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Abstract

Three-dimensional structures of macromolecules have been critical to understanding the function of
macromolecules, however the conformational ensemble is difficult to determine experimentally. Computa-
tional techniques, when combined with experimental data, can provide key insights into the conformational
dynamics of proteins. Molecular dynamics (MD) simulation is an effective technique to provide structure
and function relationship through exploration of the conformational energy landscape accessible to macro-
molecules.

MD can function on different resolutions; it can provide details about individual atoms, or it can provide
lower resolution information such as the motion and orientations of multi-megadalton domains. Although the
technique has been improved tremendously, for making predictions on subtle effects, experimental validation
is still needed. On an experimental point of view, the validity of the techniques and approximations used
can be tested though computational methods. The procedure is most efficient when the right computational
approach with the right resolution is coupled with experimental data available.

In my PhD work, I employed MD simulation techniques to provide a deeper understanding of the re-
lationship between structure, conformational dynamics and function with the available experimental data ob-
tained by X-ray crystallography, nuclear magnetic resonance (NMR) and small angle X-ray scattering (SAXS).
To achieve this goal, I have focused on three different systems. The specific aims of my work include:

(1) To understand the effect of local interactions on the structure and stability through studying lym-

photactins (hLtns); [ used atomistic simulations in the light of the available NMR data.



ii

(2) To obtain conformational ensembles for Ubiquitin (Ub) chains in order to investigate the selectiv-
ity of deubiquitinases (DUBs); I used a combination of homology modeling and implicit solvent molecular
dynamics filtered via experimental SAXS data.

(3) To probe the role of skip residues in determining the structure and flexibility of a single repeat
segment in the myosin rod and ultimately to construct a high-resolution model for a large portion of the rod; I
used an arsenal of simulation techniques with different resolutions.

These three aims are designed to enhance the ability to use MD methods at different resolutions in

coordination with experimental data to better understand protein function.
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R). In this figure, Ca-RMSD with respect to the representative member of the most populated
cluster was plotted against simulation time. The color-coding represents the different clus-
ters formed where blue depicts the dominating clusters. The Ca-alignments of representative
members onto the crystal structure and model structure, for Skip 3 and Skip 4 respectively,
are shown on the right where the representative and initial structures are shown in blue and
grey respectively. Skip residues are depicted in green. The percentage of each cluster and the

Co-RMSD to initial structure is given under each structure. . . . . . . . . . .. .. ... ...
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5.5

(A) Cardiomyocytes electroporated with WT and mutant GFP-tagged skip residue deletion
constructs (AS) were imaged by confocal microscopy 96 h later (Bar: 10 um). (B) Cardiomy-
ocytes were co-transfected with mutant GFP- and WT mCherry-tagged constructs as indicated
and were imaged by confocal microscopy 96 h later. The two boxes in the WT and AS4 merge
panels show the high magnification view of the sarcomeric I band and H zone (bare zone)
and the lack of colocalization between the mutant GFP- and the WT mCherry-tagged myosins
(Bar: 5 ym). (C) Linescan analysis showing the relative intensity across the sarcomere of
WT GFP and mCherry (left) and AS4 GFP— and WT mCherry— tagged myosins (right). Cells
from 3 independent transfections were imaged and a total of 420 sarcomeres for each graph
analyzed. (D) Colocalization of AS4 GFP construct with the endogenous myosin, and time
course incorporation into the sarcomeres. (Ab-F59): cardiomyocytes were transfected with
WT or AS4 GFP-tagged myosin constructs; 96 h later cells were fixed and stained with F59
anti-myosin primary antibody that recognizes only the myosin head domain, and the Alexa
Fluor 568 secondary antibody with orange-red emission color. All panels are overlays of GFP
and mCherry fluorescence signals. (36 h; 48 h): cardiomyocytes co-tranfected with AS4 GFP-
and WT mCherry-tagged myosin rod constructs were imaged by confocal microscopy 36 and

48 hlater (Bar: Sum). . . . . . . L e e e e e e
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5.6 Functional activity of mutants carrying duplications of 28 amino acids encompassing the Skip

2 residue. (A, top) Topology of the duplications showing the number of amino acids separating
the skip residues from each other or from the beginning/end of the myosin rod. (A, bottom)
alignment of 28 amino acids surrounding the Skip 2 residue with the corresponding Skip 3 and
4 regions (replaced by the duplications). The observed coiled-coil position registry are shown
above and below the sequences together with the conserved charge distribution for Skip 2
and 3 (B) Cardiomyocytes were transfected with GFP-tagged myosin constructs as indicated.
(C) Cardiomyocytes were co-transfected with mutant GFP- and WT mCherry-tagged myosin
constructs as indicated. The box in the S2-S4 Repl merge images shows the high magnification
view of the of the sarcomeric I band and H zone. Cells in both B and C panels were imaged
by confocal microscopy 96 h after transfection. Bars, 5 um. (D) Linescan analysis showing
the relative intensity across five sarcomeres of S2-S3 Repl GFP- and WT mCherry-tagged
myosins (left) and S2-S4 Repl GFP- and WT mCherry-tagged myosins (right). x-axis: pixel
distance (0.086 um/pixel); y-axis: fluorescence intensity. The location of the I band and H

zone are reported. . . . L. L L L e e e e e
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Xix
6.1 Structures of myosin fusion proteins and preliminary composite model. (A) A representation
of myosin in which each 28 amino acid repeat of the C-terminal coiled-coil is an oval. S1,
S2, and LMM are colored white, yellow and grey respectively. The numbering is shown for
every fifth repeat and the positions of the skip residues are indicated. Repeats 25 through 30
are colored differently and the third skip residue, E1582, is shown in red. The fusion proteins
are colored in grey while the myosin repeats are colored as in panel A for (B) Gp7-L1526-
E1571, (C) Xrce4-L1551-N1609, (D) Xrec4-Q1562-1.1622. (E) Xrcc4-H1590-L1657, (F)
Xrcc4-A1632-R1689 and (G) A simple composite model for L1526-R1689 of human cardiac
B-myosin. This was assembled from four of the five overlapping structures taken from Gp7-
L1526-E1571, Xrcc4-L1551-N1609, Xrcc4-H1590-L1657, and Xrcc4-A1632-R1689. The
residues incorporated from each structure are listed below. The coordinates for Xrcc4-L1551-
N1609 were taken from the RCSB with accession 4XA4. Figures 6.1, 6.2, 6.3, 6.4, 6.5, 6.8,

6.8, 6.9, and 6.10 were prepared in part with Pymol (http://www.pymol.org/). . . . ... ... 128
6.2 Stereo view of a structural alignment between Xrcc4-1551-1609 and Xrcc4-1562-1622. For
Xrce4-1551-1609 the Xrec4 portion is colored in black and 1551-1609 of myosin is in blue.
For Xrcc4-1562-1622 the Xrcc4 portion is colored in grey and 1562-1622 of myosin is in
green. The structures are represented in cartoon and the skip residue is shown in red spheres.
The primary point of divergence of the structures in the target coiled-coil is indicated with an

asterisk. . . . .. e 130



6.3

6.4

6.5

6.6

Analysis of the molecular dynamics simulations for Skip 3 in the absence and presence of a fu-
sion partner. (A) Clustering of the Skip 3 region (MyH7-1551-1602) conformations extracted
from Skip 3 alone, Gp7-Skip 3 and Xrcc4-Skip 3 simulations, is presented in three individual
panels along with the Cai-RMSD with respect to the Xrcc4-1551-1609 crystal structure. Hier-
archical clustering was carried out with the k-clust protocol in MMTSB using a Ca-RMSD of
4.75 A as the similarity measure. Different colors represent different clusters. (B) Root Mean
Square Fluctuations (RMSF) based on the Co-atoms (Black- isolated Skip 3 simulation, Red:
Gp7-Skip 3, Turquoise: Xrcc4-Skip 3). (C) DCOM trend for Skip 3 (Black), Gp7-Skip 3
(red) and Xrcc4-Skip 3 (turquoise) simulations. (D) Representative members from each clus-
ter are shown along with their overall population percentages and Co-RMSD with respect to
the Xrcc4-1551-1609 crystal structure. . . . . . . . . . ... oo e
Stereo representation of the coiled coil centered on F1565 in the Xrcc4-1551-1609 and Xrcc4-
1562-1622 fusion proteins. Xrcc4-1551-1609 is represented with blue cartoon helices and
white stick side chains. Xrcc4-1562-1622 is represented with green cartoon helices and dark
grey side chains. Only the side chains of residues along the interface are displayed. Residues
from the Xrcc4 folding domain are notshown. . . . . . . . . ... ... L.
Stereo diagram showing the antiparallel four helix bundle formed by Gp7-1526-1571. One
dimer is colored in green while the symmetry related dimer is colored in white. The clustering
of F1565 in all four chains is critical to the formation of the antiparallel helix bundle. The
C-termini of the polypeptide chains are indicated. . . . . . . .. ... ... ... ... ...,
15 % SDS-PAGE gel demonstrating soluble expression of MyH7 constructs. (A) All lanes
contain 1.25 uL of a Ni-NTA purified MyH7 construct (equivalent of 0.625 ug of cells). Bands
corresponding to MyH7 are marked with a dot to the right of the band. All MyH7 constructs
show soluble overexpression, including fusion-less MyH?7, and only minimal changes in sol-
uble expression are noted with different fusions. Xrcc4-MyH7 shows the highest soluble

expression level. . . . . .. L e e e e e
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6.7

6.8

(A) Circular dichroism spectra of MYH7-1361-1406 (black) and Gp7 (Red), GCN4 (blue),
Xrcc4 (black dashed line) fusions to MYH7-1361-1406. (B) Temperature scanning autofluo-
rescence emission maximum for each construct is plotted versus temperature. Gp7 (Red) and
GCN4 (Blue) fusions to MYH7-1361-1406 show temperature dependent transition. MYH7-
1361-1406 (Black) without fusion is shown in the inset and does not display a cooperative
temperature depend change in tryptophan fluorescence. A line connecting the measured data
has been added to each traceasaguide. . . . . . . . . . ... ... oL
Molecular dynamics analysis of the MyH7-1526-1689 segment of the myosin rod. (A) Co-
RMSD with respect to the initial model that was assembled directly from the crystal structures.
Color coding represent different clusters obtained through hierarchical clustering using the k-
clust protocol in MMTSB. The Ca-RMSD cut off for clustering was set to 8 A which gives
the most robust clusters. (B) Root Mean Square Fluctuations (RMSF) based on the Co-atoms.
(C) Estimated super-helical pitch (A) trend over each heptad-repeat (Skip 3 residue: E1582)
based on a single heptad (black) and two heptad repeats (red). The values shown are calculated
through averaging over conformations from all 3 trajectories. (D) The length of each heptad
repeat calculated as a moving average to reveal local fluctuations more closely (E) Coiled-coil
propensities are calculated with a 28 residue sliding window using COILS (red) and MAR-
COIL (black) servers using only the sequence information (F) DCOM for the composite model
calculated through averaging over conformations from all 3 trajectories. (G) Representative
members from each cluster are shown along with their overall population percentages and

