin   
binding cleft

• How does it get in?
• Use batch mode interactive steered   

molecular dynamics to pull retinal out 
of cleft, find possible binding path

NIH Resource for Macromolecular Modeling and Bioinformatics
Theoretical Biophysics Group, Beckman Institute, UIUC

• 10 path segments, 3 attempts each
• Choose best attempt at 9 points 
during pull
• Found path through membrane, 
and electrostatically attractive 
entrance window



Stepwise Unbinding of Retinal from bR
water
needed
to
shield
lys –
retinal
interact.

protein conformation
unaffected

Retinal’s
exit and
entrance
“door”
attracts
its
aldehyde
group

http://www.ks.uiuc.edu NIH Resource for Macromolecular Modeling and Bioinformatics
Theoretical Biophysics Group, Beckman Institute, UIUCIsralewitz et al., Biophys. J., 73, 2972-2979 (1997)



Steered Molecular Dynamics of the KcsA ion channel

K+
1

K+
2

solvent

solvent

Kcsa channel protein
(in blue) embedded in
a (3:1) POPE/POPG
lipid bilayer. Water
molecules inside the
channel are shown
in vdW representation.

Summary of simulations:
• protein/membrane system contains 
38,112 atoms, including 5117 water 
molecules, 100 POPE and 34 POPG 
lipids, plus K+ counterions;
• NAMD2, periodic boundary conditions, 
PME electrostatics;
• 1 ns equilibration, NpT
• 1 ns SMD, constant volume

Force on K+
1

J. Gullingsrud, D. Kosztin and K. Schulten (to be submitted)



Understanding Aquaporins

lens
tears

salivary 
glands

lung

kidney

red 
blood cells

1997-1998: 
Alok Mitra, Scripps Res. 
Inst., EM

Michael Wiener,
U. Virginia Health Science 
Center, EM

2000-2002:
Robert Stroud
UCSF, X-ray cryst.
aquaglyceroporin

Bing Jap
LBNL, X-ray cryst.
aquaporins

Collaborations
•Global orientational tuning controls the selectivity of 
the aquaporin water channel family. E. Tajkhorshid, P. 
Nollert, M. Ø. Jensen, L. J. W.Miercke, J. O'Connell, R. 
M. Stroud, and K. Schulten. Science. In press

•Energetics of Glycerol Conduction through
Aquaglyceroporin GlpF. M. Ø. Jensen, S. Park, E. 
Tajkhorshid, and K. Schulten. Proc. Natl. Acad. Sci., 
USA. In press.

•Pressure-induced water transport in membrane 
channels studied by molecular dynamics. F. Zhu, E. 
Tajkhorshid, and K. Schulten. Biophys. J., 2002. In  press.

•The mechanism of glycerol conduction in
aquaglyceroporins. M. Ø. Jensen, E. Tajkhorshid, and K. 
Schulten. Structure, 9:1083-1093, 2001.

•Molecular dynamics study of aquaporin-1 water 
channel in a lipid bilayer. F. Zhu, E. Tajkhorshid, and 
K. Schulten. FEBS Lett., 504:212-218, 2001.

brain



Kidney

Nephron
Collecting duct

Proximal tubules

Proximal tubule 
lumen

Extracellular 
fluid

AQP0
AQP0

Collecting duct 
lumen

Extracellular 
fluid

ADH
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AQP2

The Role of 
Aquaporins

in the Kidney
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NAMD with full electrostatics 
(PME) 
Periodic boundary conditions
NpT ensemble at 310 K 
1ns equilibration

Protein: ~   15,000 atoms
Lipids: ~   40,000 atoms
Water: ~   51,000 atoms
Total: ~ 106,000 atoms

3.5 days / ns - 128 O2000 CPUs

GlpF
tetramer

0.35 days / ns – 512 LeMieux CPUs



Note that glycerols moved, but not 
as extensively as earlier!

initial state

final (1ns) state

M. Jensen, E. Tajkhorshid, K. Schulten, Structure 9, 1083 (2001)

Glycerol Pathway



Simulation of Glycerol Passage through GlpF

constant force (250 pN) constant velocity (30 Å/ns)



Quantitative Analysis of SMD – Grand Challenge

displacement

applied force

TkWTkG BB ee // ���
�Jarzynski (1997):

WG ��Thermodynamics:
Free energy difference �G

external work W

a non-equilibrium process 
(state A � state B)

SMD simulation 
is a non-equilibrium process.

One needs to discount 
irreversible work !

time series analysis

Free energy

M. Jensen, S. Park, E. Tajkhorshid, K. Schulten, PNAS (in press)



TkWTkG BB ee // ���
�Jarzynski (1997):

WG ��Thermodynamics:

� � ������
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in case of strong non-equilibrium
� � >> kBT

Higher order moments are 
more difficult to estimate.

