Ivet Bahar, PhD

Professor and John K. Vries Chair,
Computational & Systems Biology, School
of Medicine (SOM), Pitt

Christopher J. Langmead
PhD, Assoc Prof, Computer
Sci and Lane Center,
Carnegie Mellon University
Assoc Director, CMU/ Pitt
PhD Program in Comp Biol

A

~

i
v

-

= i § A

Daniel M. Zuckerman
PhD, Assoc Prof, Comp
& Systems Biology, Pitt,
and Assoc Director,
CMU/ Pitt PhD Program
in Computational Biology

Troy Wymore, PhD
Senior Scientific Specialist
National Res for Biomed
Supercomputing (NRBSC)
Pittsburgh Supercomputing
Center (PSC)




Mary Cheng  Dr. Mert Gur Dr. Elia Zomot Dr. Indira Shrivastava 2 Filippo Pullara . Dr. Tim Lezon Dr. Ahmet Bakan

CMUJPitt Comp Biol - Comp & Systems Biol, comp & Systems Biol, Comp & Systems Biol,  Comp & Systems Biol, Comp & Systems Biolog

Comp & Systems Biol




Simulation of neurotransmitter transport
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Slgnificance

Technological: Integrated software and APIs for biomolecular systems
dynamics which will facilitate information transfer across scales
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Slgnificance

3. Technological: Integrated software and APIs for biomolecular systems

dynamics which will facilitate information transfer across scales
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Ameara lao

Molecular and cellular biology of neurotransmitter transporters

lial cell - .
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molecular genetic, electrophysiological
and cell biological methods

Reference

Jiang J, Shrivastava IH, Watts SD, Bahar |, Amara SG. (2011) Large collective motions regulate the functional properties of glutamate transporter trimers
Proc Natl Acad Sci USA 108, 15141-6.
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http://www.neurobio.pitt.edu/faculty/amara.htm
 
dopamine, norepinephrine and serotonin transporters (DAT, NET and SERT) are targets for addictive drugs including cocaine and amphetamines, and for therapeutic antidepressants. 
examine the impact of psychostimulants drugs on the signaling properties, physiology and acute regulation of the DAT in midbrain dopamine neurons. 

In humans, clearance of the major excitatory amino acid neurotransmitter, glutamate, is mediated by five different subtypes of excitatory amino acid transporters (EAATs1-5) found in specific regions of neurons and glial cells. Although these carriers limit CNS concentrations of glutamate, they also possess a ligand-gated chloride channel activity that can regulate neuronal excitability. 


Structural data en membrane proteins

Joward a complete mapping of
accessible
thelr transition

predicted by Jiang et al PNAS 2011
confirmed by Verdon & Boudker NSMB 2012

(3KBC)




Outward-facing structure of Leucine transporter

extracellular environment

LeuT 2&-Mhpl

Fold shared by transporters of serotonin,
dopamine, and other neurotransmitter: sodium
symporters (NSS), as well as other distant
transporters, such as Mhpl shown above.

intracellular environment

Structures resolved by: (1) Yamashita A, et al. Nature. 2005; 437(7056):215-23.
(2) Krishnamurthy H. & Gouaux E. Nature. 2012 Jan 9;481(7382):469-74.



Measuring the degree of opening of EC vestibule

degree of opening in TM1b

IF open OF occ.

OF open vs. occluded structures
(lighter and darker colors, respectively)
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Na+ at Na2 (but not at Na1) leaves into EC vestibule

Y108F/K288A-LeuT WT-LeuT
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* Zhao C, et al., Biophys J. 2012, 103(5)



What is the probability of external Na* binding to each of these 4sites?

K288A-LeuT
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A secondary binding site (S2) in LeuT binds non-competitive inhibitors

TM1b

TM10) ,

Clomipramine (S2)

IVEf g9 "l — > Leucine (S1)

Structure resolved by: Singh SK, et al. Nature. 2007; 448(7156):952-6.



