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Proteins(and(Nucleo0des((DNA/RNA)(

•  Players(of(cell(life(ac0vi0es(

Hemoblogin Virus Myosin 



R. Palmer, Nature 2011 



produced two widely used anti-influenza drugs,
zanamivir (Relenza) and oseltamivir (Tamiflu)
(1) (Fig. 1A). These reversible inhibitors were
designed to mimic the transition state, with a
guanidinium or ammonium substituent added at
the position corresponding to C-4 of the natural
substrate to bind in an anionic pocket, thereby
increasing affinity and specificity over humanNAs.
However, drug-resistant strains are now emerging,
particularly against the more widely used and
structurally divergent drug oseltamivir, highlight-
ing an urgent need for new classes ofNA inhibitors
that differ minimally in structure from the parent
sialic acid, given that the development of resist-
ance to structurally conservative, mechanism-
based inhibitors should be a much less probable
event (2–10).

NAs catalyze the hydrolysis of sialosides with
net retention of stereochemistry at the site of sub-
stitution. A mechanism involving an ion-pair inter-
mediate has long been suggested for the GH34

(11) influenza NA (12), although involvement of
a covalent intermediate, as has been shown for
GH33 NAs (13), has emerged as an alternative.
We provide evidence for such a covalent interme-
diate by use of 2,3-difluorosialic acid (1, DFSA)
(Fig. 1B) as a substrate that exhibits slow turn-
over. The electronegative fluorine atom at C-3
inductively destabilizes the oxocarbenium ion-
like transition states for both formation and hy-
drolysis of the intermediate, thus slowing each
step, whereas the C-2 anomeric fluoride leaving
group speeds the formation step, permitting ac-
cumulation of the covalent intermediate (Fig. 1B).
Rapid inactivation of N9 NAwas observed at low
inactivator concentrations, such that individual
kinetic parameters (Ki and ki) could not be de-
termined; only a second-order rate constant ki/Ki of
196 min−1 mM−1 could be measured. Turnover of
the covalent intermediate (khydr) also occurred
rapidly, with a t1/2 < 1 min. Confirmation of the
formation of a covalent species and identification

of the site of attachment was achieved by peptic
digestion of N9 NA that had been labeled with
DFSA 1, or by its difluoroKDNanalog (figs. S1 to
S3). Isolation and subsequent sequence analysis
of the labeled peptide by liquid chromatography–
based tandem mass spectrometry identified this
peptide as NTDWSGYSSSGSF,with the tyrosine
(Y) bearing the sugar label, thereby confirming
that Y406 functions as a catalytic nucleophile.

Knowing that the influenza NAs employ a
covalent mechanism, we explored these DFSAs
as a possible new class of covalent mechanism–
based influenza therapeutics. These are attractive
because the initial affinity of the drug (Ki) can be
optimized, as well as the relative rate constants
for formation (ki) and hydrolysis (khydr) of the
trapped intermediate, with the objective being to
optimize the ratio of ki/khydr. Versions of 1 bearing
amine (Am) and guanidine (Gu) substituents at
C-4 were of interest because these cationic sub-
stituents might improve the initial affinity and

Fig. 1. Structures of key influenza therapeutics,mechanismof action of
DFSAs, and x-ray structure of inhibited enzyme. (A) Chemical structures of
cell surface sialic acids, the neuraminidase transition state, zanamivir (Relenza),
and oseltamivir (Tamiflu). (B) Mechanism of action of the DFSAs. (C) X-ray crystal-
lographic structure of the active site of the enzyme trapped as its 3-fluoro(eq)-4-
guanidino-sialyl-enzyme intermediate (elimination product is in pale cyan) overlaid

with omit (22) electron density map shown as a graymesh contoured at 1s within
1.6 Å of ligands. The electron density extends from the ligand molecule to
Y406, suggesting a covalent link between the inhibitor’s C-2 atom and the OH
of Y406. (D) Diagram of interactions (orange dashed lines; distances in Å) with
the sialic acid in the covalently inhibited enzyme. The corresponding diagram
of interactions for the elimination product is shown in fig. S4.
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1(amino(acid(!(10(≈(30(atoms(

