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In Search of Lost Time, 
Marcel Proust, 1913 - 1927



Lee et al., Nature, 2009.

Neural cell Neural network

Repetition of electrical signals 
leads to long-term strengthening 
of dendritic spines. This is called 
long term potentiation (LTP).

https://sites.google.com/site/mcauliffeneur493/home/synaptic-plasticity

How Are Memories Formed?  Hebbian Learning!



Calcium Influx Initiates the Remodeling of the Actin Cytoskeleton 
with Calcium Calmodulin Dependent Kinase (CaMKII) 

Honkura et al., Neuron, 2008
http://rsb.info.nih.gov/ij/images/

The shape of a cell depends on 
a complex, dynamic network of 
interlinking protein filaments.

Yasunori Hayashi Group, PNAS, 2007.  

Stable Regulatable

Key protein: CaMKII



The Role of Actin Remodeling in Synaptic 
Memory Formation

Dillon .. Goda et al., 2005, Annual Review.



AWSEM 
(Associative Memory, Water Mediated, Structure and Energy Model) 

“Machine Learning Since 1989”

Aram Davtyan, Nicholas P. Schafer, Weihua Zheng, Cecilia Clementi, Peter G. Wolynes, and Garegin A. 
Papoian; "AWSEM-MD: Protein Structure Prediction Using Coarse-Grained Physical Potentials and 
Bioinformatically Based Local Structure Biasing" J. Phys. Chem. B, 2012, 116 (29), 8494-8503.

Coarse-grained representation

Friedrichs, M. S.; Wolynes, P. G.; “Toward Protein Tertiary 
Structure Recognition by Means of Associative Memory 
Hamiltonians” Science, 1989, 246, 371-373. 



Structure of CaMKII

CaMKII monomoer
PDB ID: 3SOA

Kinase domain Association domainLinkerRegulation 
domain 

Top view

oligomer

Kuriyan group, Cell, 2011.

Side view



Remodeling Proteins for Actin Display a
Common Binding Pocket

80% of the proteins 

that remodel Actin 

bind to a common 

hydrophobic cleft, 

but other regions 

bind too.



Predicting the CaMKII-Actin Binding Complex 
Using a Minimal Construct

CaMKII monomer

F-actin AWSEM-MD simulation

Red: actin

Yellow: conserved binding pocket 
for many actin-binding proteins 

Gray: CaMKII

Margaret Cheung, Qian Wang, Mingchen Chen, PGW.



Structure of the CaMKII-Actin Binding Complex
Predicted By AWSEM

Cryo-EM image from Neal Waxham lab:

CaMKII

Actin Filament

Computational prediction:

Predicted structure matches the cryo-EM!



Building a CaMKII-Actin Bundle Using the Predicted 
CaMKII-Actin Binding Complex Structure

• CaMKII particles form two right-handed helical 
structures (gray, red)

• The predicted CaMKII spiral has a periodicity of 36 
nm – matching the spacing in the Cryo-EM image!

36 nm

36 nm

these three CaMKII particles 
fall into the same plane S

S



3D Bundles of 
Actin/CaMKII

Pack in the
lateral direction

Layered bundle

Rod-like bundle

Waxham group, Biochemistry

 2013 Feb 19;52(7):1198-207



Catalytic domain Association domainLinker

Regulatory 
domain 

Region I:
Proposed binding domain in 
current literature

Data from the Waxham Lab

The Actin Binding Interface Involves Multiple Domains of CaMKII

CaMKII full sequence



ab initio AWSEM-MD with 
no bias to specific region

Catalytic domain Association domainLinker

Regulatory 
domain 

Actin filament

Binding Between the Regulatory Domain of CaMKII and F-Actin

ii-1 i+1



Catalytic domain Association domainLinker

Regulatory 
domain 

The First Atomistic Structural Model for CaMKII – Actin Complex

Qian Wang, Mingchen Chen, Nicholas P. Schafer, Carlos 
Bueno, Sarah S. Song, Andy Hudmon, Peter G. Wolynes*, 
M. Neal Waxham*, Margaret S. Cheung*, PNAS, 2019.