In the OF open form, substrate leaving S1 does not bind to H
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z-axis position (A)

EC vestibule

Arg30-Asp404 (A)

Phe253 x1 (°)

Transition from OF occluded to OF open state
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Mechanism of substrate/sodium binding in OF LeuT
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Need for experimental validation

Using LeuT or homologues

& Investigate how Nal” site affects affinity for Na*
using site-specific mutagenesis.

& Examine whether TM1b and 6a move
(in)dependently using intra-molecular sulfhydryl-
crosslinking.



Challenges and Future Directions

« |dentification of states and their relative population is
a challenge — not enough sampling to have
statistically significant, robust results

 Milli-to-microsecond timescales are required to
efficiently sample events on the nano-to-microsecond
scale in full-atomic detail.

e Microsecond (brute force) simulations do not
necessarily provide statistically reliable parameters
on transition rates (first passage times) — a challenge
to extract parameters for coarse-grained simulations.



Multi-scale modeling of complete transport cycle

Cheng and Bahar, Biophys J 105; 630-639;2013.
Cheng and Bahar, to be submitted.


Presenter
Presentation Notes
I am particularly interested in Exploring structural transitions using multi-scale modeling.



Substrate binding facilitates closmg of EC gates

Cheng and Bahar, Biophys J 105; 630-639;2013. 60 ns aMD


Presenter
Presentation Notes
White sticks represent orientation of the EC gate residues in the OFO state. Colored sticks represent our equilibrated aMD orientation. Two Ala substrates are colored in yellow and purple. 

Movie contains 60ns aMD trajectories, showing the translocation of substrate and the closing of EC gating.


Secondary binding site for substrate, S2
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Cheng and Bahar, Biophys J 105; 630-639;2013.
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In the outward-facing state, S1 robustly binds alanine and regulates subsequent redistribution of interactions to trigger extracellular gate closure; whereas S2 is only a transient binding site. The substrate-binding affinity at S2 increases in an intermediate close to inward-facing state. LeuT harbors then two substrate binding sites, and small displacements of second substrate near S2 are observed to induce concerted small translocations in the substrate bound to primary site S1, although complete release requires collective structural rearrangements that fully expose the intracellular vestibule to the cytoplasm.



Release of substrate & sodium ions

92 ns cMD run:

+ destabilization of binding site
* influx of IC water

* TM1la outward tilting

* opening of IC gating residues
* breaking/ formation of salt-

bridges and cation-nt
interactions

* Release of substrate
* Release of ions
* Closure of IC gate

putative four IC gate residues:
R5, D369, , and

Cheng and Bahar, to be submitted


Presenter
Presentation Notes
In the movie, the four EC gate residues (upper), R30, D404, Y108, and F253, are represented by blue, red, green and orange sticks, respectively. The putative four IC gate residues (lower), R5, D369, Y265, and W8, are represented by blue, red, green and orange sticks, respectively. Ala substrate is shown as purple VDW format. Two bound sodium ions Na1 and Na2 are displayed in blue spheres. TM1a segment (R5 to A22) and TM6b helix (F259 to Y268) are highlighted in cyan and yellow. Trajectories refer to 92 ns cMD run 11, initiated from 8 ns tMD run 8. (see Table 1 and Fig. 2). After release of substrate and both sodium ions, LeuT was reconfigurated to an apo-closed state.



N-terminus regulates transport
OFc* IFo* Apo-closed

R5 and W8 regulate the opening/closing of the IC gate and the restoration of the
OF state.! The Sorkin lab showed that removal of DAT N-terminus promotes
endocytosis.?

1Cheng and Bahar, to be submitted 2Sorkina et al. J Neurosci 2009, 29, 1361-1374.



Proposed experimental collaborators

Using dopamine transporters

Sorkin, Alexander D. 5R01DA014204- DOPAMINE TRANSPORTER REGULATION BY

(Pitt, Cell Biol & Phys) 11 ENDOCYTOSIS
Torres, Gonzalo E.  5RO1DA0212130 FHYSICAL & FUNCTIONAL LINK OF THE DOPAMINE b
(U of Pittsburgh) 6 TRANSPORTER WITH SYNAPTIC Proteins PROTEINS (P)

Cellular & Molecular Regulation of
Monoamine Transporters

G-protein Gy inhibits dopaminergic signaling
through interaction with DAT C-terminus.! Its
inhibitory effect is further modulated by AMPH.