Protein(Molecules(

Globular(protein(structures(are(generally(
0ghtly(packed,(compact(units(



Proteins:(
(PolyQpep0de(chain(of((
(100(≈(500(amino(acids(



myoglobin(
≈(130(AA(

Ribosome(
≈(11000(nucleo0des/
AA(

Virus(
>(30000(AA( Myosin(

≈(4500(AA(

amino(((
acid((AA)(

Biological(Assemblies(

Protein:(
amino(acids(linked(together(

supramolecular(complexes(of(
proteins(/(RNA(



PDB(–(protein(structure(database(

www.pdb.org(

Ebola(virus(proteins(



hYp://mul0media.mcb.harvard.edu(



Computer(Simula0ons(



Molecular(Dynamics(Simula0ons(
•  Simulate(the(mo0ons(of(atoms(within(biological(
molecules(using(physics(theories(

•  Newton(Equa0on(

1.(Numerical(procedure(to(integrate(the(differen0al(
equa0on(

2.(Energy(func0on(for(the(biological(molecules ((

Fn = −∇nU(rn ) =mnan =mn
d 2rn
dt2

Fn#######=(force(on(par0cle(n(
mn######=(mass(
an########=(accelera0on(
U(rn)#=(poten0al(energy(
rn#(((((=(coordinate(of(par0cle(n(



star0ng(coordinates(=(XQray,(NMR(structure(

Molecular(Dynamics((MD)(Simula0on(

Molecular(Mechanics(
Poten0al((
(“Force(Field”)(

Use#the#accelera.ons#to#numerically#
integrate#the#equa.ons#of#mo.on#

Bonded(

NonQbonded(

Newton’s(second(law(



Integra0on(Algorithms(

•  Use(a(finiteQdifference(approach:(molecular(
coordinates(and(veloci0es(at(0me(t=t+Δt(are(
obtained(from(coordinates(and(veloci0es(at(0me(t(

•  A(0meQreversible(integrator(can(be(generated(
from(Taylor(expansions:(

€ 

rn (t + Δt) = rn (t) + vn (t)Δt +
1
2
an (t)Δt 2 +O(Δt 3 )...

€ 

rn (t −Δt) = rn (t) − vn (t)Δt +
1
2
an (t)Δt 2 −O(Δt 3 )...

€ 

rn (t + Δt) = 2rn (t) − rn (t −Δt) + an (t)Δt 2 +O(Δt 4 )...

€ 

vn (t) =
rn (t + Δt) − rn (t −Δt)

2Δt
+O(Δt 2 )...

+/Q(

€ 

vn =
drn
dt

€ 

an =
dvn
dt

=
d2rn
d2t



Verlet(Integrator(

r 

v 

F 

    t-Δt         t          t+Δt 

Start(with(current(posi0on(and(
posi0on(at(end(of(previous(
0me(step

€ 

rn (t + Δt) = 2rn (t) − rn (t −Δt) + an (t)Δt 2 +O(Δt 4 )...



Verlet(Integrator(

r 

v 

F 

    t-Δt         t          t+Δt 

Compute(forces(at(the(current(
posi0on(using(current(
posi0ons

€ 

rn (t + Δt) = 2rn (t) − rn (t −Δt) + an (t)Δt 2 +O(Δt 4 )...

an = Fn /mn



Verlet(Integrator(

r 

v 

F 

    t-Δt         t          t+Δt 

Compute(new(posi0on(from(
present(and(previous(
posi0ons,(and(present(force

"(Advance(to(next(step(and(repeat(

€ 

rn (t + Δt) = 2rn (t) − rn (t −Δt) + an (t)Δt 2 +O(Δt 4 )...



Time(Step(in(MD(simula0on(
•  If(0me(step(is(too(large,(some(energies((and(forces)(may(suddenly(get(too(large(

(e.g.(because(of(hard(sphere(repulsion(or(bond(overQstretching)(and(simula0on(
“explodes”.((



Temperature(Control(
•  Langevin(Dynamics(

€ 

mn
d2rn
dt 2

= Fn − γ nmn
drn
dt

+ Rn (t)

The(strengths(of(random(forces(should(follow(

Fric0on(and(random(force(are(added(to(the(systema0c(forces.(

Mo0va0on:(representa0on(of(a(simple(heat(bath(by(accoun0ng(for(molecular(
collisions(