~ 4000 residues What can we learn from the structure? 

CaMKII utilizes three different domains 
to bind five adjacent actin subunits

“Stable and regulatable” binding is 
achieved using distinct domains.



R L A

R L A

actin

CaMKII 

Free energy 
profile

R
R

actin
actin

1.8
kcal/mol
low

3.8
kcal/mol
low

3.7
kcal/mol
low

9.3
kcal/mol
high

Regulation Mechanism: Low Ca2+ Concentration



R L A

R L A

actin

stimulus Ca2+ concentration rises

Calmodulin activated

CaMKII 

Calmodulin and 
actin compete for 
the same binding 
interface: 
Molecular stripping!

calmodulin

x

Regulation Mechanism: High Ca2+ Concentration



Specificity vs. Adaptability

The association domain of 
CaMKII serves as a specific 
anchor to bundle actin filaments 
and stabilize the cytoskeleton.

The regulatory domain of CaMKII 
regulates the binding between 
CaMKII and actin by responding 
to the cellular Ca2+ level

Yasunori Hayashi group, PNAS, 2007.  



The Memory Timescale Puzzle

Long-term memory 

requires stable 

protein production. 

Bailey et al., 2015,
CSHL.

synapse

nucleus and 

cytosol
vesicles with 

neurotransmitters

Belle et al. 2006, PNAS.

Mean and median half-life ~43 min 

for yeast proteins.

Time scale of >> 

24h

F. Crick, “Memory and Molecular Turnover,” Nature, 1984.



Functional Prions May Resolve the Timescale Puzzle

Aplysia CPEB (translational 

regulator) forms aggregates 

through its Q-rich domain in 

vivo in sensory neurons.

Crick, Tompas, Lindquist, Kandel and their collaborators.



Predicted Structures of the Q-Rich Region of CPEB Using AWSEM

Secondary structure 

prediction using PsiPred.

Dimer

Trimer

Tetramer

AWSEM prediction mode (fragment memory).

Mingchen Chen, Weihua Zheng and PGW, PNAS, 2016. 



<psi>: average psi angle

Mechanical Pulling Facilitates the Coiled-Coil
 to β-Strand Transition

F F

<psi>: average psi angle

CPEB is hard to 
aggregate on its
own (as a β sheet)!



The Cytoskeleton Can Provide the Needed Force!

CPEB3 Interacts with Actin 

(fluorescence and co-IP); and 

CPEB3 Aggregates Colocalize 

with the Actin Cytoskeleton.

CPEB3 Aggregation Requires an 

Intact Actin Cytoskeleton

Stephan et al., 2015, Cell Reports.



Cytoskeletal Growth and CPEB Prion Formation Provide a Stable 
Positive Feedback Loop for Preserving Long-lived Local Structures

Stretching force

Translation Assembly

Positive feedback results in continuous 

formation of actin filaments and CPEB fibres 

localized in the synapse area thus marking 

the synapse.

Crick, F. (1984). Neurobiology: Memory and Molecular Turnover, Nature.

actin mRNA

CPEB fibre



Aggregation Landscapes

Article 

  



Nancy Wexler



Age of Onset for Huntington’s Disease

Walker FO (2007). "Huntington's Disease", Lancet.



Formation of Inclusion Bodies as Signature of the Disease

Green: HTT exon1 encoded 

protein fragments

Red: Nucleus

Inclusion Bodies Enriched with 

HTT appear in the Cytosol!

Cooper .. Christopher Ross,. 1998 Human Mol Genetics.



The Monomer Structure of PolyQ Depends on Repeat Length

• 1: A extended form is 
favored in shorter repeats 
(20); while a beta-hairpin
in longer repeats (30,40)

• 2: For Q24 and Q26, both 
states are equally likely!!!
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Length Dependence of the Critical Nucleus Size

Kar .. Ronald Wetzel et al, (2011) NSMB.