Co-RMSD with respect to the initial model for MyH7-1526-1689. . . . . . .. ... ... ..
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6.9

6.10

Al

A2

Analysis of the charged interactions and exposed hydrophobic surface of the composite model
for MyH7-1526-1689. (A) Charged interactions between two helices evaluated by the average
distances between center of mass of nitrogen atoms (NH1, NH2) of Arginine, nitrogen atom
(NZ) of Lysine and center of mass of oxygen atoms from Glutamate (OE1, OE2) and Aspartate
(OD1, OD2). The pairs of residues within 4.5 A distance are shown (Table D1). The Skip
3 residue is shown in orange. Positively charged amino acids are displayed in blue whereas
negatively charged amino acids are displayed in red. (B) Similarly, charged interactions within
each chain are shown in sphere representation. (C) Solvent accessible surface area (SASA)
(A2) of the hydrophobic amino acid residues in the composite model (Table D2). (D) Side and
top view of MyH7-1526-1689 are displayed with the predicted hydrophobic interactions. The
hydrophobic interactions within the rod were evaluated from the average minimum distances
between the hydrophobic side-chains. The pairs of residues that are closer than 5 A are shown
(Table D3). To distinguish residues from different helices, the predicted residues are colored
in yellow and green for different helices. (E) Hydrophobic residues that have a SASA over 90
A? are shown on the composite model in sphere representation. . . . . . . . ... ... ...
Disposition of mutations that lead to cardio or skeletal myopathies in MyH71526-1689. The
mutations themselves are widely distributed along the length of the coiled-coil and occur at all

heptad positions. . . . . . . .. e e e e e e

Pairwise Ca-RMSD of (A) hLtn10 based on residues 25-60 and (B) hLtn40 based on residues
11-51. RMSD is calculated over a pool of trajectories formed by WT at s10 condition, n40
condition, RQ; (s10) and RK (s10). . . . . . . . . . . . . .. ...
Pairwise Ca-RMSD of (A) hLtn10 based on residues 25-60 as the structure is truncated to
residues 60 for implicit solvent simulations and (B) hLtn40 based on residues 11-51. RMSD
is calculated over a pool of trajectories formed by two trajectories of WT at s10 condition,
n40 condition with explicit solvent and with implicit solvent simulations under s10 and n40

ConditionS. . . . . . . . e e e e e
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A3

Ad

A5

B1

B2

Representative members of each cluster aligned on the NMR structure 1J90 for explicit sol-
vent simulations of (A) WT hLtn10, s10; (B) WT hLtn10, n40; (C) hLtn10 R0, s10; (D)
hLtn10 RK, s10. RMSD values with respect to the NMR structure (excluding the tail regions)
is shown on the top of each structure (C-terminal tail of hLtn10 structure is truncated for the
clarity of display). . . . . . . . . L e e
Representative members of each cluster aligned on the average of NMR structure 2JP1 for
explicit solvent simulations of (A) WT hLtn40, s10; (B) WT hLtn40, n40; (C) hLtn40 RO,
s10; (D) hLtn40 RK, s10. RMSD values with respect to the NMR structure is shown on the
topofeachstructure. . . . . . . . . . . . e e e e
Representative members of each cluster aligned on the average of NMR structure 2JP1 for
gb7 simulations of (A) WT hLtn10, s10; (B) WT hLtn10, n40; (C) WT hLtn40, s10; (D) WT
hLtn40, n40. RMSD values with respect to the NMR structure (excluding the tail regions) is

shown on the top of each structure. . . . . . . . . ... ... L

Comparison of SAXS profiles and Pair Distribution Functions for each cluster for K48-linked
Ub2. The lusters are obtained from a pool of trajectories for the native dimer that started
with 2KDF and the two thiolene based dimer simulations. Calculated SAXS profiles and P(r)
curves are shown (green) along with experimental SAXS profiles for the native (black) and
TEC-derived (red) K48-dimer. The scores of the SAXS profile of each cluster with respect to
the native and TEC-derived dimer are listed in the legend of each panel. Percentage of overlap
over the P(r) curves is listed in parenthesis in the legend. . . . . . . . ... ... ... ....
Comparison of SAXS profiles and Pair Distribution Functions for each cluster for K64-linked
Ub2. The clusters are obtained from a pool of trajectories for the native dimer that started with
2JF5 [1], 2RR9 and 3A1Q [2] and 3H7P [3], and the two thiolene based dimer simulations.
Calculated SAXS profiles and P(r) curves are shown (green) along with experimental SAXS
profiles for the native (black) and TEC-derived (red) K48-dimer. The scores of the SAXS
profile of each cluster with respect to the native and TEC-derived dimer are listed in the legend

of each panel. Percentage of overlap over the P(r) curves is listed in parenthesis in the legend.

xxiii
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B3

B4

BS5

A library of reported K48-linked (top) and K63-linked (bottom) Ub2 structures samples a
range of conformations. (A) RMSD calculated for 85 K48-linked Ub2 structures relative to
2PE9 (compact), 2LVP-12 (intermediate) and 2KDF-6 (extended); and 37 K63-linked Ub2
structures relative to 3DVG (compact), 3JSV (intermediate) and 2ZNV-1 (extended). (B) Heat
map generated from absolute differences between P(r) curves to show structural variability
among reported structures, arranged according to their R, values. K48-Ub2 (orange/grey),
K63-Ub (green/grey). (C) Evaluation of P(r) overlap between native and TEC-derived Ub2 to
reported structures presented in the heat map. The extent of overlap (from 50 % to 100 %) is
illustrated with bar graphs. . . . . . . . . ... L
Minimal ensemble search for native (left) and TEC-derived (right) K48-linked Ub2. MES
analysis identified (A) 2LVQ- 24 (for native) and 2LVQ-6 (for TEC) as the single best-fit
structures; (B) 11 % 3NS8, 89 % 21L.VQ-24 (for native) and 39 % 3AUL, 61 % 2L.VQ-23
(for TEC) as the best two-state ensemble; (C) 24 % 2LVP-12, 26 % 3NS8, 5 % 2L.VQ-21
(for native) and 33 % 21.VQ-24, 32 % 21.VQ-21, 36 % 3NS8 (for TEC) as the best three-state
ensemble. (D) To show the range of fitting scores, % values for the worst fit one-state structure
and the best MES fits are plotted. Hydrophobic patches centered on Ile44 and Ile36 are shown
in blue and purple, respectively. Structures were visualized in Chimera. . . . . . ... .. ..
Distance distribution P(r) comparison of K48-linked Ub2 ensembles. P(r) curves for the best
1 state, 2 states and 3-states fits are shown for native (left) and TEC-derived (right) Ub2. (A)
The best 1 state for native Ub2 has 91 % P(r) overlap with the native experimental data and
88 % overlap with the non-native experimental data. The best 1 state for TEC-derived Ub2

has similar overlap with both experimental datasets. (B) and (C) The best 2-state and 3-state

XX1V

fits for native and TEC-derived Ub2 have greater than 90 % P(r) overlap with experimental data.175



B6

B7

B8

B9

Minimal ensemble search for native (left) and TEC-derived (right) K63-linked Ub2. MES
analysis identified (A) 3A1Q (for native) and 3JSV (for TEC) as the single best-fit structures;
(B) 55 % 2WX1, 45 % 2RR9 (for native) and 51 % 3A9J, 49 % 2RR9-15 (for TEC) as the
best 2-state ensemble; (C) 25 % 2WXO-1, 41 % 2RR9-17, 34 % 2WX1 (for native) and 4 %
2WXO0-2, 49 % 2RR9-15, 47 % 3A9] as the best 3-state ensemble. (D) To show the range
of fitting scores, 1 values for the worst fit 1-state structure and the best MES fits are plotted.
Hydrophobic patches centered on Ile44 and Ile36 are shown in blue and purple, respectively.
Structures were visualized in Chimera. . . . . . . ... ... ... ... . L.
Hydrolysis of native and TEC-derived K6 Ub2 by USP15. End point assays (time fipg = 1.5
min) using both Ub2 at the indicated range of substrate concentrations and constant USP15
concentration of 200 nM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-

Ub standard [3.7 uM], indicated as “S”, were also included in every gel. (Related to Figure

Hydrolysis of native and TEC-derived K48 Ub2 by USP15. End point assays (time fizq = 1.5
min) using both Ub2 at the indicated range of substrate concentrations and constant USP15
concentration of 200 nM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-

Ub standard [15 uM], indicated as “S”, were also included in every gel. (Related to Figure

Hydrolysis of native and TEC-derived K63 Ub2 by USP15. End point assays (time fizq = 1.5
min) using both Ub2 at the indicated range of substrate concentrations and constant USP15
concentration of 200 nM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-

Ub standard [15 uM], indicated as “S”, were also included in every gel. (Related to Figure

XXV



B10

B11

B12

B13

B14

Hydrolysis of native and TEC-derived K63 Ub2 by AMSH. End point assays (timefina = 5
min) using both Ub2 at the indicated range of indicated substrate concentrations and con-
stant AMSH concentration of 500 nM. All experiments were run in quadruplicates: enzyme

was added to three replicates and only buffer was added to the remaining sample. Mono-Ub

XXVi

standard [10.5 uM], indicated as ““S”, were also included in every gel. (Related to Figure 4.6B.) 183

Hydrolysis of native and TEC-derived K48 Ub2 by OTUB2. End point assays (time fizq =
1.5 min) using both Ub2 at the indicated range of indicated substrate concentrations and con-
stant OTUB2 concentration of 740 nM. All experiments were run in quadruplicates: enzyme
was added to three replicates and only buffer was added to the remaining sample. Mono-Ub
standard [15 uM], indicated as “S”, were also included in every gel. (Related to Figure 4.7A.)
Hydrolysis of native and TEC-derived K48 Ub2 by OTUB2. End point assays (time fiza =
1.5 min) using both Ub2 at the indicated range of indicated substrate concentrations and con-
stant OTUB2 concentration of 740 nM. All experiments were run in quadruplicates: enzyme
was added to three replicates and only buffer was added to the remaining sample. Mono-Ub
standard [15 uM], indicated as “S”, were also included in every gel. (Related to Figure 4.7A.)
Hydrolysis of native and TEC-derived K11 Ub2 by OTUD7B. End point assays (time finq = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B
concentration of 200 nM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-
Ub standard [13.4 uM], indicated as “S”, were also run in every gel. (Related to Figure 4.7A.)
Hydrolysis of native and TEC-derived K48 Ub2 by OTUD7B. End point assays (time fipq = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B
concentration of 2 uM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-