Presidential Early Career Award in 2009
1Garcia-Olivares et al PL0S. One. 2013, 8 (3), e59788.


http://projectreporter.nih.gov/project_info_description.cfm?aid=8296509&icde=13801042&ddparam=&ddvalue=&ddsub=&cr=3&csb=default&cs=ASC
http://projectreporter.nih.gov/project_info_description.cfm?aid=8296509&icde=13801042&ddparam=&ddvalue=&ddsub=&cr=3&csb=default&cs=ASC
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Protein dynamics
using elastic network meedels (ENM / AN)
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Glutamate uptake blocked by disulfide
Jiang et al (2011) Proc Natl Acad Sci 108:15141-6. cross-linking between “distant’ pairs



Transition of one subunit at a time:
a mechanism revealed by our experiments & computations

TGRS B

K 3 IFS / klOFS+2IFS /

X-ray crystallography ANM-predicted

Asymmetric
Stretching/Contraction

Jiang et al (2011) Proc Natl Acad Sci 108:15141-6.



Transition of one subunit at a time:
a mechanism revealed by our experiments & computations

4 )

Outward (3/0) Two-outward (2/1)

m = I
@@@ _ '@@

Inward (0/3) \

Two-inward (1/2)

J

klOFS +2IFS /

Jiang et al (2011) Proc Natl Acad Sci 108:15141-6.



New X-ray crystallographic data confirmed our prediction!

OFS | RMSD =1.38 A

Asymmetric Gliget{imer

(Verdon & Boudk at Struct Mol Bol 19, 355.




Outward-facing

Inward-facing

in the presence of lipid constraints

Reference: Tim Lezon

Lezon TR, Bahar I. (2012) Constraints imposed by the membrane selectively quide the alternating access dynamics of the
glutamate transporter Glt,,,. Biophys J. 102:1331-40.
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Figure 3:  The first three modes of im-ANM suggest a mechanism for conformational change.  (A) The slowest non-degenerate ANM mode for the OF conformation of GltPh (top) is a pincer-type opening of the trimer through motions of the core domains.  The same mode in the IF conformation (bottom) is a coordinated twisting of the core domains.  In im-ANM (B) the first non-degenerate mode is a piston-type axial motion of the core domains for both the OF and IF conformations.  This motion  allows the OF and IF conformations both to move toward a transition intermediate, indicated by the arrows at far right.  In all cases, the first two-fold degenerate mode is the same as the mode shown, but with one of the subunits phase-shifted by 180 degrees. Subaims 1.1 

http://www.ncbi.nlm.nih.gov/pubmed/22455916
http://www.ncbi.nlm.nih.gov/pubmed/22455916
http://www.ncbi.nlm.nih.gov/pubmed/22455916
http://www.ncbi.nlm.nih.gov/pubmed/22455916

Development of a Hybrid Methodology that combines ANM, MC and MD
Collective Molecular Dynamics (coMD)
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Gur et al., Biophys J 2013
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How do coMD trajectoriesy compare with energy surfaces from full atomic

Gur et al (2013) Biophys J.

0

40 50 60 70 40 50 60 70 40 50 60 70 keal/mol

e ) e ()

PMF surface from Beckstein, et al. J. Mol. Biol. 394: 160-176. (2009)



Global Motions Extracted from Micro-to Milliseconds Simulations
Comparison with Anisotropic Network Model Predictions?

1.013 millisecond on the native state 12 microseconds on the gating mechanism of
dynamics of bovine pancreatic trypsin the inward facing archaeal aspartate
inhibitor (BPTI).2 transporter, GltPh.3

N | ~ XL
Subunit A Subunit B

Anisotropic Network Model (ANM)# is a simple physics-based model of beads and

springs, which exclusively depends on inter-residue contact topology.