4

1

Q23

Q26



AWSEM Simulation of Q20 Aggregation



Aggregation Free Energy Profile for Q20
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AWSEM Simulation of Q30 Aggregation



The Sequence Structure of Huntingtin (htt)

NT17: structure 

has been solved 

with alpha-helix 

secondary 

structure.

PolyQ: secondary 

structure not 

certain. Fibre form 

has been validated 

to be beta (FTIR, 

ssNMR, TF-dye, x-

ray diffraction). 

PolyP: 

Reported to 

prevent helix 

formation in 

PolyQ 

segment 

(Anusri et al,. 

2006 JMB). 

Heat-repeat 

domain: 

structure 

solved 

PDB ID: 1B3U

3144 Residues in total!



The N-Terminal Region Facilitates Aggregation By Forming 
Pre-Fibrillar Oligomers (Q20)
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Figure 1: The aggregat ion free energy landscape for N T17-Q20 at 300K. (A): The grand

canonical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the

number of inter-molecular hydrogen bonds and the oligomer size as the two dimensions.

The number of inter-molecular hydrogen bonds signals the associat ion of oligomers. The

local basins for di↵erent oligomer states are labelled by their size respect ively. Representa-

t ive structures of di↵erent oligomers are shown in each free energy basin of the aggregat ion

progress, the N-terminal region is colored green while Q-region orange. (B): The grand

canonical free energy profiles for di↵erent oligomer states as corrected for the monomer

concentrat ion changes in the fixed number simulat ion show the saturat ion value of the con-

centrat ion of free monomers.

2: T he C-t erminal polyprol ine inhibit s t he aggregat ion of Q20-P10

wit hout alt er ing t he aggregat ion mechanism.

A proline-rich segment has been observed to follow the polyglutamine sequence in many

proteins that are known to be involved in neurodegenerat ive diseases.17 While the N T17

7

The free energy profile 

is more downhill 

compared to pure Q20!

Formation of pre-fibrillar 

oligomers eliminates 

the free energy barrier.

Similar facilitation is 

observed for NT17-Q30 

and NT17-Q40!!



The C-Terminal PolyProline Inhibits Aggregation
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Figure 2: The aggregat ion free energy landscape for Q20-P10 at 300K. (A): The grand canon-

ical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the number

of inter-molecular hydrogen bonds and the oligomer size as the two dimensions. The number

of inter-molecular hydrogen bonds signals the associat ion of oligomers. The local basins for

di↵erent oligomer states are labelled by their size respect ively. Representat ive structures of

di↵erent oligomers are shown in each free energy basin of the aggregat ion progress, the Q-

region is colored orange while polyproline blue. (B): The grand canonical free energy profiles

for di↵erent oligomer states as corrected for the monomer concentrat ion changes in the fixed

number simulat ion show the saturat ion value of the concentrat ion of free monomers.

3: T he aggregat ion free energy landscape of N T17-Q20-P10 reveals a

complex aggregat ion mechanism.

Thesimulat ions suggest that theextended structure is thepreferred form of themonomer for

the shorter polyglutamine repeat, Q20, N T17-Q20, Q20-P10 and N T17-Q20-P10. The addit ion

of the terminusdoesn’t significant ly a↵ect thepreference of themonomeric pept ide to assume

either a collapsed structure or an extended form (Figure S8A).

Since the two terminal addit ions N T17 and P10 act in opposite ways on the aggregat ion

9

The free energy profile 

is more uphill compared 

to pure Q20!

The aggregation 

mechanism is not altered!

Similar inhibition is 

observed for Q30-P10 

and Q40-P10!!



Aggregation Behavior at the Estimated Concentration 
in the Inclusion Bodies

free energy curves for N T17-Q20-P10 and N T17-Q30-P10 at this physiological concentrat ion

are uphill. We see then that a change in the aggregat ion landscape at the disease threshold

from seems to follow direct ly from the AWSEM simulat ions!
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Figure 5: The aggregat ion free energy landscape for N T17-Q40-P10 at 300K. (A): The grand

canonical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the

number of inter-molecular hydrogen bonds and the oligomer size as the two dimensions. The

number of inter-molecular hydrogen bonds signals the associat ion of oligomers. The local

basins for di↵erent oligomer states are labelled by their size respect ively. Representat ive

structures of di↵erent oligomers are shown in each free energy basin of the aggregat ion

progress, the N-terminal region is colored green while Q-region orange and polyproline blue.

