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Why is it hard to predict pandemics
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S t ages o f fow l p l ague v i rus en t ry i n to MDCK ce l l s . Ce l l s w i th prebound v i rus were warmed a t 37°C for d i f f eren t t i mes

and then f i xed w i th g l u t ara l dehyde a t room t empera ture . W i th i n 5 m i n , v i rus par t i c l es were seen i n smoo th sur f aced p i t s and
ves i c l es (a , b , and c ) , coa t ed p i t s (d , e , and f ) and coa t ed ves i c l es (g , h , and i ) . I n f , the samp l e was st a i ned w i th an t i - fow l p l ague
v i rus sp i ke pro t e i n IgG and then w i th f er r i t i n-goa t an t i - rabb i t IgG a f t er forma l dehyde f i xa t i on (see Ma t er i a l s and Me thods) . Th i s

i mage demons t ra t es tha t par t o f the v i rus par t i c l e was t i gh t l y assoc i a t ed w i th the membrane s i nce on l y the exposed par t i s l abe l ed
w i th f er r i t i n . A f t er 10 m i n , v i ruses were observed i n endosomes ( j ) and mu l t i ves i cu l ar bod i es (k and I ) . The i mages shown i n a , b ,
and c were a f t er 2 m i n warm i ng ; i n d , e , g , k , and i a f t er 5 m i n warm i ng , i n f a f t er 1 m i n warm i ng , and i n j , k , and / a f t er 10 m i n

warm i ng . a - i , x 62 , 500 ; k - l , x 50 , 000 .
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brane o f ce l l s by l ower i ng the med i um pH (5 , 19 , 54) . I f fow l
p l ague v i rus i n f ec t s MDCK ce l l s by an endocy to t i c pa thway
pass i ng through the l ysosomes , i t m i gh t a l so be expec t ed to
fuse a t the p l asma membrane i f exposed to l ow pH . Th i s
seemed espec i a l l y l i ke l y s i nce l ow pH-dependen t hemo l ys i s
and ce l l -ce l l fus i on had been recen t l y demons t ra t ed for i n f l u-
enza v i ruses (19 , 55 , 56) . To t es t th i s , ce l l s w i th prebound v i rus
were suspended i n med i a o f pH 5 . 0 and pH 7 . 4 for 1 m i n a t
37°C and exam i ned by t ransm i ss i on e l ec t ron m i croscopy a f t er
i nd i rec t f er r i t i n i mmuno l abe l i ng . In the ce l l s kep t a t pH 7 . 4 ,
f er r i t i n was assoc i a t ed on l y w i th v i rus par t i c l es and no t w i th
the ce l l sur f ace . No fus i on o f the v i rus w i th the ce l l sur f ace was

observed . In con t ras t , f er r i t i n was a t t ached to the p l asma
membrane on l y i n samp l es exposed to l ow pH (F i g . 10) . In
severa l cases , c l ear con t i nu i t y be tween the ce l l and v i rus mem-
branes was observed , w i th f er r i t i n on l y bound to the pro t rud i ng
v i rus pro f i l e (F i g . l 0 a and b) . Fus i on o f v i ruses to membrane
ves i c l es apparen t l y shed f rom the ce l l s was a l so observed (no t
shown) . Low pH t rea tmen t o f MDCK ce l l s i n the absence o f
v i rus produced some d i s turbance o f the p l asma membrane bu t
d i d no t i nduce ar t i f ac tua l f er r i t i n b i nd i ng .