1. Gur M., E. Zomot, and I. Bahar. J. Chem.Phys. 139:121912 (2013)

2. D. E. Shaw, et al., Science 330, 341 (2010)

3. E. Zomot and I. Bahar, J. Biol. Chem. 288, 8231 (2013)

4, A. R. Atilgan, S. R. Durell, R. L. Jernigan, M. C. Demirel, O. Keskin and I. Bahar, Biophys. J. 80, 505 (2001)



BPTI dynamics and transitions are well defined by ANM

4

Project on Principal Components
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Gating mechanism of GltPh can be mapped by a few ANM modes
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Challenges

* Multiple paths — which one? Collaboration with Emad Tajkhorshid for
assessing the work involved in different paths

» Detailed Balance is not satisfied for transitions.

 Poor statistics for rare events (Dan’s WE method)
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Development of a robust framework for
efficient QC/MM calculations

B’

Most Druggable site.
affinity (0.302nM)
Ifenprodi

E: L1
\/ site55uM | 320nM
= Best ifetiprodi
like affinity
: (6.45M)
Y i

Druggability simulations performed for NMDA receptor
NTD. (A) Hot spots near the zinc binding site of monomer
N2B. Two high affinity sites are predicted, indicated by red
and magenta dots. (B) Hot spots at the interface between the
N2B and N1 monomers, consistent with the ifenprodil binding
site, but with higher affinity.

References

Facilitate accurate construction of MM and
QC descriptions of molecules & reactions

& developing ParamIT toolkit for MM force field
parameterization of small molecules

& developing corrections to SMO methods for use in
guantitatively-accurate free energy simulations

@& building GUIs in Pymol and VMD for QC/MM model
construction (leveraging Schulten’s BTRC)

Computer Simulation of Biomolecular Dynamics and
Reactions Workshop : June 5 - 8, 2012

Field,M.J. 2008. The pDynamo library for molecular simulations using hybrid quantum mechanical and molecular mechanical potentials. J.
Chem Theory Comp 4:1151-1161; Wymore et al. 2007 Mechanistic implications of the cysteine-nicotinamide adduct in aldehyde

dehydrogenase based on quantum mechanical/molecular mechanical simulations. Biochemistry 46, 9495-9506.
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http://www.ncbi.nlm.nih.gov/pubmed/17655326
http://www.ncbi.nlm.nih.gov/pubmed/17655326

PYODL} Code Analysis & Usage Stats

Protein Dynamics Analysis in Python

Growth of Source Code
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0 - T . ;
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Source http://pypi.python.org/pypi/ProDy

Reference:

26,682 downloads
833 per release
~350 users (est.)

I 7199

July 2012
Code: 28,574
Comments : 8,747
Blanks: 7,512

' ™
Languages
I Python T7%
| Tal 11%
lc 7%
I 40ther 5%

ProDy, updated Jul 08, 2012
A

benbmas Pages / Visit: 4.10
Misssdinsd Avg. Visit Duration: 00:05:27

Source http://www.google.com/analytics/

Bakan A, Meireles LM, Bahar I. (2011) ProDy: Protein dynamics inferred from theory and experiments Bioinformatics 27:1575-7


http://www.google.com/analytics/
http://pypi.python.org/pypi/ProDy
http://pypi.python.org/pypi/ProDy

GTK Dynamo - Main - - X C Dy Y
Eile Edit View Calculate Analysis Extensions Help File Edit View Calculate Analysis Extensions Help

|Z-ﬁEﬁ|2qIIlﬂiPQ . mEE e e

H projectsetup (Mg Import system =% system setup s mport | &, system 3¢ FProject
= e 2+ system ~%.e Setup Setup

Working Folder Working Folder

Source Files:
Source Files:

testes z
— [ltestes

PYMOL Config PYMOL Config
[ Load structures as PDB format.
[ Load structures as PDEB format.
[C] Load structures as XYZ format.

["] Load structures as XYZ format.
[T] Load structures as MOL2 format.

] Load structures as MOL2 format.

