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Mechanical stability of
proteins and virus capsids:

Coarse=grained structure based

models ==
Developed inresponse to limitations of all-atom models, more qualitative
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AR SEAURSERE) STRETCHING OF SINGLE MOLECULES

An adequate force is needed to generate
rupture to learn about the structure
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ALL-ATOM SIMULATIONS: titin Lu Schulten 2000  (Paci Karplus 2000)

typically 10-100 | T=300 K
ns time scales |

1 domain

5 E (55-61)
0.5 A/ps

:

I
Z
o
A
D)
Q
S
4

0.1 A/ps G (78-88)

o THRER 50 100 i A' (11-15)
extension (A)

B °  Pabon, Amzel 2006 -
quasistatic ~500 pN

Difficult:
processes involving large conformational changes
comparatory studies of many proteins
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Idea: N. Go & First MD implementation in a "minimalist model”:
H Abe 1981 J. Honevcutt & D. Thirumalai 1992



NATIVE CONTACTS

Defined by}

formation oj The native state

%&_;i Taylor Chothia Gerstein 1999

Overlap ‘of the van der Waals
spheres of the heavy atoms

Trp-cage 112y



GEOMETRY-BASED MODEL

r; - VBB 4+ VNAT e VNON
VBB — TETHERING of consecutive beads at 3.8 A =d,
g: 1.6 kcal/mol ~ 800 K
Room T: 0.35 ¢

o;; calculated based on the
C%.-C% native distance

Non-native: repulsive
with g=44

Disulfide bonds like peptide bonds

V3: angular terms locally favoring the native
shape of the backbone: local stiffness



MOLECULAR DYNAMICS

Brownian Dynamics
if the inertia term
is neglected

Langevin noise as a
thermostat and as an
emulator of water

T = y/ma?/e ~ 3ps

-

(small )

a = 5}1 A< 04 m=118m,

Large friction
Finite bead size

- 1ns
Thirumalai 1997: 1~3ns

modify the effective time scale t

Veitshans, Klimov,

when comparing with experiments




soft: k.=0.12 /A2 ~0.08 N/m stiff: k=30 /A2

one domain

F...x depends on T




OTHER GO-LIKE MODELS

model = { VNAT 5 M. E, C¢/CP}

native contact potential
6-12, 10-12, Morse ...

local backbone stiffness 10-12, Morse..
Chirality or Angular (bond & dihedral) |

contact map cutoff, vdW, CSU

energy scale uniform or not, hydrogen

bonds different ..
if side groups represented by CP

WHICH MODEL IS OPTIMAL?




USE: Experimental results on stretching at constant speed

N - sequential length

St 28 ‘q‘, oy Py,
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Unlike folding - stretching
starts around the native
conformation: good for
testing Go-like models

All-atom simulations
on ~ 22 proteins
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Validation of the 60 model for stretchi

Constant speed pulling

v=0.005 A/t ~ 500 000 nm/s
R2= 0.89

[e/A]

extrapolation to
experimental speeds
& more points
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Simplified Go-like models: big proteins, many domains,
variations of parameters, near-experimental speed v,
Protein Data Bank: 29385 structures on July 26 2005
54807 - on December 18 2008

A need for systematic studies across the PDB to

J. Fernand.
generate understanding and explore the possibilities S

What proteins are strong and why?

How does F,,, correlate with structure?

CATH-based Class (4) SCOP-based  Class (10)

structure Architecture classification Fold

classification Topology Superfamily
Homology Family

Hierarchy Protein



Three theoretical surveys of proteins, within the uniform ¢
Go-like model, - stretching at constant speed

©

Model 6-12,C, M2 E

Model 6-12,C,m,E (the better variant)

17 134 proteins with 40 < N <250

Model 6-12,C,M3 E
PLoS Computational Biology 2009

Peaked at 120

with J. Sutkowska and M. Sikora

| i 1l
300 600 900




Probability distribution of F, .

CLASS

no strong a proteins

Pulling by the termini



All 17 134 in

Bio-molecule Stretching
Database

— gy

| POBid [N | Frox [€/A] [ Lrmx|A] [A [ CATH SCOP

| "bmp [ 104 102|232 | 0012108010 |[g17.1.2 |
Iqty | S A 72.1 0.11 | 2.10.90.10 hi.1.4
2bhk . 26.5 0.67
1xi 10 : 22. 0.01 Q.17.1.2
1cz8 07 : /6.5 0.13 | 2.10.90.10 h1.1.]
2gh0 ) 259 0.06
Twq9 | 100 72.0 0.10 | 2.10.90.10 g17.1.1
11t 0/ ' /5.6 0.12 | 2.10.80.10 h1.1.4
1fzv . 90.4 0.12 | 210.90.10 | ¢.17.1.1
2qyz ) : 14.4 0.01
Trew | 103 ; 21.7 0.01 | 2.10.90.10 | g.7.1.3
Tm4u ) 3 52.1 0.07 | 2.10.90.10 g.17.1.2

| 1vpf | | & 68.1 0.11 10.90.10 g.17.1.1 |

1 1cap [137] 57 11060 [0.32]3.10.20.180 [d.1551 ! Strongest found in the
lqqr : 1103 | 0.12]3.10.20.180 | d.15.5.1 previous survey
3bmp 33.0 0.03 10.90.10 9.17.1.2
1j8s 93 /7.9 0.03 | 2.60.40.1370 | h2.3.3
Twas | 96 82.6 0.11 | 2.10.90.10 a.17.1.1
1)8r . 7.7 0.03 | 2.60.40.1370 | h2.3.3
113y . 284.7 | 0.43 | 3.90.79.10 d.113.1.1

laoch |147| 4. 71 | 0.01 | 2.60.40680 |b2.2.2 470 pN A - relative peak
3144 | Tubg | 76 0.04 | 3.10.20.9¢ d.15.1.1 osﬂ'lon In ferms
3580 | 1tit | 89 R 3 |004]2604010 [h1.14 of the end-to-end
distance L