γ:(collision(parameter(

(R:(random(force(vector(

(

((<R(t)>=0,((<R(t)R(t’)T>=2γkBTm#δ(t@t’)(



Solvent(Box(

•  Protein(in(a(box(of(
water(

•  Used(with(periodic#
boundary#condi.on#

•  No(interface(ar0fact(
•  But(ar0fact(of(mirror#
images#



Periodic(Boundary(Condi0on(
•  Protein(and(solvent(are(placed(in(the(unit(cell,(surrounded(

by(infinitely(many(copies(in(space(
•  Atoms(go(out,(then(come(back(from(opposite(side(
•  Cell(has(to(be(large(enough(to(minimize(ar0facts(

–  At(least(a(10Å(layer(of(water(molecules((



MD(Simula0on(History(

Year( Protein( Atoms( Simula0on((ns)( CPU(0me(/(
processors(

1977( BPTI( 885( 0.01(

1985( Myoglobin( 1,423( 0.3( 50(days(/(1(

1992( HIV(protease( 25,000( 0.1( 4(days(/(1(

1998( Villin(headpiece( 12,000( 1000( 120(days(/(256(

2006( STM(Virus( 1,000,000( 10( 10(days(/(256((

2014( Protein*( 24,000( 2.5x106((((((=(2.5(ms)( 30(days/(512(

2020( Protein( 40,000( 109((=1(sec)( ?????(

1974:(Rahman(&(S0llinger(Q(simula0on(of(liquid(water(
*(Anton(2(–(DE(Shaw(

€ 

Fn = mnan = −∇nU(rn ) = mn
d2rn
dt 2



What(can(Molecular(Dynamics(
Simula0on(Do(?(

•  Atomic(detail(informa0on(of(dynamics(
•  Complete(control(
– Output(is(created(solely(by(inputs((parameters,(
structure,(equa0ons,(algorithms,(sampling(
etc…)(

•  But(there(are(some(limita0ons(…(



Molecular(Dynamics(Limita0ons(
•  Limited(0me(scale(
– 1ns(is(easy,(1μs(is(difficult(to(reach(

•  Limited(system(size(
– Larger(system(needs(more(computa0on(

•  No(chemical(reac0ons(
– No(bond(breaking(

•  Sta0s0cal(error(due(to(insufficient(sampling(
– Sta0s0cal(accuracy(needs(to(be(checked(





Aquaporin(Water(Channel(

Tajkhorshid(et(al,(Science(296,(525Q530((2002)(







Informa0on(from(Simula0on(
•  Detail(informa0on(inaccessible(by(
experiments(
– Time(course(of(biological(events(
– Mo0on(of(each(atom(
–  Interac0on(energy(
– RMSD,(energy,(volume…(
– There(are(too(many(informa0on…(
– We#need#to#analyze#huge#number#of#sampled#
structures#
•  Clustering#of#the#structures#
•  Network#visualiza<on#of#conforma<onal#space#



