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Chemistry of mercury methylation
CH; +Hg*" ->CH;Hg"

Generate carbanion, CH;:

CH;" + Co(I)-protein —> CH;-Co(I1I)-protein
Transfer CH; to Hg?":
CH,-Co(III)-protein + Hg**—> Co(III)-protein + CH,;Hg"

cm‘ 2

Regenerate Co(I):

Co(IIl)-protein + 2 e- = Co(I)-protein ) }/{ 3 !
\H;C—EH m{:ﬁma }ome
Need to find protein(s) that can: — {°-'/”’\: ?\_ﬁ’
1. Stabilize Co(III) for carbanion transfer o
2. Provide 2 electrons to generate Co(I) cobalamin

Science, In Press
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Proposed mercury methylation pathway

5,10-methenyl- .,
THF
cyclohydrolase

H,0

CH*=THF
H*, 2e-
5,10-methylene-

THF
dehydrogenase

CH,=THF

5,10-methylene-
THF
reductase

2H*, 2e-

HEO-THE 10-formyl-
THF
synthetase
serine
hydroxymethyl F(;l\’_lr_npate
transferase ,
THF 2e
Glycine Serine
MeTr?
CH3'THF —— CH3-C0(|||)_chA
Co(l)-HgcA
HgR,
HgcB
2e Co(lll)-HgcA R
CH;HgR

Science, In Press



Good Bacteria!
Mer Operon

Hg(0)

Reduction
- Mer A

Hg(II)

Demethylation
2, -Mer B
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Interdomain Motion in Mer A

Neutron Spin Echo
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De Gennes Narrowing
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Lignin Aggregation During
Heating Phase
of Dilute-acid Pretreatment

cellulose

/ lignin \
hemi- cool-

heating cellulose down

B Y\ \ -
RS =l Vg AR 020
I

aggregation occurs during cool-down
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Loukas
Petridis

MD Simulation of Softwood Lignin
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JACS 133 20277 (2011)



Lignin Aggregation During
Heating Phase
of Dilute-acid Pretreatment

cellulose

/ lignin \
hemi- cool-

heating cellulose

OWIl

aggregation occurs during heating



Why does Lignin Collapse Loukas
at Room Temperature? ..
Petridis

— S  Hydration water translational & rotational
AG=AH-TAS ¢ollapsed entropy
extended « -TAS,,,=-100 kJ/mol Favorable
- Enthalpy ——
« AH = +200 kd/mol Unfavorable 8 o6l
400 Zo05L N
g i
- S 0.4} -
—_ S
© 2001 . 7 0.3
. S - — bulk -
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13 14 15 18 17 18 * Hydration water compressibility

Lignin R A] ; ' e . -TAS;,. = -300 kJ/mol Favorable

* Lignin configurational entropy
* -TAS, < +10 kJ/mol Unfavorable

Collapse Driven by Removal of
Entropically Unfavorable Water
Molecules from Lignin Surface to Bulk

JACS 133 20277 (2011)



ROLAND
SCHULZ
TITAN
* Reaction Field 1000 PME —EtO] 1.56M atoms
23M atoms, 3750 = ADH 230k atoms
nodes (60k cores): 100 DHFR 23.6k atoms
40ns/day 2
e OpenMP for all ﬂélo 28.6 ns/
. day
kernels g 103 ns/
Q1 day
e Larger numberof & 267 ns/
threads for PME day
o 0.1
* AMD AVX intrinsic 1 100

nodes
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Molecular Dynamics Supercomputer Scaling

25 =} 200
20 — 160
> 15 — 12 7]
E ] 120 §_
7 &
= 10 — 80
5 —1 40
0 0
0 50 100 150

Cores (x 1000)
~ 100 million atoms.

» Scales to 150,000 cores

J. Chem. Theo. Comp. 5 2798 (2009); Bioinformatics, In press






Cellulose-Lignin Contacts
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24M-atom capability-class
simulation
of enzyme binding
to pretreated lignocellulose
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But...

Microsecond Timescale Limitation!

New Concepts Needed....
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Ligand Binding

A A

Ligand >

Protein

Complex

physical understanding

vibrational changes? | gex(w) = lim : Y ("M — 1)s(q, @)

q—0 hq

g(w) = vibrational density of states (probability distribution of frequencies)




Vibrational Change on Methotrexate Binding to
Dihydrofolate Reductase

complexed Vibrational Thermodynamics
uncomplexed“‘
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Structure-Based
Computational Drug Discovery

Compound 2L B
Library ¥ dua 0 :

Millions of <ol

Molecules . Enrichment Factor ~12 with

Autodock Vina

Enrich a collection of compounds with molecules most likely to bind
to the drug target(s)

—> much faster, much more affordable hit & lead discovery



Previously
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Number of processors

Previously :
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Number of processors

1 protein 10* ligands ~days
1 protein 10® ligands 1 day

J. Comp Chem 32 1202 (2011)



Ensemble-Based Docking

1) MD of each protein: identify permanent and transient binding pockets
1 2 3 n

2) HTS in silico on each structure of interest

Ensembile of receptor
conformations

Potential Drugs

Al “ Am L
CRAGA CHA

Q‘Q’ﬂ

L'—
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GO



10-100 Petafiops:
Drugome Exploration,
Drug Toxicity, Repurposing

Drug can bind protein of interest

!
i) /- e —

...but also undesired
proteins \

1

Presently 1 protein 108 ligands 1 day
1 ~10PF 100 proteins 10° ligands 1 day

Exascale : 1,000 proteins 107 ligands 1 day
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Dynamic Neutron Susceptibility
of a Globular Protein

lysozyme
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S(q, v) : Dynamic Structure Factor
ng(T) : Bose Factor

Lysozyme

PRL 107 148102 (2011)



Three Classes of Motion in the Liang
Dynamic Neutron Susceptibility Hong i—

Localized diffusion Methyl rotation Non-methyl jumps

X" (q,v) (a.u.)