To quan t i t a t e l ow pH- i nduced fus i on o f fow l p l ague v i rus
to the MDCK ce l l p l asma membrane , ce l l s w i th prebound
rad i oac t i ve v i rus were i ncuba t ed for 30 s a t 37°C w i th med i a
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Fus i on o f fow l p l ague v i rus a t the MDCK p l asma membrane . Fow l p l ague v i rus (60 j . g) was bound to MDCK ce l l s for
1 h a t 0°C and fus i on was i nduced by i ncuba t i ng the ce l l s for 1 m i n a t pH 5 . 0 and 37 ° C . The ce l l s were then f i xed w i th
forma l dehyde and i mmuno l abe l ed w i th an t i - fow l p l ague v i rus sp i ke IgG and f er r i t i n-con j uga t ed goa t an t i - rabb i t IgG . V i ruses are
c l ear l y recogn i zab l e by the f er r i t i n a t t ached to the i r membrane . In a the nuc l eocaps i d i s s t i l l c l ear l y v i s i b l e . In b the caps i d i s bare l y
recogn i zab l e , bu t the v i rus shape and f er r i t i n- l abe l ed sp i kes are s t i l l obv i ous . In c the sp i ke pro t e i ns have presumab l y d i f fused i n
the p l ane o f the membrane away f rom the s i t e o f fus i on . A v i rus pro f i l e i s s t i l l de t ec t ab l e (ar row) . Bar 0 . 2 j m . x 106 , 000 .
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Influenza fusion is heterogeneous on a single-virus level

fusion efficiency 10-40% depending on conditions

in-cell fusion efficiency ~10%

even if we could simulate relevant timescales, a single movie wouldn’t do it
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Bad combination

Heterogeneous outcomes -> need many simulations for statistics

Slow decorrelation times -> need long simulations

Simplest full-scale systems >>1M particles -> need large simulations

Biological system sensitive to fine details -> need high-fidelity simulations
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Unraveling virus-membrane interactions 
surrounding fusion

What are the relevant physical interactions controlling influenza viral fusion?
Building an integrated understanding from simulations and biophysical 
experiments.

Today:  membrane interfaces preceding fusion, membrane-protein interactions.

a.

b.

Tuesday, May 12, 15



Multi-pronged approach

“mid-scale” systems 
~1-3M atoms

isolated components 
150K-800K atoms

Building integrated understanding via statistical models at 
multiple levels

Tuesday, May 12, 15



Membranes form stable interfaces prior to fusion

Unexpected!  Now good indirect experimental evidence!

Depending on the system, these can be 10’s of ns to ~10 μs
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Decreased water mobility at vesicle interface

JACS 2011
Tuesday, May 12, 15



Glassy dynamics of water between two lipid 
membranes

Pronk, Lindahl, Kasson. JACS 2015
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Implications for simulating fusion dynamics--can get stuck!
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Multi-level parallelism

Need both parallelism at the individual “partition” level (MD scaling over N 
cores/GPU’s) and parallelism between partitions in solving the overall 
statistical problem
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Hemagglutinin transmembrane domains

• Hemagglutinin is trimeric; multiple trimers likely act together in fusion
• Truncations to the TM domain can arrest fusion
• Could TM-TM interactions play a role in fusion?

• Multi-resolution approach to characterize TM interactions
• Use coarse graining to sample diffusional processes, atomistic simulations to 

sample conformational equilibria
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Figure 3. TMD monomers assemble into trimers on the microsecond timescale. (a) Center of 
mass distance between monomers is averaged over peptides and simulations and plotted as a 
function of time. Mean values are plotted in red and a 95% confidence interval in blue. (b) A 
frequent pathway of discrete events leading to trimerization starts with 2 of the 3 monomers 
(left) joining to form a dimer (middle), which then combines with the final monomer in a trimer 
(right). (c) Sample time traces of individual simulation center of mass distances display 
heterogeneity in timescale and pathway. Red, yellow and blue lines are individual monomer 
pairs while the purple shows the average of the three. The left panel details a quick dimerization 
and slow trimer formation, the middle has a lag between each phase, and the right shows an 
immediate trimerization.
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mass distance between monomers is averaged over peptides and simulations and plotted as a 
function of time. Mean values are plotted in red and a 95% confidence interval in blue. (b) A 
frequent pathway of discrete events leading to trimerization starts with 2 of the 3 monomers 
(left) joining to form a dimer (middle), which then combines with the final monomer in a trimer 
(right). (c) Sample time traces of individual simulation center of mass distances display 
heterogeneity in timescale and pathway. Red, yellow and blue lines are individual monomer 
pairs while the purple shows the average of the three. The left panel details a quick dimerization 
and slow trimer formation, the middle has a lag between each phase, and the right shows an 
immediate trimerization.