[vf Use GTKDynamo in active mode

GTKDynamo: a PyMOL plug-in for QC/MM hybrid potential simulations. J. F. R. Bachega, L.
Fernando, S.M. Timmers, L. Assirati, L. R. Bachega, M. J. Field, T. Wymore (Journal of
Computational Chemistry, 34:2190, 2013).

https://sites.google.com/site/gtkdynamo;
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Shows a depiction of the interface and the selected QC atoms in Pymol.
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Hydrolysis of DFP and the Nerve Agent (S)-Sarin by DFPase Proceed Along Two Different Reaction
Pathways: Implications for Engineering Bioscavengers. Troy Wymore, Martin J. Field, Paul Langan,
Jeremy C. Smith and Jerry M. Parks (manuscript submitted)

Integrating Python programs for Protein Design

ProDy —> PyRosetta€—> pDynamo
Conformations MC Sampling QC/MM Scoring



Presenter
Presentation Notes
This slide shows a depiction of the reaction of a OP hydrolase with DFP and (S)-sarin indicating the reactions proceed along two different reaction pathways.  On the right is a representative transition state structure and gives clear indications on which residues might be mutated to create a better bioscavenger; one that could save people from nerve agent attack.  Below is a depiction of our efforts to integrate ProDy which in this case we could use to construct alternative conformations, PyRosetta for the monte carlo sampling of the identity of selected residues (design) and conformations and finally pDynamo for  much more accurate QC/MM scoring methods. Most of the effort so far has been in writing the code for intercommunication between the programs and we are probably within a few weeks of doing our first testing and applications.
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Collaberation & Service Projects
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P# | (Institution) Collaboratersandinstitution(s) Collaboralien s SEVICE RIojeCIalitie

1 Bahar (Pitt) Altman Stanford U (Simbios) Structural dynamics of biomolecular machines:
Gierasch U. of Mass. Application to bacterial chaperonins and HSP70

chaperones (collaboration with Simbios lab)

2 Bahar (Pitt) Roux, Schulten, U of Chicago, U of Membrane Proteins Structure and Dynamics
Weinstein, Cambridge (UK), Cornell | Consortium (MPSDC) Computational Core, and AMPA
Tajkhorshid, U, U of lllinois at UC receptors structural dynamics
Perozo, Greger

3 Langmead (CMU) Bailey-Kellogg, Dartmouth, Virginia Integration, prediction, and generation of mixed mode
Ramakrishnan, Tech, Purdue information using graphical models, with applications
Friedman to protein-protein interactions
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A network of conserved and coevolving residues mediate
allosteric communication in Hsp70 Dr. Lila Gierasch

Ignacio J. General?, Ying Liu !, Mandy E. Blackburn?, Lila M. Gierasch?2 and Ivet Bahar?

1Department of Computational and Systems Biology, School of Medicine, University of Pittsburgh, Pennsylvania, USA,
2Department sof Biochemistry, and Chemistry, University of Massachusetts Amherst, Massachusetts, USA.

We identified two networks of closely interacting conserved residues,
in subdomains IA and IIA of the nucleotide binding domain (NBD),
which are proposed to play a role in propagating allosteric signals
between the nucleotide-binding and the substrate-binding domains.

Residues in subdomain IIA show strong co-evolving tendencies,
consistent with the needed adaptability to DnaJ recognition.

SBD @ : Functional assays in the Gierasch lab verified the critical role of a
/ ATP number of residues — mutations at those sites abolished interdomain
communications

Dr. Ignacio General

va2 bind * B TVPATFAD:CROAY
Dnr?tJ inding By WA\
. ‘VE:RW hEJTAf
Perturbation Response Scanning (PRS) is used to N =-|'-‘~|i
o . 167 171
evaluate the sensitivity and influence of each ‘
residue. Linker residues are unique, as they serve %AAYQAG
both as sensors (near DnaJ-binding site) and effectors. N e CCGA
ALLI-EDVAI
393