PRL 107 148102 (2011)



Hydration Effect on
Protein Dynamics

X"(q,V) (arb. units)

Dynamic Susceptibility

Experiment
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PRL 108 238102 (2012)



x"(q,v) (arb. units)
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Liang

. L] f)
Does hydration affect core dynamics? Hong i-
0.045 S :
(a) all atoms
0.030+
Q h
= g 5 0.05
0.015+
& 2% o 0.4
0.000 ] E < Llﬁmﬂ[rumrfﬁﬁ(@ag@
(b

Surface hydration amplifies single-well protein atom diffusion
propagating into the macromolecular core

PRL 108 238102 (2012)



Elastic and Conformational .
Softness of a Globular Protein |
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Single-Well Dynamics
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Nonmethyl
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Elastic and Conformational Softness of a
Globular Protein
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Dynamical Fingerprints of MR121 -(Gly-Ser) -Trp ‘

C Imescale (rs) D Imescale (M) E imescale (s) F Devdaces (M)

00 .:mw-'...m..,m 'j ti 19 100.90'-* 910 00
1 = s N [
‘ e A

PNAS 108 4822 (2011)



MerR
Transcriptional
Activation

Principal Component Analysis

J. Mol. Biol. 398 555 (2010)



Catalytic Mechanism of MerB
Hg-C Protonolysis

+ MerB

[R-Hg(I)]* 2, [Hg(I))** + R-H

* Thiol bis-coordination of Hg at
Transition State Polarizes
Attacking Proton.

N HC,,., @ ‘)

J. Am. Chem. Soc. 131 13278 (2009)
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%" (q,v) (arb. units)

Localized diffusion Methyl rotation

V(GHz)

r) (kJ/mol)
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W

Non-methyl jumps
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PRL 108 238102 (2012)
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Dynamical
Fingerprints
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Simulated

Dynamical Fingerprint Dynamical Fingerprint Experimental

relaxation

(Simulated) (Experimental)

dynamics

amplitude
amplitude Transformation "™
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e
tnmesca;le

Eigenvalues

JCP 126 840 (2007); 134 244108 (2011); PNAS 108 4822 (2011)



lllustrative models of systems probed by fluorescence correlation.
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Elastic Incoherelznt Scattering and VINGLONG MIAG
Mean-Square Displacements

BASIS spectrometer at SNS

S, =0) = (500 ) = (o)

o

Gaussian Approximation:

—éq2< 2>
S,(qg,w=0)=¢e
T
q*term: s
1, 5 4 UJ% v 100K
-—q <Ar"> q o) 3 05 * 150K
o~ 6 - = A
~e (1 +—0O ) < L 250K
72 %8 0.4 ® 300K
CYP101, h=0.4
0.3 | | | |
o*=variance of MSD ° 0 o e 200 28 30

q° (A%

JPCB In Press



(u’y (A

‘ ALEX ‘

Principal Component Analysis of the TOURNIER

Myoglobin Glass Transition
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Mode Incipient at Myoglobin Glass Transition
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LARS MEINHOLD i
Proteins Under Pressure

high pressure

PNAS 104 17261 (2007)

Changes energy
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N

Changes
dissipative forces?




N

: T
I‘cfr [ ANnm™ |
)

T 20— 'T
— o ©
| 2 o |
— Z(K)” o ooooo ° °¢°°' L A
ha? b oo °
() - o
_oak ™0 500 1000 :
:'< P l 1\'1Pd l L I 1
ol o e 2
A e | bar | q
~ ¢ 3 kbar s 0°
3 ¢ 7 kbar g o X -
0.2 4 |0 Kkbar - -
N LI “/ ,/’
. e~
¢ oW iz
. ¥4
1
I,
0 : : '
0 100 200 300
T [K]
T, independent of P:

No change 1n barrier heights

¢
4} 2
0 200 400 600 800 1000
P | MPa |
T<160K force constant P dependent:

Local curvature changes




Langevin equation for
principal component modes
dv/dt=-2T"v(t)-o*c(t)+&(t)
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NmerA

Domain Motions in Mer A
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Bacterial Mercury Resistance — The Mer Operon
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Hit Enrichment

TEST: 98,163 compound database, 2 drug targets:
ER: 67 known ligands ; VEGFr2: 74 known ligands
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ER: Top 0.3 % of total database (295 candidates, 31 hits): Enrichment =~104
VEGFr2: Top 0.4 % of total database (393 candidates, 4 hits): Enrichment =10
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