M. Jensen, S. Park, E. Tajkhorshid, K. Schulten, Proc. Natl. Acad. Sci. USA (in press)



Features of the Potential of Mean Force

constant forceconstant velocity

Asymmetric 
vestibule

• The largest free energy barrier � 7.3 kcal/mol
cf. Arhenius activation energy measured:

9.6�1.5 kcal/mol, Borgnia and Agre (2001)

crystallographic
glycerols

M. Jensen, S. Park, E. Tajkhorshid, K. Schulten, PNAS (in press)



•Any PC/Workstation
• Supports 3D force-
feedback devices for 
interaction

John Stone, Justin Gullingsrud, Klaus Schulten, and Paul 
Grayson. A System for Interactive Molecular Dynamics 
Simulation. 2001 ACM Symposium on Interactive 3D 
Graphics, pp.191-194, ACM SIGGRAPH



• Selection by concerted H-bonding
• Locking mechanism of Fu, Stroud, et al. 

observed.

Paul Grayson and Emad Tajkhorshid



• Selection occurs in most constrained region.
• Caused by the locking mechanism.
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• Channel expands to select sugar.

Paul Grayson and Emad Tajkhorshid



• Dipole reversal pattern matches water.
• Selects large molecules with flexible dipole.

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-10 -7 -4 -1 2 5 8 11 14

co
s(

di
po

le
 a

ng
le

 w
ith

 z)

z (Å)

Dipole
reversal
region

Paul Grayson and Emad Tajkhorshid



• Inserted MscL protein from crystal 
structure into equilibrated POPC 
membrane – 242 lipids, 16,148 
water molecules, 88,097 atoms

• Program NAMD, periodic boundary 
conditions, full electrostatics (PME), 
NpT ensemble, anisotropic pressure 
to describe surface tension, 2.4 days 
on 128 T3E CPUs

Justin Gullingsrud



hearing

touch

gravity

balance

cardiovascular
regulation

Roles in Higher Organisms

Most eukaryotic MS channels require coupling 
to the cytoskeleton and/or the extracellular 
matrix (Sachs and Morris, 1998).

Osmotic 
downshock

H20
H20

Membrane tension 
increases

MscL is a bacterial safety valve

Bacterial MscL is functional in reconstituted 
lipid bilayers (Sukharev et al., 1994).

MscL gating
+ excretion

• Mammals: TRAAK (Maingret, JBC 274, 1999.
• Haloferax volcanii, a halophilic archaeon.
• Prokaryotes: MscL in E. coli, Mycobacterium tuberculosis, many others.
• Eukaryotes: Mid1 gene in yeast (Kanzaki et al, Science (1999), 285, 882-886.



POPC membrane 

from previous 

simulation

equilibrated water box added to 
solvate protein and membrane

Protein 
structure 
from PDB 
entry lmsl
Chang et al. 
Science 
282:2220 –
2226 (1998)

J. Gullingsrud



Patch-clamp measurements 
relate membrane tension to 

channel gatingPore expands to 30 Å as helices flatten out

MscL gates by membrane tension T = p r/2

The protein is stiffest in the pinched 
gating region, in agreement with EPR 

measurements (Martinac et al, 
unpublished results)

Biophys. J. 80:2074-2081, 2001.Justin Gullingsrud



Function Achieved Through Very Large Structures
Very schematic!



Very Large Conformational Changes

Qo

2Fe2Se-

Qo

cyt c12Fe2S cyt c1

two path-
ways for 
oxidation 
of Qo
site

Iron Sulfur 
Protein 
head rotation
can redirect
2nd electron

Sergei Izrailev



Enforcing domain rotation in the bc1 complex (3)
Events during torque application to ISP head

Izrailev et al., Biophys J., 
77:1753-1768 (1999)

cyt c1

2Fe2S

Qo

bL

bH

Torque applied
to 126 C

�
atoms

K = 70 pN/Å
� = 0.0561 rad/s

206,720 atoms



Very Large Conformational Changes

ATP synthaseenergy transformation
(proton motive force 

rotation)

elastomechanical 
coupling

F1

F0

s
t
a
l
k

(from Wang & Oster)

(Walker, Whilce,
Fillingame)www.ks.uiuc.edu

rotatory catalysis



�TPGlu163-N
to

�TPP
�

time(ns)

�TPArg189-Cz
to

�TPP
�

distance

�TP
�DP

�empty

Rotation of 
ATPase
Stalk in 

F1 ATPase

• 327,000 atoms
• 12 ns simulation  on  
NCSA Platinum and PSC 
Lemieux , 1024 processors

Barry Isralewitz



6. Reconstructing potentials of mean force through time 
series analysis of steered molecular dynamics simulations.  
J. Gullingsrud, R. Braun, and K. Schulten.  J. Comp. Phys., 
151:190-211, 1999. 
7. Forced unfolding of the fibronectin type III module 
reveals a tensile molecular recognition switch. A.
Krammer, H. Lu, B. Isralewitz, K. Schulten, and V. Vogel.  
Proc. Natl. Acad. Sci. USA, 96:1351-1356, 1999. 
8. Steered molecular dynamics simulations of force-
induced protein domain unfolding. H. Lu and K.
Schulten.  PROTEINS: Struct. Func. Gen. 35:453-463, 
1999.
9. Steered molecular dynamics simulation of 
conformational changes of immunoglobulin domain I27
interpret atomic force microscopy observations.  H. Lu and 
K. Schulten. Chem. Phys., 247:141-153, 1999. sampling
10. Steered molecular dynamics simulation of the Rieske
subunit motion in the cytochrome bc1 complex.  S.
Izrailev, A. R. Crofts, E. A. Berry, and K. Schulten.
Biophys. J., 77:1753-1768, 1999.