The predominant source of strength in short proteins
shearing of hydrogen-bonded parallel p-strands

1c4p (14) & 1qqr (15): p domain of streptokinase
(blood clotting - different functions)

Scaffoldins: structural proteins of the
cellulosome (degradation of cellulose): predicted

(36) 1laoh (c7A) from Clostridium thermocellum 470
(78) 191k (c1C) from Clostridium celluloticum 350



shearing of hydrogen-bonded parallel p-strands

the relevant p-strands shown in black

Strength depends on the length of
the mechanical clamp and on the
environment of the clamp




Other kinds of mechanical clamps

Antiparallel A Box
p-strands structure:
two
antiparallel
strands
Unstructured \\ G"d. two
clamps antiparallel
helices

1gp1 ~300 pN

Delocalized clamps



disulphide bridges CYSTEINE SLIPKNOTS

unusual entanglements

cys slipknot 1vpf -Vascular

1vpf: vascular endothelial growth factor endothelial
growth factor

Cellular component: extracellular region

native slipknot

Slipknot resulting from pulling

cysteine knot

1100 pN in 1bmp (#1)

Bone morphogenetic protein-7
Function: growth factor activity

Cellular component: protein binding

/e
Jd

slipknot

From Genetic Ontology
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NANOINDENTATION OF VIRUS CAPSIDS
emP‘fY full (4 RNA)

—

elf=assembled nanosiructures
onsisting  of: a protein shell 1o
proteci the genetic material inside

\J

AR

~ CCMV - cowpea
. (black-eyed pea)
chlorotic mottle
virus

From X-rays

Michel, Ivanovska, Gibbons, Klug, Knobler,
Wuite, Schmidt; Bruinsma - 2006
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CCMV

Al

a truncated
icosahedron
model 720

28 620 C* atoms, 62460 contacts

CPMV  cowpea mosaic virus a rhombic

triacontahedron
model 30

Both ~ 300 000 heavy atoms 33 480 C« atoms, 90420 contacts

180 sequentially identical chains that self assemble
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Model of a nonuniform elastic shell: Gibbons & Klug 2008

Roughly consistent with experimental behavior
Hard to distinguish bonds within the proteins from bonds between proteins.
Hard to parametrize the buckling instability at higher forces

No thermal fluctuations



All-atom simulations, Zink & Grubmuller 2009

(southern bean mosaic capsid, with water)

Nanoindentation times of order 1 ns compared
to experimental 10 ms or more - much faster
than the structural relaxation rates

The instability associated with bond
breaking, but the bonds rapidly reform as
the tip enters into the capsid



Coarse-grained
structure-based model

Compression by 2 plates, combined speed ~
500 ps. Slow enough that stress can be
transmitted across the capsid before the
separation has changed substantially

some clockwise rotation

s - separation between the plates

284 A
Top 2150 i .
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264 A

284 A 214 A
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compression

..........

0 50 100 150

s [A

k ~ 0.05 /A2 ~ 0.055 N/m
F.~ 5.5 e/A ~ 600 pN

Experimental: 0.14 N/m & 500 pN

200

At smaller speeds,
more time for
thermal activation
and transition at
lower forces

‘ fast

yarious

150 200 250 300

s [A]

LJ radius in the potential ~ size of an amino acid (not atom) : softer




i | CCMV  ~ 6 neighbors
12
o<
>, BPF
,i, compression g S
. L
4 -
withdrawal
0 — PN i oo i s . WO
0 50 100 150 200 250 300
s [A]
An order of

CPMV ~ 8 neighbors
(fcc lattice ~ 12 neighbors)
24
o<t
~. 16
L,
e
8
50 100 150 200 250 300
s [A]
magnitude bigger k & F,, 3 times as

big despite comparable radius and shell thickness



'A rapid up'rure of cond

Nearly all of them are
between the proteins

. native contacts
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Vertical position of \atoms belonging to' parficular*n=mers

atgseparation s versus native

Central regioninearly undeformed,
slope < 1 (~0.98):duesto . compression
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displaced across the entire thickness.
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pentamers Center Of mass
height & rms
variations for
atoms belonging to
particular n-mers

A smooth transition to the sandwich

state with buckling: relative heights
of some of the n-mers change sign

hexamers

100 150 200 250
s [R]

Polar n-mers undergo
large rms variations

100 150 200 250
s [A]
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Simplesgeometinysbasedimodelspmiss manypmoleculagydetailsyandyyel
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Only certain variants of such models perform well when confronted
with experimental data on stretching and also lead to folding.
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- P AT T A b »
CONSTANT SPEED survey of the PDB, determmohon of
Frox. pProposed list of strong proteins, correlations with the
type of structure, identification of mechanical clamps.

R Y P WE L5 T 4 ]

“ CONSTANT FORCE: exponenhol unfolding statistics below b 5 B

P Frox @nd lognormal above it, refolding different than in

TEA .. the absence of the clamp. s
b i , Tii’E% 23 > &
L& ! UNIFORM FLOW more m‘rermedlctes ﬂ«m in force -
: clcmps dependence on the choice of the anchor,
may offer more dlqgnostlc dntc ﬂ\on AFM

¢ | HYDRODYNAMIC INTERACTIONS: affect time
| scales of processes - facilitate folding and
| .mechanical unravelling but hinder unravelling by flow

Models r'eddy to_tackle

7 ‘biological systems of a