(B): The grand canonical free energy profiles for di↵erent oligomer states as corrected for the

monomer concentrat ion changes in the fixed number simulat ion show the saturat ion value

of the concentrat ion of free monomers.
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Figure 4: The aggregat ion free energy landscape for N T17-Q30-P10 at 300K. (A): The grand

canonical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the

number of inter-molecular hydrogen bonds and the oligomer size as the two dimensions. The

number of inter-molecular hydrogen bonds signals the associat ion of oligomers. The local

basins for di↵erent oligomer states are labelled by their size respect ively. Representat ive

structures of di↵erent oligomers are shown in each free energy basin of the aggregat ion

progress, the N-terminal region is colored green while Q-region orange and polyproline blue.

(B): The grand canonical free energy profiles for di↵erent oligomer states as corrected for the

monomer concentrat ion changes in the fixed number simulat ion show the saturat ion value

of the concentrat ion of free monomers.

5: T he aggregat ion free energy landscapes of Q40, N T17-Q40, Q40-P10

and N T17-Q40-P10.

The crit ical repeat length for onset of Huntington’s disease is 36. Since the full length

constructs containing Q20 and Q30 are below the disease threshold, we also simulated the

13

NT17-Q30-P10 NT17-Q40-P10

Below the critical length, the aggregation is uphill.



The CTBP Memory Group

Mingchen Chen
Qian Wang
Nick Schafer
Carlos Bueno

Margaret Cheung, University of Houston
Neal Waxham, UT Health Science Center
Herb Levine, Northeastern University
PGW

CHE 1743392
NSF RAISE: Dendritic Spine Mechano-biology and the
Process of Memory Formation 



Back-up Slides



Summary of the Terminal Effects

+

+B

A

C

Figure 6: Observed mechanisms for aggregat ion of HTT-Exon-1 encoded protein fragments.

(A): The pure polyQ pept ides aggregate through linear addit ion. (B): The C-terminal addi-

t ion of P10 to thepolyQ tract aggregatesslower through linear addit ion. (C): TheN-terminal

addit ion of N T17 before the polyQ tract encourages aggregat ion by forming prefibrilar ↵-

helical coiled-coil like oligomers. The size black arrows represent the kinet ic rates generally.

The N-terminal region is colored green, while Q-region orange and polyproline blue.

2: I nclusion bodies and aggregat ion.

Giant aggregates are called inclusion bodies.35 In pat ients with Hunt ington’s disease, polyQ-

expanded HTT-Exon-1 encoded protein fragments accumulate in compact inclusion bodies

inside the neurons.36 MacDonald et al provided a value of the concentrat ion of HTT frag-

ments averaged over the whole brain t issue: 0.15 µM.33 According to the present calculat ion

at this concentrat ion, the aggregat ion free energy profile is very uphill even in full-length

constructs containing longer repeats, N T17-Q40-P10 (Figure 5B). This average concentrat ion

obviously does not account for the microenviroments in the neurons. The inclusion bodies

17

Pure polyQ peptide

QN-P10

NT17-QN

The arrows represent 

relative kinetic rates.



Kinetic model

R L A

R

L A

R L

A

R L AR

L A

u1

w1

u2

w2

u3u0 [CaM]

calmodulin
R L

A

u2 u3



Peptide Arrays Provide Clues on Additional Binding Regions

Overlapping peptides of CaMKII are spotted on 
an array

Neal 
Waxham

Actin fluorescence 
signals



AWSEM predicts Tertiary Structure 
of Globular Proteins from Their Sequence Alone

Davtyan, A.; Schafer, N.; Zheng, W.; Clementi, C;. Wolynes, P. G.; Papoian, G. A. J. 
Phys. Chem., 2012, 116, 8494-8503.