Ub standard [15.7 uM], indicated as “S”, were also included in every gel. (Related to Figure

184
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B15 Hydrolysis of native and TEC-derived K63 Ub2 by OTUD7B. End point assays (time fina = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B
concentration of 2 uM. All experiments were run in quadruplicates: enzyme was added to
three replicates and only buffer was added to the remaining sample. Two replicates of mono-

Ub standard [15.7 uM], indicated as “S”, were also included in every gel. (Related to Figure

B16 Configuration of linear and branched Ubchains. . . . . . . . .. ... ... ... ... ...,
B17 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K6 — K6 linked linear Ub trimer. (B) Predicted conformational ensemble for K6 — K6
linear trimer. . . . . . . . . . . . o o e e e e
B18 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K6 — K48 linked linear Ub trimer. (B) Predicted conformational ensemble for K6 — K48
linear trimer. . . . . . . . . . . . o i e e e e e e
B19 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K11 — K11 linked linear Ub trimer.(B) Predicted conformational ensemble for K11 — K11
linear trimer. . . . . . . . . . . . o i e e e e e e
B20 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K11 — K63 linked linear Ub trimer. (B) Predicted conformational ensemble for K11 — K63
linear trimer. . . . . . . . . . . . o i e e e e e
B21 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K27 — K27 linked linear Ub trimer. (B) Predicted conformational ensemble for K27 — K27
linear trimer. . . . . . . . . . . . o i e e e e e e
B22 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K29 — K29 linked linear Ub trimer. (B) Predicted conformational ensemble for K29 — K29
linear trimer. . . . . . . . . . . . o i e e e e e
B23 (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K33 — K33 linked linear Ub trimer. (B) Predicted conformational ensemble for K33 — K33

linear trimer. . . . . . . . . . o o e e e e e e e
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B24

B25

B26

B27

B28

B29

B30

Cl

XX viii

(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K48 — K6 linked linear Ub trimer. (B) Predicted conformational ensemble for K48 — K6
linear trimer. . . . . . . . . . . . . L e e e e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K48 — K48 linked linear Ub trimer. (B) Predicted conformational ensemble for K48 — K48
linear trimer. . . . . . . . . . . . . L e e e e e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K63 — K63 linked linear Ub trimer. (B) Predicted conformational ensemble for K63 — K63
linear trimer. . . . . . . . . . . .. L e e e e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K6 — K48 linked branched Ub trimer. (B) Predicted conformational ensemble for K6 —
K48 branched trimer. . . . . . . . ... e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K11 — K48 linked branched Ub trimer. (B) Predicted conformational ensemble for K11 —
K48 branched trimer. . . . . . . . ... e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K11 — K63 linked branched Ub trimer. (B) Predicted conformational ensemble for K11 —
K63 branched trimer. . . . . . . . ... e
(A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K48 — K63 linked branched Ub trimer. (B) Predicted conformational ensemble for K48 —

K63 branched trimer. . . . . . . . . . . .. e e

Stereo image of the omit electron density for each of the skip residues. Omit electron density
for the residues surrounding (A) Skip 1 (T1188) H1186-A1191, (B) Skip 2 (E1385) (C) Skip

3 (E1582), and (D) Skip 4 (G1807) 1803-1812. In all cases the indicated amino acids were

212

214

216

218

removed from the model and subject to cycles of refinement. The maps were contoured at 2.0 6.231



Cc2

C3

C4

Sequence logos of the flanking regions of sarcomeric and non sarcomeric myosin skip residues.
The sequence of 30 amino acids surrounding each skip residues is shown with the nomi-
nal heptad repeat positions reported at the top whereas the observed designation for human
cardiac MyH7 Skip 3 is shown above that alignment. Skip residues are identified by an as-
terisk symbol. Amino acids in single letter code are color-coded according to the follow-
ing scheme: polar, green; neutral, purple; basic, blue; acidic, red; and hydrophobic, black.
For each skip residue, the top and bottom sequences correspond to the sarcomeric and non-
sarcomeric MYH9, MYH10, MYH11 and MYH14) myosin regions respectively. The lack of
Skip 2 residue in non-sarcomeric myosins is indicated by a gap in the sequence. . . . . . . . .
Sequence alignment and electrostatic surfaces for Skip 1, 2, and 3. The sequence is shown for
two heptads on either side of the nominal skip residues which is depicted in blue and marked
with an asterisk on the ribbon representation. The surface potential colored in blue and red
for positively and negatively charged regions and was calculated with the program APBS in
Pymol [14-16] . . . . . o
Implicit solvent simulations lead to similar results as explicit solvent simulations. The RMSF
and DCOM analysis of the simulations of Skip 3 and recoiled Skip 3 deletion AS3-R with
explicit solvent calculation are shown in panels (A) and (B), where Skip 3 is depicted in black
and AS3-R is depicted in blue. Clustering analyses of the same simulations of Skip 3 and
the recoiled Skip 3 deletion, AS3-R are shown in panels (C) and (D) where the color code
differentiates between distinct clusters. The representative member of the most populated
cluster is shown on the right hand side (blue), aligned on the Skip 3 crystal structure (grey).
The RMSD of the representative members with respect to the crystal structure are shown

underneath the structures along with their percentages in the population. . . . . . . .. .. ..
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C5

C6

C7

C7

Folding domains do not influence the outcome of the simulations. The RMSD results for Skip
3 (black, simulation started from a uncoiled conformation rather than coiled-coil model) and
Xrec4 - Skip 3 (blue) with implicit solvent are represented in panels (A) and (B) and the color
code represents different clusters. The representative member of the most populated cluster is
shown on the right hand side (blue), aligned on the Skip 3 crystal structure (grey). The RMSD
of the representative members with respect to the crystal structure are shown underneath the
structures along with their percentages in the population. RMSF and DCOM results are shown
in panels (C) and (D), respectively. . . . . . . . . . . . e
Analysis of the molecular dynamics simulations for Skip 1 and 2. Clustering analysis of the
simulations for Skip 1, AS1, Skip 2, AS2 is shown in (A)-(D) respectively. DCOM, average
distance between the center of masses of the two o-helices for Skip 1 and Skip 2 are shown in
(E) and (F). The RMSF are displayed in (G) and (H) for Skip 1 (Left) and Skip 2 (Right). The
wild-type and AS constructs in panels (E) - (H) are depicted in black and red, respectively.
Effects of skip residue deletions/recoiling and mutant overexpression on myosin incorporation
into sarcomeres. (A) Structure of a cytoplasmic aggregate imaged from cardiomyocytes trans-
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Chapter 1

Wisconsin Initiative for Science Literacy:

Introduction for a General Audience

1.1 Overview

The world around is always changing because molecules move. To understand main concepts in
physics, chemistry and biology, it is essential to study the motion of molecules. A fundamental goal of
research is to learn how molecules, specifically proteins, function. This implies that at the microscopic level
the movement of atoms and molecules provide certain functions such as chemical reactions, molecular recog-
nition and protein synthesis. In this work, I have used the power of computational methods to understand
the structure and function of a few different proteins in the human body, in the light of some experimental

findings.

1.2 What are Proteins and Amino Acids?

To start with, the amino acid is the building block of proteins. There are twenty naturally occurring
amino acids and each one of them is different. Basically, multiple amino acids are linked together to form
chains called proteins. Amino acids, linked together in different combinations, are used in different combi-
nations to build thousands of proteins that the body needs to survive. Not just humans though, all organisms
need proteins to maintain life. They form your muscles, they form your skin and they are even on the surface

of cells.



Figure 1.1: The structure of an alpha amino acid. The side chain is depicted by an R group.



Structure of all amino acids are similar. All amino acids are formed of a backbone and a side-chain.
The backbone is the same for all amino acids and it is formed by a carboxyl group (COOH), an amino group
(NH>) and a second carbon that connects the those two groups with the side-chain (R) (Fig. 1.1). The side-
chain is the what makes each amino acid different. There are two main categories for the side-chains: polar
and non-polar. These names imply whether the electron distribution is uniform within the chain, in other
words it refers to the way the side groups interact with their environment. The polar and nonpolar nature of
the side-chains help the amino acids to point towards water (hydrophilic) or away from water (hydrophobic).

As proteins are synthesized, they start as a straight chain of amino acids. As the chain grows, it starts
to form twists and turns; similar to a twisted piece of yarn, it starts to curl up. Some amino acids within
the proteins prefer to interact with the others along the chain form this telephone cable like structure, that
particular structure is called an o-helix. While others take the shape of a folded sheet and remain on the 2D
plane, in this case the structure is called a B-sheet. There are also flexible regions that link those two structural
elements together. When the protein is long enough, these structural elements also interact with each other.

Considering that there are twenty natural amino acids, there are endless combinations of protein se-
quences (primary structure), o-helices and B-sheets (secondary structure) and how those structural elements
interact with other (tertiary structure) to form the ultimate structure of the protein. And the structure of the

protein is crucial because it determines its function, mechanism and interactions with structures in the cell.

1.3 What are Molecular Dynamics Simulations?

Proteins form different structures, but these structures are often dynamic in nature. Each protein accom-
modates some degree of flexibility and movement. And it is crucial to study those conformational (structural)
states to be able to understand how those proteins function and interact with others. Understanding the con-
formational states can help shed light on the nature of different diseases and can provide drug design and
treatment options.

Molecular Dynamics (MD) simulation technique is a computational method to predict those confor-
mational states. MD solves Newton’s equation of motion over an atomistic model of a molecule to obtain
the trajectory of its motion (F = m X a). The positions of the all atoms in the system are recorded at spec-
ified time points through the simulation. A compilation of force constants, which is called a force field is

obtained through experimental data and it is used to describe the strength of interaction between the atoms.



Cell condition are mimicked through solvating the molecule in a large water box and adding ions.

1.4 Short Summary

Determining the different structures a protein adopts is difficult experimentally, and computational
techniques can be used to gather information on the conformational states of proteins. MD simulation tech-
nique is an efficient tool to obtain conformation states to better understand the structure and function rela-
tionship. The method is highly developed and has high accuracy, however experimental validation is still
required. In my PhD work, I used the MD simulation technique along with the available experimental data
obtained by our collaborators through X-ray crystallography, nuclear magnetic resonance (NMR) and small
angle X-ray scattering (SAXS). I have focused on three main proteins to showcase how different levels of
details incorporated in the simulations work with experimental data available and specific biological problem
we are interested in. We have learnt that when the right computational approach is couples with the right

experimental data, we can learn gain a deeper understanding on the structure and function and proteins.