1. Extraction of lipids from phospholipid membranes by 
steered molecular dynamics.  S. Stepaniants, S. Izrailev, 
and K. Schulten.  J. Mol. Model., 3:473-475, 1997.
2. Steered molecular dynamics.  Review S. Izrailev, S.
Stepaniants, B. Isralewitz, D. Kosztin, H. Lu, F. Molnar, 
W. Wriggers, and K. Schulten.  In P. Deuflhard, J.
Hermans, B. Leimkuhler, A. E. Mark, S. Reich, and R. D.
Skeel, editors, Computational Molecular Dynamics: 
Challenges, Methods, Ideas, vol. 4 of Lecture Notes in 
Computational Science and Engineering, pages 39-65. 
Springer-Verlag, Berlin, 1998.
3. Unfolding of titin immunoglobulin domains by steered 
molecular dynamics simulation.  H. Lu, B. Isralewitz, A.
Krammer, V. Vogel, and K. Schulten. Biophys. J., 75:662-
671, 1998. 
4. Unbinding of retinoic acid from its receptor studied by 
steered molecular dynamics.  D. Kosztin, S. Izrailev, and 
K. Schulten. Biophys. J., 76:188-197, 1999. 
5. Investigating a back door mechanism of actin
phosphate release by steered molecular dynamics.  W.
Wriggers and K. Schulten. PROTEINS: Struct. Func. Gen., 
35:262-273, 1999. 



11. Computer modeling of force-induced titin domain 
unfolding.  H. Lu, A. Krammer, B. Isralewitz, V. Vogel, 
and K. Schulten. In J. Pollack and H. Granzier, editors, 
Elastic Filaments of the Cell, chapter 1, pages 143-162.
Kluwer Academic/Plenum Publishers, New York, NY, 
2000. Review
12. Mechanical unfolding intermediates in titin modules.  
P. E. Marszalek, H. Lu, H. Li, M. Carrion-Vazquez, A. F.
Oberhauser, K. Schulten, and J. M. Fernandez.  Nature, 
402:100-103, 1999.  exp - theory
13. Simulated unbinding and binding of fatty acid 
substrates in the cyclooxygenase site of prostaglandin H2
synthase-1.  F. Molnar, L. S. Norris, and K. Schulten.  
Progress in Reaction Kinetics and Mechanism, 25:263-
298, 2000.
14. The key event in force-induced unfolding of titin's 
immunoglobulin domains.  H. Lu and K. Schulten.
Biophys. J., 79:51-65, 2000. Role of water!!!
15. Steered molecular dynamics investigations of protein 
function. B. Isralewitz, J. Baudry, J. Gullingsrud, D.
Kosztin, and K. Schulten.  J. Mol. Graph.  Model., 19:13-
25, 2001.  Also in Protein Flexibility and Folding, L. A. 
Kuhn and M. F. Thorpe, editors, Biological Modeling 
Series (Elsevier). Review

16. Steered molecular dynamics and mechanical functions 
of proteins. B. Isralewitz, M. Gao, and K. Schulten. Curr.
Opin. Struct. Biol., 11:224-230, 2001. Review
17. Structural determinants of MscL gating studied by 
molecular dynamics simulations.  J. Gullingsrud, D.
Kosztin, and K. Schulten. Biophys. J., 80:2074-2081, 
2001.
18. Comparison of the early stages of forced unfolding of
fibronectin type III modules.  D. Craig, A. Krammer, K.
Schulten, and V. Vogel.  Proc. Natl. Acad. Sci. USA, 
98:5590-5595, 2001.
19. A structural model for force regulated integrin
binding to fibronectin's RGD-synergy site.  A. Krammer, 
D. Craig, W. E. Thomas, K. Schulten, and V. Vogel. 
Matrix Biol., 21:139-147, 2002.
20. Pressure-induced water transport in membrane 
channels studied by molecular dynamics.  F. Zhu, E.
Tajkhorshid, and K. Schulten. Biophys. J., 2002. In press.
21. Energetics of glycerol conduction through
aquaglyceroporin GlpF. M.  Jensen, S. Park, E.
Tajkhorshid, and K. Schulten. Proc. Natl. Acad. Sci. USA, 
2002. In press.
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