AWSEM 

Predicted 

structures of 

dimers

Zheng W, Schafer N, Davtyan 

A, Papoian G, Wolynes PG, 

“Predictive Energy Landscapes 

for Protein-Protein Association”

PNAS 109, 19244, 2012.



Memories Seem to Be Initiated By Calcium Influx Key Players: 
Actin and CamKinase II

From Honkura et al., Neuron, 2008From Lee et al., Nature 2009

Spine enlargement correlates with long-term plasticity

and requires calmodulin and CaMKII
10/7/2024 2:29:58 PM



CaMKII remodels the actin cytoskeleton

Yasunori Hayashi group, 
PNAS, 2007  

CaMKII binds and 
bundles F-actin

dendritic spine 

CaMKII dissociates 
from, thus unbundles 
F-actin

CaMKII re-binds and 
bundles F-actin

Enlarged, mushroom-like 
dendritic spine 

What are the molecular details?



Cryo-EM image from Neal Waxham lab

100 nm

even spacing

The actin filaments bundle in parallel 
with a periodic spacing of the CaMKII 
molecules



Grey: N-terminus of the 
association domain
Orange: Linker
Cyan: actin
Yellow: conserved 
binding pocket

Multivalent binding of CamKII beta form to actin

Qian Wang, Mingchen Chen, Margaret Cheung, Neal Waxham, PGW



L R

actin

CaMKII

L

R

SL

Predicted relative orientation 
between CaMKII and actin strongly 
favors the formation of parallel 
aligned filaments geometrically

Identical binding
interface

L R

SL SR

SR

SL

SL and SR almost, but do not 
completely, overlap. Due to 
the angle (<10 degrees) 
between them,
filaments need to twist to 
form a bundle under stress 
– what is the consequence?

L



Mutual Q

Peptide score matrix

Double layer screening process –
the structure which we seek should simultaneously satisfy two conditions:

• Locating in a big cluster (low free energy)
• Having a high peptide score (to match with the experimental data)

Cryo-EM image from Waxham groupActin filament



The Aggregation Landscape of Q20 is Funneled

0 20 40 60 80 100

# contact

-4

-3

-2

-1

0

1

2

F
re

e
 e

n
e

rg
y
 (

k
c
a

l/
m

o
l)

Dimer Tetramer Pentamer Hexamer

Trimer

A

B

C

Q-fibril

N

E
n
e

rg
y
 (

k
J
/m

o
l)

-700

1

-600

2

-500

3

-400

4

-300

5

0.70.60.50.46 0.30.20.10

2

4

6

8

10

12

I

II

III

IV

V

VI

1 2 3 4 5 6

Oligomer Size

-15

-10

-5

0

5

10

15

F
re

e
 e

n
e

rg
y
 (

K
c
a
l/
m

o
l)

0.1mM before correction
0.001 mM
0.01 mM
0.1 mM
1mM



Aggregation Free Energy Profile for Q30  

Nucleus Size: n*=1

# contact

-2

0

2

4

6

8

10

12

14
F

re
e

 e
n

e
rg

y
 (

k
c
a

l/
m

o
l)

0 50 100 150

+

Extended Monomers 

& Hairpin Monomers

Hairpin Monomers

Hexamer

2 3 4 5

A

Q-fibril

N

-1200

1

2

3
1

0.84

0.6

-1100

5 0.4

0.2
6 0

E
n

e
rg

y
 (

k
J
/m

o
l)

-1000

-900

2

4

6

8

10

12

B

C

I II III

IV

V
VI

2 3 4 5 6
Oligomer Size

-20

-15

-10

-5

0

5

F
re

e
 e

n
e

rg
y
 (

K
c
a

l/
m

o
l)

0.1 mM before correction

0.001 mM

0.01 mM

0.1 mM

1 mM

# contact

-2

0

2

4

6

8

10

12

14

F
re

e
 e

n
e
rg

y
 (

k
c
a

l/
m

o
l)

0 50 100 150

+

Extended Monomers 

& Hairpin Monomers

Hairpin Monomers

Hexamer

2 3 4 5

A

Q-fibril

N

-1200

1

2

3
1

0.84

0.6

-1100

5 0.4

0.2
6 0

E
n

e
rg

y
 (

k
J
/m

o
l)