Chapter 2

Introduction

2.1 Overview

Molecular dynamics (MD) simulations are powerful tools for understanding the physical basis of the
structure and function of biological macromolecules. The conventional view of protein structures as relatively
rigid is replaced by a dynamic model in which the functional states of a protein fluctuate around a single
native state [1]. Thus the internal motions and resulting conformational changes play an essential role in their
function, with major conformational changes typically taking place on timescales ranging from microseconds
to seconds. MD simulations are powerful tools for modeling such motions, the characterization of which
provides insight into the mechanism and function with different space and time resolutions, which are cum-
bersome to probe experimentally. With the recent developments in molecular dynamics algorithms, software,
and computer hardware, simulation studies of biomolecular systems reached biophysically relevant time scales
(microsecond to millisecond) [2—-12].

Although early force field development was limited by the lack of direct comparisons between simu-
lation and experiment, in the recent years several laboratories have demonstrated direct calculation of NMR
observables from protein simulations [13-16]. Computational techniques have certainly progressed a lot in
terms of speed and force field development and are becoming more powerful. However, validation of results or
prediction through experimental data is crucial since the subtle effects can be overlooked due to approximation
of different simulation methods. For instance, the implicit solvent method is not very efficient in predicting

the ion effects since it lacks the explicit addition of water and the ions. Using experimental data helps us, not



only to improve, but also to validate predictions from computational methods.

Experimental X-ray or NMR structures are usually used as the starting point for studies of the relation-
ship between protein structure and function. Such structures, however, do not generally describe the dynamic
properties that may be as important to protein function and regulation as the atomistic positioning of backbone
and side-chain atoms. MD simulations provide a unique ability to directly describe the dynamical aspects
of protein structure by tracking the time-dependent positions of all atoms in the system. Moreover, from an
experimental point of view, the approximations followed to improve the techniques need to be tested. Of
course validation through experiments is often difficult and expensive and sometimes even not even possible
due to limitations of each technique. For instance, in X-ray crystallography different conditions and solu-
tions are used to improve crystallization or structures are fused with other proteins to enhance solubility. To
test whether these modifications have an impact in the ensemble of conformations, MD simulations can be
addressed.

Furthermore, without simulations experimental techniques cannot provide both spatial and time reso-
lIution. SAXS and wide angle X-ray scattering (WAXS) only provide low resolution structural information,
whereas X-ray crystallography gives a static image. NMR, on the other hand, provides a small number of
conformations fluctuating around the equilibrium conformation that are present at the conditions used in the
experiment. Simulations are essential to accompany those experimental results to test the validity of the ap-
proximations, test hypotheses made based on the experiments and to improve limited structural knowledge
obtained by experimental techniques.

Therefore, the most efficient approach to study structure and function relationship is to use a combina-
tion of experimental and computational techniques. Both approaches should be used together to improve and
validate our techniques, results and hypotheses. There has been considerable effort in combining experiments
with simulations. An important number of studies have focused on force field development and improve-
ment with NMR observables. [13—17] There are several efforts to improve and filter the simulation results,
but those are mostly limited to low resolution techniques via SAXS and WAXS. [18-27] However, different
computational methods can be used in combination with a variety of techniques. Furthermore, some biolog-
ical problems require integrating a multi-scale approach. For instance, constructing an atomistic model for

the assembly myosin fibers formed by myosin rod in the thick filament of the cardiac muscle myosin essen-



tially requires atomistic level high resolution data. Although, the modeling should start with a low resolution
method for construction of the initial model via homology modeling and coarse-graining. The level of detail
can then be improved based on atomistic simulations and fluorescence resonance energy transfer (FRET). Dif-
ferent biological problems require different time and space resolutions, and the complex nature of biological
processes require a multi-scale approach. In this work, I combine experimental data from our collaborators

with MD simulations with varying time and space resolutions.

2.2 Innovation

The primary goal of my doctoral work is to employ MD simulation methods to better understand the
relationship between protein structure, conformational ensemble, and function by incorporating the available
experimental data obtained from X-ray crystallography, NMR and SAXS. Previous studies focused mainly
on low-resolution principles. [21, 24, 28-31] In this work, I have used different levels of resolution while
incorporating experimental data. Atomistic level studies on hLtn teach the effect of local interactions on the
stability, whereas studying conformational ensembles of Ub chains teaches us how to study large conforma-
tional changes. Working on myosins, on the other hand, provides an opportunity to combine both atomistic

explicit solvent and implicit solvent methods.

2.3 Overview of the Methods Used

Using the right force field along with the right solvation methods is crucial for accurate representation
of systems simulated. The choice of solvation method is critical for the accuracy and the speed of the simu-
lations, and it should be chosen carefully according to problem in hand. Explicit solvent simulations involves
the presence of water molecules explicitly in the simulation box. While this approach enables addition of ions,
small molecules and other solvent molecules in the simulation and provides a more reliable atomistic detail
compared to implicit solvent approach, it is computationally expensive. In implicit solvent, on the other hand,
effect of solvation is applied through a continuum mechanics model, and ion concentration is treated with
Debye-Huckel. Lack of explicit water molecules reduces the number of atoms to be simulated dramatically,
and hence allows us to simulate faster. However, implicit solvent should be used with caution since it might
overlook the ionization effects.

For implicit solvent simulations, ff99SBnmr and ff14SBonlysc force fields are used along with the



Generalized Born (GB) approach. I chose to use GB along with the implicit solvent simulations owing to the
fact that GB simulations provide ~100 fold higher efficiency compared to the explicit solvent when GPUs
are incorporated. [3, 32, 33] This means that by using implicit solvent instead of the explicit solvent, a time
efficiency of 100 fold is obtained. This allows the user to larger system or longer trajectories without having to
wait months or even years for explicit solvent simulations to obtain similar conformational ensembles. Longer
time-scales can allow us to identify new physical interactions and structural motifs important for the stability
of each fold. Production implicit solvent simulations are carried out for a minimum of 600 ns up to 3 us.
Salt concentration is regulated through Debye-Huckel theory, and the concentration is set to the physiological
NaCl concentration, 0.15 M unless otherwise stated.

Explicit solvent method is better suited for studying atomistic details and electrostatic interactions;
however, implicit solvent provides efficiency and thus wider sampling of the conformational space. Each

method will be carefully fitted to each system studied.

2.4 Synopsis of the Biological Questions Studied

24.1 Conformational Duality in the Human Lymphotactin System

For the vast majority of proteins, the native conformations are determined by the sequences. [1] The
functional states of a protein fluctuate around a single, minimum energy, native state. However, this empirical
rule has been broken by the discovery of metamorphic proteins. The human lymphotactin (hLtn) system is a
metamorphic protein that adopts two distinct conformations depending on the environmental conditions. The
first conformation (hLtn10) exists at ~10 °C with 0.20 M salt and exists as a monomer, while the second
conformation (hLtn40) is most stable at ~40 °C with no salt and exists as a dimer (Fig. 2.1). Under physio-
logical conditions (~37 °C and 0.15 M NaCl) two folds co-exist in equilibrium. In fact, both conformations
are functional and physiologically relevant. [34] hLtn10 binds to XCR1 and thereby induces intracellular cal-
cium mobilization and chemotaxis. Yet hLtn40 binds to glycosaminoglycans (GAGs) but not the Ltn XCR1
receptor, and this interaction is necessary for leukocyte recruitment by chemokines. [34]

The overall transition between hLtn10 and hLtn40 takes place at a rate of ~1 s, which is indicative of
a large energy barrier. [35] Although the exact mechanism is unknown, the transition from monomer (hLtn10)

to dimer (hLtn40) is not merely an isomerization process. The interconversion between the two states requires



Figure 2.1: Ltn native-state interconversion. Structural rearrangement in the Ltn native state exchanges a func-
tional GPCR agonist with the canonical monomeric chemokine fold (Ltn10) for a novel all B-sheet dimer with
high affinity for extracellular matrix GAG (Ltn40). The two Ltn native state structures are equally populated

at physiological conditions of temperature and ionic strength, and interconvert at a rate of ~1 s~
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complete unfolding through disruption of the hydrogen bonding network defining the secondary structure and
refolding. Between the two structures, all long-range interactions are replaced by a new hydrogen bonding
network, tertiary and quaternary contacts. [35, 36] Residues buried in the core become solvent exposed during
the transition from monomer to dimer. To accommodate the dimer interface, this structural change produces a
new hydrophobic surface on hLtn40.

NMR structures from our longtime collaborator, Prof. Brian Volkman reveal that Vall5, Val37, Phe39,
Thr41 and Ala49 are in the hydrophobic core of hLtn10, yet they are solvent exposed in hLtn40. Leu34,
Ala36, I1e38 and Ile40 are buried in hLtn40, but they reside on the surface of hLtn10. Moreover, when
Trp55, normally buried in the hydrophobic core of hLtn10, is mutated to Asp, the equilibrium shifts towards
hLtn40. [34, 36, 37] Comparison of surface plasmon resonance analysis of heparin binding affinities [38] with
HSQC spectra of WT, R23A and R43A mutants [39] revealed that each change enhances hLtn10 stability and
shifts the hLtn40 conversion to higher temperatures. This effect increases for R23A/R43A double mutant. [39]
The change in unfolding free energies upon mutation of charged residues indicated that although Lys25 and
Arg35 reside in the same core region with Arg23 and Arg43, their mutations do not affect the unfolding free
energies. [40] Work by Formaneck et al [41] provided evidence that the Arg23—Arg43 association is stabilized
with a chloride ion in solutions of higher (200 mM) salt concentration. In the absence of the stabilizing
chloride, the conversion to hLtn40 prevents the electrostatic repulsion between Arg23 and Arg43 by placing
them ~20 A apart. These findings imply that electrostatic interactions play an important role in hLtn10-hLtn40
conversion.

In Chapter 2, I have identified additional physical interactions and structural motifs that govern the
relative stabilities of hLtn10 and hLtn40 species through extended implicit and explicit solvent simulations.
Tweaking those interactions can help regulate the hLtn conversion rates, through stabilization (or destabiliza-
tion) of either fold. Moreover, I have explored how different charged residues (e.g. Lys25 vs Arg23) alter the

relative stability of the folds.

2.4.2 Ubiquitin Dimers and Selectivity of DUBs

One of the most common post-translational modifications in eukaryotic cells is ubiquitination, the
covalent attachment of a single ubiquitin (Ub) or a chain of Ubs to the target protein. Ubiquitination alters a

protein’s function and its ability to bind to specific biological partners depending on the precise nature of the
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ubiquitination. For instance, modification of a protein with Lys63-linked poly-Ub has a key role in signaling
for many biological processes, whereas proteins bound to Lys48-linked chains are targeted for degradation
by the proteasome. The overall structure of ubiquitin is compact and held together by a strong network of
hydrogen bonds. Ub covalently binds to other Ubs through one of the seven lysines (Lys6, Lysl11, Lys27,
Lys29, Lys33, Lys48 and Lys63 on one Ub (Fig. 2.2) and the C-terminal glycine on the target Ub, forming an
iso-peptide bond. [42] A hydrophobic patch on the surface formed by Leu8, Ile44 and Val70 [43, 44] enables
recognition and binding to target proteins, and this patch is critical for the core processes of Ubs such as
proteasomal degradation and endocytosis. However, it is not yet understood if this hydrophobic patch has a
role in the formation of the poly-Ub chain itself. An additional hydrophobic patch, consisting of Ile36 [45],
Leu71 and Leu73 [44], also provides binding specificity to target proteins.