Cyanovirin(
•  Sugar(binding(protein(
•  An0(HIV(ac0vity(



Chain&A&–&1&conforma/on,&A& Chain&B&–&2&conforma/ons,&B1,&B2&

1.3Å(high(resolu0on(structure(of(
Cyanovirin(reveals(the(dynamics(of(

Arg(76(

Fromme,(Ka0liene,(Fromme,(Ghirlanda,(Protein(Sci(2008(





Cyanovirin&

Arg&76&



Snapshots(of(protein(dynamics(
from(MD(simula0ons(

Some(examples(of(clustering(
methods(
•  “Similar”(conforma0ons(are(

grouped(together(
•  Different(algorithms(use(

different(criteria(to(join(groups.(
•  “Similar”(needs(to(be(defined.(

Shao,(J.(Y.,(Tanner,(S.(W.,(Thompson,(
N.(&(Cheatham,(T.(E.((2007)(



Network(visualiza0on(of(
conforma0onal(ensemble(

Conforma/onal&snapshots&

from&MD&simula/on&

PairQwise(RMSD((Å)(

Cutoff&

Network&connec/vity&=&

Conforma/onal&similarity&

Layout&

algorithm&



Conforma0onal(Space(of(Arg76(
sampled(by(MD(simula0on(

• 1&point&represents&1&
conforma/on&

• 1000&frames&from&20&ns&

• Edges&between&the&
frames&with&similar&

Arg76&conforma/ons&



Representa0ve(Structures(

Vorontsov,(Miyashita,(Biophys(J(2009(



c( d(

e( f(

b(

rmsd((Å)(

Co
un
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(

a( f( e( d( c( b(
mean:(8.8(Å((σ:(2.4(Å(

CutQoff(for(Network(Connec0vity(



Network(v.s.(Clustering(

Baker,(Ahlstrom,(Ehrlich,(Vorontsov,(Patel,(Campbell,(Tama,(Miyashita,(2013(



Conforma0onal(Transi0ons(
Network&based&on&Structure&

Similarity&

Edges&showing&Actual&

Transi/ons&



Replica(Exchange(Molecular(Dynamics(
Simula0on(of(λ(Cro(Protein(

•  132(amino(acids,(14,000(waters(
•  15(ns(equilibra0on,(15(ns(produc0on(



Two(Stable(Conforma0on(in(Solu0on(



Ahlstrom,(L.S.(and(Miyashita,(O.(Biophys#J#2011#

2D(Energy(Landscape(of(Cro(Conforma0onal(Space(



R4( R4’(

E53(
E53’(

3.1(

19.7(

Di
st
an
ce
((Å

)(

closedQlike( openQlike(

R4QE53’( NMR(

Conforma0onal(Transi0ons(
Controlled(by(SaltQbridges(



cytochrome(
~(100(aa(

ATP(synthase(
~(5000(aa(

Ribosome(
~11000((
nucleo0des/aa(

Virus(
>(30000(aa(

Myosin(
~(4500(aa(

amino(((
acid(

hYp://www.pdb.org/(

Toward(Larger(and(Larger(
Biological(Systems(

protein( supramolecular(complexes(



Dynamics(in(Biological(Systems(

short&/me&scale& longer&/me&scale&

A
m
p
li
tu
d
e
&(
Å
)&



Computa0on(
Molecular&dynamics&(MD)&

simula/on:&all&atoms&

Normal&Mode&Analysis&(NMA)&

Coarse&grained&models&

Biased&MD&/&Enhanced&sampling&

short&/me&scale& longer&/me&scale&

A
m
p
li
tu
d
e
&(
Å
)&



Coarse(Grained(
Models( Hydrophobic((B)(

Hydrophilic((L)(

Neutral((N)(

POTENTIAL:(VHH(+(Vpx+VNX(+(Vbond(angle(+(Vdihedral(

POTENTIAL:(VCAQCA(

One(point(per(residue(



Each(atom(is(represented(as(a(single(bead(of(unit(
mass.((
(
Bond(lengths,(bond(angles,(improper(dihedrals,(
and(planar(dihedrals(are(maintained(by(
harmonic(poten0als.(
(
Nonbonded(atom(pairs(that(are(in(contact(in(the(
na0ve(structure(are(given(a(LennardQJones(
contact(poten0al.(
(
all(other(nonlocal(interac0ons((
are(repulsive.(

Coarse(grained(model:(Go(Model(

Protein(Model:(Whi|ord(PC(et(al.(Proteins,(2009((
RNA(Model:(Whi|ord(PC(et(al.(Biophys.(J.(2009(

bond(
nonQbond(



Normal(mode(analysis(

High(frequencies(Low(frequencies(((

Related(to(conforma0onal(changes(of(
biological(systems(

XYRAY&CLOSED&

XYRAY&OPEN&

AFTER&DISPLACEMENT&ALONG&

NORMAL&MODE&

High(overlap(with(experimentally(
observed(conforma0onal(change(!!!(

XYRAY&OPEN&Tama(&(Sanejouand((2001)(



Mul0Qscale(modeling(

capture(the(shape(of(
the(ribosome(

func0onal(mo0ons(
predicted(

CoarseQGrained(Elas0c(
network(model:(

Spur&

Stalk&

€ 

Ep = E ra,rb( )
ra,b
0 <Rc

∑

( ) ( )20
, ,,      

2a b a b a b
CE r r r r= −

(Tirion(MM((1996)#Phys#Rev#LeK.((



Normal(Mode(Analysis(



Experimental(Techniques(for(Structure(Analysis(

XYray&crystallography/NMR&&

＋(atomic(level(detail(
ー(large(systems(are(difficult(to(crystalize(
ー(NMR(is(only(for(small(systems(