* submitted



PGVs {or intermolecular Interactions

Lanamead Lab

B Intermolecular interactions

B ntramolecular interactions

The topology and potentials will be B inramolecular interactions
= |earned from simulations (MD, WE), or
= approximated from a single structure


Presenter
Presentation Notes
PGMs can be used to encode Boltzmann distributions over structure. Random variables can correspond to dihedral angles, pairwise distances, or fluctuations (depending on the application).  Users can choose to build a model at any desired resolution.  Graphical models of complexes are constructed by composing smaller models and adding inter-molecular potentials. For example, the blue chymotrypsin ensemble is modeled using the blue PGM and the ovomucoid ensemble is modeled using the red PGM. Inter-molecular interactions are modeled by the purple potentials. 

The topology of the PGM can either be learned from MD data, or else approximated using a contact graph from a single structure. The potentials can either be learned from MD data, or else specified using traditional molecular mechanics force fields.  Note that it is also possible to learn time-varying graphical models from MD data (ie, the topology and potentiels vary in time as the system visits different conformational substates). 

Note that PGMs generalize GNM/ANM models in that the potentials need not be harmonic nor uniform across the entire system.



using AGpjpg = - RT In [Zcomplexl Z,2,],

DEFZ where Z is the partition function |Z = Z A H 0,(x,) }

acd
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Once the model is specified, the user can perform a variety of useful tasks. For example, it is possible to compute the partition function of the model (ie Z) and thus the free energy of the distribution (because G = - kT ln Z). Similarly, binding free energies can be computed by computing the difference in free energies of the unbound form (ie, without the purple potentials) and the bound form (ie, with the purple potentials).  Free energy changes due to mutation can be computed in a similar fashion. 
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PGMs of Protein-Protein Interactions

e Funding: NSF
e Collaborating Investigators:

= Langmead (CMU), Bailey-Kellogg (Dartmouth), 0‘
Ramakrishnan (V. Tech), Friedman (Purdue) 2
e Goals: Develop PGMs over sequence and structure ~ '%_3::.1--

= Applications: Design of protein-protein interactions

against MDR mutations in the HIV envelope protein gp120.

for 96 PDZ recognition modules against 259 peptides.
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Presenter
Presentation Notes
Project’s official title: Integration, Prediction, and Generation of Mixed Mode Information Using Graphical Models, with Applications to Protein-Protein Interactions
This project has developed a number of different kinds of PGMs for modeling and designing protein-protein interactions.  The PIs have developed PGMs that are capable of modeling probability distributions over protein sequence and structure. Such models are capable of (1) predicting changes in binding free energies due to mutation (ex, the example on the bottom left) or (2) designing new protein sequences to optimize interactions (ex, the example on the bottom right). 

Bottom left: Langmead and Bailey-Kellogg used PGMs to predict the binding free energies for a set of 96 PDZ recognition modules against a panel of 259 possible peptide partners. The correlation between the predicted and experimentally determined values was 0.7. 

Bottom right:  The Langmead group is using PGMs to optimize the design of HIV entry inhibitor which is subject to resistance mutations in the HIV envelope protein gp120. 


Anindita Dutta

ENN-based methods help Inrer
functional mechanisms

@ cooperative mechanisms of
substrate binding/unbinding,
translocation, and signaling

® accessible substates and
passages

@ effect of multimerization, or
complex/assembly formation

® sites/interactions of functional
significance

C&SZ Signaling dynamics of AMPARs and NMDARs

Sukumaran et al (2011) EMBO J (collaboration with Ingo Greger, Cambridge,

UK); Dutta et al (2012) Structure



Challenges and Future Directions

« Development of models capable of simulating
membrane remodeling, vesicle formation,
endocytosis

 Integration of coarse-grained for membranes with
coarse-grained for proteins (ENMs + Martini), or
coarse-grained NAMD and adaptive ANM

 Deriving quantitative data from coarse-grained
approaches

e Closer examination of druggability properties



R,

Challenge: Integration with coarse-grained
modeling of membrane dynamics

Potential collaborators
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Figure: Courtesy of Elia Zomot
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