Ubiquitination is reversible through deubiquitinases (DUB). DUBs directly cleave Ub modifications
from the target protein or trim the attached oligomeric Ub chains. Since ubiquitination plays an important
role for many cellular processes such as cell-cycle progression, viral infection and immune response [46-50],
the balance of attachment and cleavage of Ub to target proteins is crucial, and defects in these processes
are associated with numerous diseases, including cancers, neurological disorders and cardiac problems. [46—
50] Although ubiquitination and deubiquitination processes are crucial for the homeostasis of the cell, the
exact mechanism through which DUBs act is not yet known. One major challenge is the lack of structural
information for most Ub chains to extract information on structure-function relationships.

The Strieter group has recently developed an elegant chemical approach that enables access to a wide
array of chemically-defined Ub chains via free radical thiol-ene polimeryzation. [51, 52] With this thiolene
polymerization technique, specific Ub chains can be synthesized and used as substrates in activity assays with
various DUBs. It is already known that DUBs are selective in hydrolyzing Ub chains. [53] This technology
led to the discovery that DUBs cleave not only Ub monomer but Ub chains, although selectively based on
the size and the linkages. [52] The oligomeric Ub chains are formed via modification of a single Ub subunit
with two or more Ub molecules through the seven lysine residues found in Ub structures (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48 and Lys63). [54, 55]

In Chapter 3, I have constructed ensembles of conformations for defined Ub chains to investigate the

selectivity of DUBs. In order to unveil molecular and mechanistic details underlying the debranching activity
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of DUBSs, an arsenal of techniques is used in collaboration, including small angle X-ray scattering (SAXS),

homology modeling and molecular dynamics simulations.

2.4.3 Structure, Function, and Flexibility of the Conserved Skip Residues in the Cardiac Muscle

Myosin and Assembly of a Larger Segment of the Myosin Rod

Muscle contraction is driven by the interaction between myosin and actin and the associated hydrol-
ysis of ATP, but the long-range transmission of force resides in the fundamental ability of myosin and actin
to self-assemble into organized thick and thin filaments respectively. This region can be divided into two
parts; subfragment-2 (S2) and light meromyosin (LMM). The ability to self-assemble into thick filaments at
physiological ion concentration resides in LMM. LMM is within the cardiac B-myosin and extends from ap-
proximately residues 1140 to 1935 [56]. Conversely, S2, which is soluble at low ionic strength, allows the
motor domains or myosin heads to extend a variable distance away from the backbone of the thick filament
to interact with actin during muscle contraction. The myosin tail is predicted to be mostly o-helical and to
form a dimeric coiled-coil. The physiological importance of this region of myosin is underscored by the large
number of mutations in this region of the motor that lead to cardiomyopathies.

The myosin thick filament has been the subject of many structural studies including both X-ray diffrac-
tion and electron microscopy [57-60]. It has been shown that the thick filament is bipolar, where the center of
the filament is formed from an anti-parallel arrangement of myosin molecules. This leaves a central bare zone,
approximately 160 nm wide that lacks myosin heads. On either side of the bare zone the myosin molecules
assemble in parallel arrays to create fibers that are ~1.8 um in length.

The sequence for the myosin rod is highly conserved and displays an overall distribution of amino acids
that is characteristic of an a-helical coiled-coil. Furthermore, it shows a remarkable 28 amino acid repeat that
itself exhibits an alternating pattern of positively and negatively charged amino acids suggestive of a staggered
interaction between adjacent rods in the thick filament [61]. Interestingly, the repeat sequence is disrupted at
four locations in skeletal and cardiac myosin by the presence of additional skip residues.

The role of the skip residues has not been defined, even though the spacings of these (Fig. 2.3) are
completely conserved across all class II myosins [62]. Indeed, sequence analysis of the charge distributions
across a wide range of myosins suggests that the skip residues have a critical role in keeping long-range

charge distributions on opposing myosin rods in phase [62]. The residues immediately surrounding the skip
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residues show a lower predicted coiled coil propensity compared to that of a canonical motif, suggesting that
these regions might exhibit conformational flexibility that may be important in allowing the filaments to pack
together in the thick filament.

Despite the considerable effort over the past forty years to model the arrangement of myosin rods in
the thick filament [59, 60, 63], the molecular organization of the myosin rods is not well understood. The high
degree of sequence conservation and sensitivity to mutations that cause cardiomyopathies strongly indicates a
more ordered series of interactions within the filament. In Chapter 4, I present our work on the role of the skip
residues as well as the effect of surrounding residues. Also in Chapter 5, I have shown our work on building an
atomistic model for larger portion of the myosin rod by combining our knowledge and expertise on working

with different resolutions.
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Chapter 3

Investigation of Electrostatics and Hydrophobic Effects in

the Metamorphic Protein Human Lymphotactin'

IReprinted (adapted) with permission from “Interplay of electrostatics and hydrophobic effects in the metamorphic protein human
lymphotactin”, E. N. Korkmaz, B. F. Volkman and Q. Cui, J. Phys. Chem. B 119, 9547 (2015). Copyright 2015 American Chemical

Society.
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3.1 Introduction

One classical paradigm in molecular biology, also known as Anfinsen’s dogma, is that the three-
dimensional native structure of a protein is entirely determined by its amino acid sequence [1]. In recent
years, a growing number of proteins are known to violate this rule: their structure undergoes significant trans-
formations upon the change of solution condition and/or binding to other molecules. Notable examples are
prion proteins [2] and intrinsically disordered proteins (IDPs) [3, 4], which become more structured upon
binding to their partner protein or a ligand such as DNA. Another class of relevant systems are called “meta-
morphic” proteins [5, 6], which undergo major topological changes upon specific perturbations. Unlike prions,
the conformational transitions in metamorphic proteins are reversible, and different folds can co-exist within
the cell. In contrast to IDPs, metamorphic proteins interconvert between well-structured states. The discovery
of these metamorphic proteins and the study of proteins whose fold is highly sensitive to small variation in
sequence [7—10] pose interesting new questions regarding the relationship between protein sequence, struc-
ture and function. Indeed, understanding how multiple native folds are encoded into a protein sequence [11]
and revealing the physical mechanisms that underlie the conversion among the different fold topologies has
implications in a number of important areas including structural biology, protein evolution, protein design and
human disease.

A remarkable example of metamorphic proteins is human lymphotactin (hLtn) [12] in which changes
in temperature and salt concentration trigger a dimerization process and all native contacts within the subunits
are changed. For instance, hLtn is predominantly a monomer (hLtn10) at 10 °C with 200 mM salt while the
dimeric form (hLtn40), which features significant rearrangements in the backbone hydrogen bonding contacts
(see below), is more stable at 40 °C and low salt. Under physiological condition (37 °C and 150 mM salt),
the two folds coexist and play different physiological functions [13, 14]. hLtn10 binds to XCRI1 and thereby
induces intracellular calcium mobilization and chemotaxis. hLtn40 binds to glycoaminoglycans (GAGs) but
not the XCR1 receptor; GAG binding is crucial for leukocyte recruitment in vivo. Therefore, understanding
factors that dictate the relative stability of the two folds and the conversion between them will aide the design
of strategies for development of potent conformation-specific allosteric inhibitors.

The NMR structures for hLtn10 (Fig.3.1A) and hLtn40 (Fig.3.1B) reveal that the interconversion is
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not a simple dimerization process. The interconversion involves disruption of all hydrogen bonds in the three-
stranded antiparallel 3-sheet of hLtn10 [15, 16] and formation of a new four-stranded 3-sheet accompanied by
the loss of the C-terminal a-helix [12]. Between the two structures, all long-range interactions are replaced by
a new hydrogen bonding network, tertiary and quaternary contacts. Many residues that are buried in the core
in one fold become solvent exposed after the transition, and vice versa. The structural changes lead hLtn40
to form a new hydrophobic surface in order to accommodate a dimer interface. Therefore, it is likely that the
interconversion requires the complete unfolding and refolding, rather than a well-structured intermediate; this
mechanistic hypothesis is consistent with the kinetic analyses of hLtn10/hLtn40 interconversion and unfolding
of the two species [17].

The hLtn system represents a remarkable example for how environmental properties, such as salt and
temperature modulate protein stability through the interplay of electrostatics and hydrophobic interactions
[18-20]. Prior to the solution of the NMR structure for hLtn40 [12], our molecular dynamics (MD) studies
[21, 22] focused on probing changes in structural stability of hLtn10 at the scale of tens of nanoseconds when
temperature and salt concentration was varied separately. Although these simulations were clearly shorter
than the interconversion time scale (~1 second) [17], they revealed the structural features most sensitive to
the change of solution condition. For example, ion association to protein surface is highly dependent on the
local sequence and enhanced with the increase in temperature [21, 22]. This is in line with the findings from
Elcock [20, 23] that electrostatic (salt bridge) interactions are robust to changes in temperature and hence are
better suited for promoting protein stability at high temperatures.

A specific observation from the MD simulation of hLtn10 [21] was that, at high salt (200 mM) con-
centration, a chloride ion was stabilized at the protein surface by simultaneously binding to the side-chains of
Arg 23 and Arg 43. In the absence of salt, it is conceivable that the electrostatic repulsion between the Arg
residues contributes to the conversion of hLtn10 to hLtn40, in which the pair of Arg residues are far apart.
This reasoning stimulated Volkman and co-workers to more systematically explore the contributions from
electrostatic interactions among side-chains to the relative stability of hLtn10/hLtn40 [24]. By inspecting the
NMR structural ensembles for hLtn10 and hLtn40, they identified pairs of charged residues whose distances
have changed upon interconversion. The list includes both like-charge pairs that repel in one state (e.g., Arg

23 — Arg 43 in hLtn10) and opposite-charge salt-bridges that exist in only one structure (e.g., Lys 25 — Gu 31
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Figure 3.1: NMR structures for (A) hLtn10 (PDB code 1J90 [15]) and (B) hLtn40 (PDB code 2JP1 [12]). The
charged side chains are shown with stick representation in red for negatively charged and blue for positively
charged amino acids; residues are labeled only for one monomer in hLtn40 for clarity. The C-terminal tail
consisting of residues 71 — 93 in Ltn10 is not included for clarity; residues after 60 in each monomer of hLtn40

are not resolved in the NMR structure.
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and Arg 9 — Asp 50 in hLtn40). In some cases, the measured change in stability upon mutation was consistent
with the electrostatic reasoning. For example, comparison of surface plasmon resonance analysis of heparin
binding affinities [13] and HSQC spectra of WT, R23A and R43A mutants [14] revealed that both mutations
enhance hLtn10 stability [24] and shift the conversion to hLtn40 at higher temperatures. The effect further
increases for the R23A/R43A double mutant [14, 24]. However, mutation of many other charged residues in
the list did not lead to any significant changes in stability; examples include Lys 25 and Lys 35, which reside
in the same core region as Arg 23 and Arg 43 (see Fig.3.1).