CryoYElectron&Microscopy((
ー(low(resolu0on,(only(rough(shape(
＋(applied(to(large(important(systems(
＋(can(capture(different(conf(states(
(Low(

resolu0on(

High(
resolu0on(

XYray&Free&Electron&Laser&(XFEL)&

＋Single(molecule(measurement(
＋No(crystalliza0on(
＋Higher(resolu0on(

Other&approaches:&SAXS,&FRET&etc&



Cryo(Electron(Microscopy(–(Single(
Par0cle(Analysis(

•  LowQresolu0on(compared(to(XQ
ray((5(–(30(A)(

Many(�copies�(of(the(molecule(are(
lying(in(random(orienta0ons.((

Arrows(=>(impact(of(the(parallel(
electron(beam(upon(the(specimen(

•  Easier(to(catch(molecules(in(
different(conforma0onal(states(

Reconstruc0on(of(the(3D(structure(from(thousands(of(2D(images(/(Image(
processing( shape(of(the(molecule( no(atomic(posi0ons(



Structure(Analysis(using(Cryo(Electron(
Microscopy(Data(

XQray:(high(resolu0on(

CryoQEM:(low(resolu0on(
(

€ 

fEM

Flexible(fi~ng(

MD(simula0on(
Normal(Mode(

Atomic(model((

OPEN(

CLOSED(
Op0miza0on(
func0on(



Flexible(fi~ng(using(NMA(

Resolu0on(=(10.8(Å(

F.(Tama(et(al.((((((((((((((((((
(J.&Struct.&Biol.##(2004)(

Data(from(M.(Valle(et#al.(((((((((((((((((
Cell((2003)(

Medium(resolu0on:(
works(well(
(
High(resolu0on:(
limita0ons(as(more(
localized(mo0ons(
become(evident((
(
Some(conforma0onal(
changes(are(not(well(
described(



Flexible(fi~ng(using(targeted(MD(

U =Umolecule + k(1− fEM )

€ 

fEM =

ρexp(i, j,k)ρ sim (i, j,k)
ijk
∑

ρexp(i, j,k)
ijk
∑

2
ρ sim (i, j,k)2

ijk
∑

All(atoms(CoarseQgrained(

+(Fast,(Easy(to(set(up(
Q(Only(Cα(atoms((GoQ
model)(

Q(Slow,(cumbersome(
+(Full(atomic(descrip0on(
(amber,(all(atom(Go(
model*)(

Lower(resolu0on( Higher(resolu0on(

M(Orzechowski(and(F.(Tama,(Biophys.(J.(2008(
I.(Grubisic(et(al.,(JSB,(2010(

*Protein(Model:(Whi|ord(PC(et(al.(Proteins,(2009((
(*RNA(Model:(Whi|ord(PC(et(al.(Biophys.(J.(2009(



Flexible(fi~ng(using(targeted(MD(



SJ.(Ludtke(et(al.,(Structure(2008(

Toward(higher(
resolu0on(data(

Rhodopsin(at(5.5(Å(

(

A(Krebs(et(al.,(JBC(2003(

M.(Halic(et(al.(Nature.(2006(

C.Sachse,(J.(Mol.(Biol.(2007(
Schueler(M,(Nat(Struct(Biol(2006((

Ribosome(at(7.3(Å(

Ribosome(at(8.6(Å(

TMV(at(4.4(Å((

GroEL(at(4.2(Å(

(

(

SJ.(Ludtke(et(al.,(Structure(2004(



XQray(Free(Electron(Laser((XFEL)(

Gaffney(&(Chapman,(Science((2007)(

Single(molecule(
Unknown(orienta0on(

•  High(intensity(XQray(laser,(SACLA:(June(2011(
•  Single(molecule(measurement,(No(crystalliza0on(
•  Higher(resolu0on((in(theory)(but(techniques(not(established(



Diffrac0ons(from(the(
samples(in(different(
orienta0ons(and(

((probably)(different(
conforma0ons(

Simulated(
diffrac0ons(

Hypothe0cal(
conforma0ons(
in(different(
orienta0ons(

Structure(/(Dynamics(Study(by(XFEL(

Ab(ini0o(
(
(

Deformed(
low(resolu0on(

models(
(
(

Other(
experimental(

data(
(
(

etc…(
(

There(is(not(enough(data(to(construct(3D(model.(Needs(Computa0onal(Modeling(

Find(
pairs(
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