-1000

-900

2

4

6

8

10

12

B

C

I II III

IV

V
VI

2 3 4 5 6
Oligomer Size

-20

-15

-10

-5

0

5

F
re

e
 e

n
e

rg
y
 (

K
c
a

l/
m

o
l)

0.1 mM before correction

0.001 mM

0.01 mM

0.1 mM

1 mM

The critical concentration (solubility limit ~1 uM) agrees well 

with experiments that the solubility limit for Q30K2 is around 

5 uM (Crick et al., 2013).   



The aggregation free energy landscape for Q30 is 
funneled
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Figure 3: The aggregat ion free energy landscape for Q30. (A): The free energy profile as a

funct ion of thenumber of total residue-residuecontacts in thesimulat ion system with six Q30

pept ide chains. Representat ive structures in each basin illustrate the progression through

the di↵erent oligomeric states. B): The energy and free energy surfaces for aggregat ion of

Q30 are plot ted as a funct ion of the oligomer size (N), and its structure similarity compared

to the final fibre form (Qf i br i l ). The z-axis is the energy of the system, and it decreases

monotonically as the oligomer size increases. The color indicates the free energy, which

includes the entropy cost of addit ion at concentrat ion 0.1mM. The local basins for di↵erent

oligomer states are labelled by the size. (C): Free energy for di↵erent oligomer states are

corrected when considering the concentrat ion of free monomers.
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The Aggregation Free Energy Landscape of NT17-Q30-P10
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Figure 4: The aggregat ion free energy landscape for N T17-Q30-P10 at 300K. (A): The grand

canonical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the

number of inter-molecular hydrogen bonds and the oligomer size as the two dimensions. The

number of inter-molecular hydrogen bonds signals the associat ion of oligomers. The local

basins for di↵erent oligomer states are labelled by their size respect ively. Representat ive

structures of di↵erent oligomers are shown in each free energy basin of the aggregat ion

progress, the N-terminal region is colored green while Q-region orange and polyproline blue.

(B): The grand canonical free energy profiles for di↵erent oligomer states as corrected for the

monomer concentrat ion changes in the fixed number simulat ion show the saturat ion value

of the concentrat ion of free monomers.

5: T he aggregat ion free energy landscapes of Q40, N T17-Q40, Q40-P10

and N T17-Q40-P10.

The crit ical repeat length for onset of Hunt ington’s disease is 36. Since the full length

constructs containing Q20 and Q30 are below the disease threshold, we also simulated the

13

Pre-fibrillar species 

mediated by N-terminus 

are observed.

The aggregation is not 

favored even at high 

concentration (100 uM).



Aggregation Free Energy Landscapes of NT17-Q40-P10
free energy curves for N T17-Q20-P10 and N T17-Q30-P10 at this physiological concentrat ion

are uphill. We see then that a change in the aggregat ion landscape at the disease threshold

from seems to follow direct ly from the AWSEM simulat ions!
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Figure 5: The aggregat ion free energy landscape for N T17-Q40-P10 at 300K. (A): The grand

canonical free energy surface at the concentrat ion of 100 µM at 300K is plot ted using the

number of inter-molecular hydrogen bonds and the oligomer size as the two dimensions. The

number of inter-molecular hydrogen bonds signals the associat ion of oligomers. The local

basins for di↵erent oligomer states are labelled by their size respect ively. Representat ive

st ructures of di↵erent oligomers are shown in each free energy basin of the aggregat ion

progress, the N-terminal region is colored green while Q-region orange and polyproline blue.

(B): The grand canonical free energy profiles for di↵erent oligomer states as corrected for the

monomer concentrat ion changes in the fixed number simulat ion show the saturat ion value

of the concentrat ion of free monomers.
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The aggregation 

becomes favored even 

at physiological 

concentration inside the 

inclusion bodies (~10 

uM).

Pre-fibrillar species 

mediated by N-terminus 

are observed.
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