One possible rationale for the lack of any significant contribution from some of the analyzed charged
residues is that the conformations they adopt in solution are very different from those in the limited number
of structures included in the NMR ensemble, thus they are, in fact, not involved in any major electrostatic
repulsion as conjectured in Ref.24. This consideration calls for a better characterization of the structural
ensembles of hLtn10 and hLtn40 under different solution conditions, and we do so with atomistic MD simu-
lations using both explicit and implicit solvent models in this study. By comparing the interaction patterns of
charged residues in the two folds under different conditions, we aim to better reveal electrostatic interactions
that contribute to the relative stability of hLtn10/hLtn40. In particular, we hope to explain the trends observed
in Ref.24 and identify additional interactions that can be experimentally validated.

Although the importance of salt concentration to the hLtn10/hLtn40 conversion highlights the role of
electrostatics, the temperature dependence suggests that hydrophobic effects are also involved. According to
the NMR structures [12, 15, 16], Val 15, Val 37, Phe 39, Thr 41 and Ala 49 are in the hydrophobic core of
hLtn10 but solvent exposed in hLtn40. By contrast, Leu 34, Ala 36, Ile 38 and Ile 40 are buried in hLtn40
but reside on the surface of hLtn10. Moreover, mutation of Trp 55 to Asp, which is buried in the hydrophobic
core of hLtn10, shifts the equilibrium towards hLtn40. [12, 15, 16] Therefore, another goal of our current
study is to use the MD ensemble to better identify hydrophobic sites that likely dictate the relative stability of
hLtn10/hLtn40. These predictions can be probed by future mutation experiments.

In the following work, we first summarize the computational models and simulation details. Next we
analyze both electrostatic interaction networks and hydrophobic sites that undergo substantial changes upon
the conversion from hLtn10 and hLtn40. The results are discussed in the context of available experimental

data [24]. We also compare the effectiveness of explicit and implicit solvent simulations for characterizing
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the solution ensembles. As a validation to the conformation ensemble sampled in the explicit solvent MD
simulations, we carry out free energy perturbation calculations to explicitly probe the contribution of electro-
static repulsion between Arg 23 and Arg 43 to the stability of hLtn10 and compare to available experimental

data [24]. Finally, we draw a few conclusions.

3.2 Computational Methods

3.2.1 Molecular Dynamics Simulations

All MD simulations (see Table 3.1) are carried out using the AMBER v12 program [25, 26] with
the ff99SB force field [27] improved with NMR observables (ff99SBnmrl) [28-30]. Recent tests indicated
that ff99SBnmrl provides a reliable description of protein structures with both explicit and implicit solvent
models [31]. All MD trajectories are analyzed mainly via AmberTools v12 [25, 26], and the Multiscale
Modeling Tools for Structural Biology (MMTSB) package [32]. Most property calculations (e.g., distances
between key charged residues, see Tables 3.2, 3.3) are averaged over the last half of each trajectory to ensure
an adequate equilibration within the simulated time scales.

The starting structures are based on the NMR structures for hLtn10 (PDB: 1J90 [15] and 1J8I [15])
and hLtn40 (PDB: 2JP1 [12]). We simulate the two folds at two limiting experimental conditions: at 10 °C
with 200 mM salt, and at 40 °C without salt. From this point forward, we refer to those conditions as s10 and
n40.

In explicit solvent simulations, the TIP3P water model [33] is used along with the ion parameter set
from Joung & Cheatham [34]. Production runs are obtained using constant temperature (10 °C or 40 °C) and
pressure (1 bar) MD with the Anderson thermostat [35] and isotropic position scaling for pressure control.
SHAKE [36] is applied to bonds involving hydrogen, allowing an integration time-step of 1 fs. The non-
bonded cutoff is set to 12 A. Particle-Mesh-Ewald is applied for electrostatic interactions using cubic spline
interpolation, and 108 is set as the size of the charge grid. The simulation box is a truncated octahedron with
an average box length of 98.38 A.

In implicit solvent simulations, the gb7 Generalized Born (GB) approach [37] in AMBER 12 is adopted.
Since the surface area term introduced in Amber is a rather crude approximation [38, 39], we chose to omit the

surface area term (gbsa=0) as done in previous studies [40, 41]. We have selected gb7 as the GB model since
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it includes a correction term to describe the solvent-excluded volume of each pair of atoms [37]. This correc-
tion results in a free energy barrier to the separation of non-bonded atoms similar to that of explicit solvents.
Langevin dynamics is carried out with a collision frequency of 20 ps~! at 300 K. The SHAKE algorithm [36]
is applied to all bonds involving hydrogens, and an integration time step of 1 fs is used. Non-bonded interac-
tions are computed without any cutoff, and the maximum distance between atom pairs (rgbmax) for Born radii
calculations is set to 12 A. Salt effects are described with the Debye-Hiickel theory [42], and the concentration
is set to 200 mM when necessary. The disordered tail of hLtn10 at the C-terminus after residue 60 is truncated
to further enhance the computational speed.

The simulated time scales are summarized in Table 3.1. Explicit solvent simulations range from ~50
to 150 ns, while the GB simulations are carried out to a much longer time scale (~600-800 ns), which is made
possible with GPU computing. [40]. As summarized in Table 3.1, in addition to the WT systems, we have
also conducted simulations for several relevant mutants that implicate the pair of Arg residues (Arg 23, Arg
43) studied in Ref.24. As shown in Appendix A, pair-wise RMSD plots (Figs. Al and A2) for the trajectories
indicate that the conformational ensembles from different simulations under the same condition are similar to
each other, supporting the convergence of key properties of interest here.

Analysis of trajectories are carried out by using the Amber package [25] and the Multiscale Modeling
Tools for Structural Biology (MMTSB) toolbox [32]. The Ca-RMSD and Co-RMSF are calculated using
the core of the structures only (residues 25-70 for hLtn10 and residues 11-51 for hLtn40), excluding the C-
terminal and N-terminal tails since they are not structured based on the lack of long range interactions in the
NOE data [15]. Clustering of the trajectories is carried out using the k-clust command of the MMTSB package

with Ca-RMSD as the similarity measure.

3.2.2 Free Energy Perturbation (FEP) and Linear Response Approximation (LRA)

As a validation to the explicit solvent conformational ensemble, we have carried out FEP calculations
[43—45] to probe the impact of removing the partial charges on Arg 23 or Arg 43 on the stability of hLtn10.
These calculations can be meaningfully compared to the experimental measurements on the relative stability
of the WT, R23A and R43A proteins [24] since the effect of the R23A/R43A mutations on hLtn10 stability is
expected to be dominated by electrostatic interactions. Indeed, the computed solvent accessible surface areas

for Arg23 and Arg43 in hLtn10 are comparable to those found in reference peptides (see below) used to model



Table 3.1: Summary of MD simulations.

System Sequence” Condition Solvent Length (ns)
hLtn10 (s10) WT 10 °C, 200 mM NaCl  TIP3P 90+70
hLtn10 (n40) WT 40 °C, 0 mM NaCl TIP3P 80

hLtn10gg (s10) R230, R430 10 °C, 200 mM NaCl  TIP3P 46
hLtn10gg (s10)  R23K,R43K  10°C, 200 mM NaCl  TIP3P 50
hLtn10 (s10) WT 10 °C, 200 mM NaCl gb7 800
hLtn10 (n40) WT 40 °C, 0 mM NaCl gb7 800
hLtn10 (s10) FEP (R23— 0) 10°C, 200 mM NaCl  TIP3P 11x10
hLtn10 (s10) LRA (R23—0) 10°C, 200 mM NaCl TIP3P 2x50
hLtn10 (s10) FEP (R43— 0) 10°C, 200 mM NaCl  TIP3P 11x10
hLtn10 (s10) LRA (R43— 0) 10°C,200 mM NaCl  TIP3P 2x50
hLtn40 (s10) WT 10 °C, 200 mM NaCl  TIP3P 150+50
hLtn40 (n40) WT 40 °C, 0 mM NaCl TIP3P 100
hLtn40gp (s10) R230, R430 10 °C, 200 mM NaCl  TIP3P 50
hLtn40gk (s10)  R23K,R43K  10°C, 200 mM NaCl  TIP3P 43
hLtn40 (s10) WT 10 °C, 200 mM NaCl gb7 800
hLtn40 (n40) WT 40 °C, 0 mM NaCl gb7 600

28

¢ R230, R430 indicates that the partial charges associated with Arg 23 and Arg 43 are removed. FEP indicates free energy perturbation

with equally-spaced A windows, LRA indicates linear response approximation with simulations conducted only for the end states

(A=0,1).
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the unfolded state of hLtn10, supporting the focus on electrostatic component in the free energy calculations.

The FEP calculations follow the standard thermodynamic cycle [46, 47] to remove the partial charges
on Arg 23 (or Arg 43) in two independent sets of simulations: one set involves the WT hLtn10 (excluding the
C-terminal loop), while the other set involves a short peptide that mimics the unfolded state of hLtn10. For
the latter, we test both a tri-peptide and a nona-peptide with four residues on each side of the Arg of interest:
LPVSRIKTY and FITKRGLKY around Arg 23 and Arg 43 respectively. The FEP calculations involve eleven
windows with the coupling parameter A equally spaced between 0 and 1 with a 0.1 interval. Each window
is simulated with explicit solvent MD for 10 ns, and the FEP data analysis is carried out with the Bennet
Acceptance Ratio (BAR) approach [48].

The advantage of focusing on the electrostatic component here is that the free energy derivatives are
expected to largely follow linear response [49-51]. Thus, we also test the LRA calculations by conducting
longer (~40 ns) simulations for only the end states (A = 0, 1). The results of the FEP and LRA calculations

are summarized and compared in Table 3.4.

3.3 Results and Discussions

In the following, we first investigate the structural stability and side-chain interactions in the hLtn10
and hLtn40 folds under the two conditions that favor each fold: at 10 °C with 200 mM salt (s10), and 40
°C without salt (n40), respectively. Since the stability of each fold is dependent on the salt concentration,
it is hypothesized that electrostatic interactions involving charged side-chains play important roles while the
temperature dependence suggests that hydrophobic effects are also likely relevant. Thus, our analysis focuses
on charged side-chains and hydrophobic residues, especially those experience different environments in the
two folds, since they are expected to dictate the relative stability of the two folds. We then discuss free energy
perturbation calculations that explicitly probe the contributions from Arg 23 and Arg 43 to the stability of
hLtn10. Comparison of the result to experimental data serves to validate the conformational ensemble sampled
in the MD simulations; moreover, the comparison helps establish the appropriate computational protocol (FEP
vs. LRA) that can be potentially used as a screening tool to identify residues important to stability. Finally,
we discuss implicit solvent simulations of hLtn10 and hLtn40. A comparative analysis is presented to discuss

the benefits and limitations of the implicit solvent method for systems whose stability is sensitive to solution
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conditions.