many 
simulations

many 
simulationsmany 

starting 
conditions

many
conformational 

samples

statistical
characterization

Tuesday, May 12, 15



Reproducible, stable trimerization by TM domains

Figure 9. The probability of finding each contact in a snapshot is mapped over residues for 
wild type simulations. Areas in dark blue have no contacts in simulations, while areas in yellow 
have a high likelihood of contact. The probability follows a diagonal pattern due to the peptides 
residing in the membrane with similar depths. Several single contacts display probabilities of 
over 0.5, shown in bright yellow.
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Contacts primarily “in register”

Probability map of inter-monomer contacts 
from 50 atomic-resolution simulations
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Figure 3. TMD monomers assemble into trimers on the microsecond timescale. (a) Center of 
mass distance between monomers is averaged over peptides and simulations and plotted as a 
function of time. Data is surrounded by a 95% confidence interval in blue. (b) A common 
pathway of discrete events leading to trimerization starts with 2 of the 3 monomers (left) joining 
to form a dimer (middle), which then combines with the final monomer in a trimer (right). (c) 
Sample time traces of individual simulation center of mass distances display heterogeneity in 
timescale and pathway. Red, yellow and blue lines are individual monomer pairs while the 
purple shows the average of the three. The left panel details a quick dimerization and slow 
trimer formation, the middle has a lag between each phase, and the right shows an immediate 
trimerization.

Coarse-grained simulations form
TM trimers on the ~2 μs timescale

All 24 simulations formed trimers

Tuesday, May 12, 15



TM domain trimers are robust to mutation 

Mutating the top 4 contacts abrogates those contacts but does not disrupt 
trimer.
This is consistent with experimental mutational data

�20

Figure 8. Trimeric complexes remain tightly associated over the course of all wild type and 
alanine mutant simulations. The center of mass distance between each peptide is averaged 
over both peptides and simulations for the (a) wild type simulations, (b) single mutant F205A 
simulations, and (c) quadruple mutant L198A V201A F205A W208A simulations. Averages in 
red are surrounded by a blue 95% confidence interval. The original CG starting distance 
before complexation is shown in the dotted green line for comparison. All simulations display 
stability for their duration.
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Figure 14. Areas of statistically significant changes in contact probability follow mutation 
sites most directly but show scattered additional differences. The results of a paired t-test 
on each residue-residue contact dataset were mapped, where a blue box indicates a 
statistically significant increase in the mutant probability and a red a decrease in the 
mutant probability. (a) displays results from changes between the wild type and single 
mutant F205A simulations and (b) for the wild type and quadruple mutant.  

A

B

re
sid

ue
 j

residue i

change in inter-monomer contacts 

average over 50 simulations

Tuesday, May 12, 15



Building integrated understanding...

• Methods:  integrate statistical models into high-level parallelism

• Statistical models of protein-membrane dynamics for different interactions 
involved in influenza viral entry

• Statistical models of influenza-mediated membrane fusion

• Integrating with biophysical experiments 

Ultimately, all of this is a single large sampling and statistical learning problem.
Hard because we don’t know the relevant reaction coordinates.
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Figure 9. The probability of finding each contact in a snapshot is mapped over residues for 
wild type simulations. Areas in dark blue have no contacts in simulations, while areas in yellow 
have a high likelihood of contact. The probability follows a diagonal pattern due to the peptides 
residing in the membrane with similar depths. Several single contacts display probabilities of 
over 0.5, shown in bright yellow.
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