3.3.1 Overall Structural Stability of the WT Protein Under Different Solution Conditions

To characterize the overall structural stability, we monitor the time dependence of secondary structural
elements (Fig.3.2), the time dependence of Ca-RMSD (root mean square difference relative to the starting
NMR structure, Fig.3.3) and residual Ca-RMSF (root mean square fluctuations, Fig.3.4) along the explicit
solvent MD trajectories.

As shown in Fig.3.2A-B, consistent with experimental observations [12, 16], the hLtn10 fold is more
stable under the s10 condition; most of the secondary structures remain intact during the ~80 ns simulation,
with the exception that the N-terminal residues between Pro 20 and Arg 23 undergoes flickering fluctuations
between 3¢ helix and o-helix at the nanosecond time scale. Under the n40 condition (Fig.3.2B), the most
visible differences occur in the N- and C-termini, where the loop region between Arg 9 and Leu 14 starts
forming a short a-helix after 30 ns and also around Thr 79 and Thr 85 as opposed to Glu 83 to Thr 91 under
the s10 condition. The Co-RMSD (Fig.3.3A-B) and Ca-RMSF (Fig.3.4A) plots display comparable trends
for s10 and n40, however RMSD of the representative member of the most populated clusters display slightly
higher RMSD for n40 condition than s10 (1.3 A vs 1.6 A, see Fig.A3). Unexpectedly, the RMSF of hLtn10
is substantially increased in the R23K/R43K double mutant (see Fig.3.4) compared to the WT protein in
particular around 30’s loop which contains Glu 31 and Arg 35. When conditions and charged groups (Arg 23
and Arg 43) are altered the fluctuations of 30’s loop change considerably, as can be identified on representative
structures from clustering as well (see Fig.A1). Although there are no persistent side-chain contacts identified
between the 30’s loop and the charge rich 20’s and 40’s regions (see below), they are apparently coupled.

For the hLtn40 fold, the structure remains very stable in both conditions studied here; there is only
minor difference in the N-terminus for one of the monomers, which forms an o-helix under the n40 condition
(compare Fig.3.2C-D). The same trend is observed in the RMSD (Fig.3.3E-F) and RMSF (Fig.3.4B) plots.
Clustering analysis leads to a single cluster for the hLtn40 fold under both conditions using a threshold of 2.0
A (the value used for hLtn10). Thus, the clustering results shown in Fig.3.3E-F are obtained with a lowered
threshold of 1.5 A. The fact that hLtn40 shows a smaller number of clusters compared to hLtn10 at the same

threshold is qualitatively consistent with the expectation that the dimeric structure is better stabilized than the
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monomer by the fairly extensive dimer interface and it features less disordered regions [52].

3.3.2 Electrostatic Effects: Salt Ion Distribution and Network of Charged Residues

3.3.2.1 Salt ion distribution around the protein

To investigate electrostatic interactions in the two structures, we monitor the ion distribution around
the protein under the s10 condition (Fig.3.5) and interaction network of charged residues under both s10 and
n40 conditions (Tables 3.2 and 3.3).

Regarding the ion distribution, we do not observe any major Na™ association (Fig.3.5C,D) for either
fold, except for a weak interaction with the solvent exposed Glu 31; this association is expected due to the
overall positive-charge of hLtn (+9 for hLtn10) and qualitatively consistent with our previous MD simulations
[21, 22] (although we discussed an interesting enhancement of Na™ association with the C-terminal helix at
the higher temperature of 45°C). The CI~ ions approach the protein surface frequently due to the significant
number of accessible positively charged residues. As shown in the top panels of Fig.3.5, C1~ ions have the
closest encounters with Arg 23 and Arg 43 in the hLtn10 fold, in agreement with our previous observations
from MD simulations [21]. The existence of such a Cl1~ “binding site” is supported by the chemical shift
perturbations observed in recent NMR experiments [24].

It is expected that CI™ binding in this region helps relieve the otherwise repulsive interaction between
the pair of Arg residues and other charged groups in the region, thus providing stabilization of the hLtn10 fold
under the s10 condition. Removing salt therefore destabilizes hLtn10 and facilitates the conversion toward
hLtn40, in which the pair of Arg residues are farther away. This idea is consistent with the experimental
observations that both R23A and R43A mutations stabilized the hLtn10 fold and that the CI~ binding site
was disrupted with the R23A and R43A mutation [24]. Qualitatively consistent with these experimental
observations, once we remove the partial charges of Arg 23 and Arg 43, the hLtn10 fold has substantially
lower fluctuations (Fig. 3.4A) and the C1~ ions move farther away from the protein (Fig.3.5A). Interestingly,
the RMSF for the hLtn40 fold is also reduced when the partial charges of Arg 23 and Arg 43 are removed
(Fig. 3.4B), although the effect appears less striking compared to hLtn10. To probe whether the multivalent
character of the Arg residues is essential for the formation of the C1~ binding site, we also carry out simulations

in which both Arg 23 and Arg 43 are mutated into Lys residues. As shown in Fig.3.5, this has a small impact on
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Figure 3.2: Secondary structure of protein motifs during explicit solvent simulations of WT hLtn under differ-
ent solution conditions. (A) hLtn10, s10; (B) hLtn10, n40; (C) hLtn40, s10; (D) hLtn40, n40. Different colors

represent different secondary structure elements, as shown on the right.
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Figure 3.3: Ca Root Mean Square Deviation (RMSD, A) vs. time during MD simulations of hLtn under
different solution conditions. RMSD is calculated with respect to the initial structures (the NMR model that is
closest to the average NMR conformations from 1J90, 1J8I and 2JP1) using Ca-alignment of the core regions
only (residues 25-70 for hLtn10 and residues 11-51 for hLtn40), excluding the C-terminal and N-terminal tails.
Color coding is used to display different clusters obtained from clustering at 2.0 A and 1.5 A (using k-clust
in MMTSB) as the threshold for hLtn10 and hLtn40, respectively. Blue displays the most populated cluster,
followed by red. (A) WT hLtn10, s10; (B) WT hLtn10, n40; (C) hLtn10 R0, s10; (D) hLtn10 RK, s10; (E)
hLtn40, s10; (F) hLtn40, n40; (G) hLtn40 RO, s10; (H) hLtn40 RK, s10. See Figs. S3-S4 for representative

structures of each cluster and Figs. Al and A2 for pairwise-RMSD values.
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the C1~ binding, thus the existence of the C1~ “binding site” is likely associated with the overall electrostatic

properties in this region, in agreement with previous Poisson-Boltzmann calculations [21].

3.3.2.2 Network of charged residues

To more systematically identify charged residues that likely contribute to the relative stability of
hLtn10/hLtn40, we have filtered the charged residue pairs that are in close vicinity of each other (within
11 A) during MD simulations of each fold under different solution conditionsTable 3.2 and 3.3. Snapshots
that illustrate key charged residues and the interaction network are shown in Fig.3.6. The distances are mea-
sured based on center of mass of nitrogen atoms (NH1, NH2) of arginine, nitrogen atom (NZ) of lysine and
center of mass of oxygen atoms from glutamate (OE1, OE2) and aspartate (OD1, OD2). In addition to the WT
protein, we have also examined a pair of mutants motivated by the analysis of salt ion distribution as discussed
above (R23K/R43K and a mutant in which the partial charges of Arg 23/Arg 43 are removed, referred to as
R0). Since salt-bridge dynamics on protein surface can be rather stochastic in nature, it is advantageous to
compare multiple simulations to seek consistent trends [53].

For hLtn10, both the WT and mutants analyzed here, only two pairs of salt bridges are highly persistent:
Asp 7 — Lys 46 and Arg 18 — Asp 58, which are observed in the WT hLtn10 under the s10 condition. Recent
MD simulations [52] identified salt bridge interactions Arg 18 — Asp 58 and Glu 31 — Arg 57 based on
simulations at 300 K without salt; the latter was not observed in our s10 and n40 simulations. Interestingly,
even the salt bridge interactions, which we have identified, break apart under the n40 condition and the two
mutants cases in which these residues are not perturbed directly. Therefore, we do not anticipate that these
salt-bridges make an important contribution to the stability of hLtn10 and the observation for their existence
in the s10 simulation is likely fortuitous [53].

Other than the brief discussion of Arg 23/Arg 43 in Ref.24, previous MD studies have not elaborated on
the contributions from like-charge electrostatic interactions to the stabilities of hLtn10 and hLtn40 [21, 22, 52].
Motivated by the discussion of Volkman et al. [24], in this work we also examine other like-charge pairs
observed in the MD simulations under conditions s10 and n40 as well as for two mutant cases involving Arg
23 and Arg 43. The Arg 23 — Arg 43 pair remains fairly close, reaching less than 8 A in the s10 simulation
due partly to the interaction with C1~ ions. A few other pairs of cationic residues are also in proximity to each

other (see Table 3.2), including Lys 8 — Lys 46, Lys 25 — Lys 42, Lys 42 — Lys 66, and Lys 42 — Arg 70, Arg
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Figure 3.6: Identified charged interactions from explicit solvent MD simulations shown on three dimensional

structures for (A) hLtn10 and (B) hLtn40. For distances, see Tables 3.2 and 3.3.
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61 — Arg 65 and Lys 66 — Arg 70; Lys 8 — Arg 35 are also observed to be fairly close to each other in the n40
simulation. By comparing to the mutant simulations, however, it seems that only Lys 25 — Lys 42, Lys 42 —
Lys 66, Lys 66 — Arg 70 represent consistently close “repulsive pairs” in addition to Arg 23 — Arg 43, although
the lower limit of the Lys 25 — Lys42 and Lys 42 — Lys 66 distance is larger than that for Arg 23 — Arg 43.
These observations are qualitatively consistent with the experimental observation that only R23A and R43A
mutants exhibited substantially higher, ~1 kcal/mol, stability than the WT hLtn10. Mutations R9A, K25A and
K66A, by contrast, were found to have minimal impact on the stability. As we suspected (see Introduction),
although Arg 9 and Lys 66 are observed to form “repulsive pairs” with Lys 46 and Lys 42, respectively, in
the NMR ensemble (the Lys 42 — Lys 66 separation is as low as 5.44-1.4 A, see Table 3.2), these repulsive
configurations are not sampled with high population in the MD solution ensemble. Moreover, Lys 42 resides
in close vicinity to Lys 25, Lys 66 and Arg 70; thus removing only Lys 66 is likely not sufficient to alleviate
the repulsive interactions. By contrast, Lys 42 is worth further studies since it is engaged in multiple repulsive
interactions with Lys 25, Lys 66 and Arg 70.

With hLtn40 (Table 3.3), we observe a larger number of salt-bridge interactions, consistent with recent
MD simulations [52]. However, we only focus on the pairs that are consistently observed in multiple sets of
independent simulations under different conditions. The only pair that emerges (with N-O distance ~4 - 5 A)
under all explicit solvent simulations, including the s10 set, is an intramolecular protein salt bridge between
Arg 35 and Asp 50. It is interesting that the same pairwise interaction is observed in hLtn10 (Table 3.2), but
features longer distances (typically > 6 A), presumably due to the different local structural features of the
two hLtn folds. Therefore, it appears that mutations involving this salt bridge might be tested for altering
the relative stability of hLtn10 and hLtn40. We predict that removing this salt bridge has a larger impact on
hLtn40 than on hLtn10, thus shifting the population towards the latter state.

Among the number of inter-subunit salt-bridge interactions, Glu 31 — Lys 25* (* is used to indicate
residue from a different subunit in the dimer) is the only one that appears to be persistent in n40 (the con-
dition that stabilizes hLtn40) and also most s10 simulations. However, it undergoes very large fluctuations
in WT s10 condition. Therefore, we anticipate that removing this inter-protein salt-bridge, especially under
conditions similar to n40, shifts the population toward hLtn10. This shift is precisely what was observed ex-

perimentally. Although the R25A mutation had little impact on the stability of hLtn10. The mutation shifts
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the hLtn40/hLtn10 equilibrium towards the latter [24].

Concerning like-charge pairs, the only pair that shows consistent proximity among independent explicit
solvent simulations is the Arg 18 — Lys 42 pair; Asp 58 — Glu 31 also appears to be close in n40 simulations
but moves apart in WT s10 simulation. Since Arg 18 also appears to be close to Glu 31 in multiple simulations
of hLtn40, removing charge at this site (Arg 18) probably has compensating effects and thus leads to minimal
perturbation to the hLtn40 stability; similar arguments can be made for Glu 31 and Asp 58. Lys 42, by contrast,
does not appear to be implicated in other major charged interactions. Therefore, K42A is an interesting
mutation that may stabilize hLtn40, although, as discussed above, K42A is likely to relieve several repulsive
electrostatic interactions in hLtn10. In other words, K42A is not expected to have a large impact on the relative

stability of hLtn10 and hLtn40.

3.3.2.3 Electrostatic contributions from Arg 23 and Arg 43 to hLtn10 stability

The analysis of charged residues discussed above is qualitative in nature. To probe the importance of
electrostatic interactions at a quantitative level, we carry out FEP and LRA calculations. We focus here on the
electrostatic contributions from the Arg 23/Arg 43 pair because they have been probed experimentally [24] and
thus a comparison will help validate the conformational ensemble sampled in the explicit solvent simulations.
The van der Waals contributions are not expected to be important with the sampled distance separation (~7-11
A) between these Arg residues.

The FEP calculation results using the tri-peptide as the model for the unfolded state (Table 3.4) lead to
estimates for the mutation effects on the hLtn10 stability (AAGgo34, AAGRra34). The results are on the order
of +1.0 to +0.4 kcal/mol, which are in agreement with the experimental data. The statistical error for the
computed free energy difference using BAR is on the order of 0.13 kcal/mol, suggesting that the FEP results
for the mutation effects are meaningful. Using the nona-peptides as the model for the unfolded state leads
to very similar results for the R43A mutation, but not for the R23A mutation (-0.3 kcal/mol). The difference
in tri-peptide and the nona-peptide calculations highlight the challenging nature of the calculation since the
effect of interest is relatively small in magnitude (~ 1 kcal/mol).

The LRA results also show the correct trends based on the average free energy values (e.g., +1.9 and
+1.3 kcal/mol with the tri-peptide reference), independent of the model used for the unfolded state. The

uncertainty in computed free energy values, however, is on the same order of magnitude. Therefore, it is
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difficult to draw firm conclusions based on LRA calculations with ~ 50 ns of sampling. This is expected
considering that the Arg residues are involved in a complex network of compensating electrostatic interactions
and they are close to structurally mobile regions (30’s and 40’s loops). Moving forward, it seems that FEP
combined with BAR is the more robust protocol for screening for sites that make important contributions to
hLtn10/hLtn40 stability. According to the analysis of charged residue network discussed above (see Table 3.5),
sites of interest are Arg 35, Lys 42 and Asp 50 in the context of hLtn40 stability. However, FEP calculations

for hLtn40 with explicit solvent are computationally demanding, thus we leave those to a future study.

3.3.3 Important Hydrophobic Residues

Apart from charged interactions, hydrophobic residues that switch environment (e.g., the level of sol-
vent accessibility) are expected to be important to the interconversion of the two folds. Identifying those
hydrophobic residues will lead to new strategies for modulating the relative stability of hLtn10/hLtn40. With
this aim in mind, we analyze the solvent accessible surface area (SASA) values for the two folds in different
simulations. Fig. 3.7 summarizes the difference in SASA (ASASA) between hLtn10 in s10 and hLtn40 in
n40. The results reveal that Val 12, Ile 29, Leu 34 and Leu 45 are more solvent exposed whereas Leu 19,
Ile 24, Phe 39 and Trp 55 tend to stay more buried in hLtn10. Thus mutating the first batch to polar/charged
residues favors hLtn10 over hLtn40, while the opposite is expected to be true for mutating the second batch to
polar/charged residues.

When calculated over the NMR ensemble, ASASA shows similar trends for Ile 29, Leu 34 and Trp 55.
However, additional sites are observed to change SASA considerably between the two native states: Val 12,
Leu 19, Ile 24, Phe 39 and Leu 45. This finding is in line with the fact that the position of side-chains may
adopt different conformations in solution than from those included in the limited number of conformers in the
NMR ensemble. So far, the only hydrophobic site that has been experimentally tested is Trp 55. The mutation
of Trp 55 to Asp shifts the population towards hLtn40 [12, 15, 16]. It would be of interest to explore additional

sites identified through the MD ensemble here (summarized in Table 3.5).

3.3.4 Comparison Between Explicit and Implicit Solvent Simulations

Considering the sensitivity of hLtn structure to solution conditions, the system is particularly interesting

from the perspective of testing the applicability of implicit solvent simulations.



Table 3.4: Computed mutation effect (in kcal/mol) on the stability of hLtn10¢

tri-peptide nano-peptide hLtn10
unfolded state unfolded state folded state
AGRr3aA 177.34£0.1 (179.7£1.6) 176.0£0.1 (180.0£2.2) 176.3+0.1 (177.8+2.3)
AAGR34? 1.040.1 (1.942.8) -0.3£0.1 (2.2+3.2) -
AGRra3a 177.2+0.1 (179.6+0.9) 177.3+0.1 (179.0+1.1) 176.8+0.1 (178.3+2.9)
AAGRraza® 0.440.1 (1.3£3.0) 0.54+0.9 (0.7£3.1) -

¢ Values without parentheses are based on free energy perturbation (FEP) and data processing using BAR. Values with parentheses are
based on linear response approximation (LRA) calculations. Only electrostatic components have been included in both FEP and LRA

calculations. ” The corresponding experimental values from Ref.24 are: 0.840.1 kcal/mol for R23 and 0.740.1 kcal/mol for R43.
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Table 3.5: Predicted residues that perturb the stability of hLtn10 and hLtn40 based on the current MD simula-

tions

Residues Suggested mutation Predicted Effect
Arg 35 — Asp50 Remove salt-bridge Decreased hLtn40 stability
Lys 42 to negatively charged residue/Ala  Increased hLtn10 stability
Lys 42 Ala Increases hLtn40 stability
Trp 55, Tle 24 to charged/polar residues Favors hLtn40 over hLtn10
Phe 39, Leu 19
Ile 29, Leu 45, to charged/polar residues Favors hLtn10 over hLtn40

Leu 34, Val 12
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against ASASA calculated over the NMR ensembles. Only results for hydrophobic residues are shown.
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terminal tail of hLtn10 following residue 60 has been truncated. Different colors represent different secondary

structure elements as shown on the right.



47

Agg: | E 6 hLtn10 @s10
‘é’ al ] N hLtn10 @n40
oo ﬁ

0 n 1 7 : . . L : L Ar
100 200 300 400 500 600 700 800 900 1000  ¢5
B 8 : o o :
T6f ]
w4t
Ez 0 i i i 1 i
0 . . . . f i i . s 0 10 20 30 40 50 60
100 200 300 400 500 600 700 800 900 1000 Residue number
C s : : : : : : : — .
“%i I 1 ol hLtnd0 @s10
sT0 ) hLtn40 @n40
IZM'I“ ﬂ —
0 : i . . ! . . . ; <
100 200 300 400 500 600 700 800 900 1000 w 4t

D sf . ; ; ; ; ; — 2
<6 . o ot
24‘”m‘

Iz 0 i i i i i
0 1 1 1 1 1 1 1
100 200 300 400 500 600 700 0 20 40 60 80 100 120
time (ns) Residue number
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to Fig.3.3, RMSD is calculated with respect to the initial NMR structures used via Co-aligment and RMSD
values are color-coded via different clusters obtain at 4 A threshold for (A) hLtn10, s10; (B) hLtn10, n40;
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n40.
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At the secondary structure level, the gb7 results are similar to the explicit solvent simulations (compare
Figs.3.2 and 3.8): hLtn10 is somewhat more stable under the s10 condition than n40, especially for the first
B-sheet. Under high temperature, B1 is less stable. For hLtn40, a similar trend is observed with -sheet 1
and 2 become looser at higher temperature (compare Fig.3.8C-D). Looking at the RMSD and RMSF plots
(Fig.3.9), it appears that the gb7 captures the expected behavior, i.e., hLtn10 is structurally less stable (with
RMSD > 5 A) for some time periods due to motions of the N-terminal helix and fluctuations of the 30’s and
40’s loops under the n40 condition (see representative structures from clustering analysis in Fig.A3). hLtn40
is somewhat closer to the experimental structure under the n40 condition despite the instability around the
B-sheets mentioned above. Overall, however, the RMSFs from the implicit solvent simulations are higher than
those from explicit solvent simulations, only by ~ 1 A for most residues.

Regarding the interactions of charged residues, for hLtn10, the gb7 and explicit simulations do not
differ significantly (Table 3.2). For example, the Arg 23 — Arg 43 pair remains close; without the explicit ions,
the pair actually is closer by about 1 A compared to explicit solvent simulations. For salt-bridge interactions,
WT explicit solvent simulation finds stable pairs between Asp 7 — Lys 46 and Arg 18 — Asp 58, while those
are not formed in the gb7 simulations. On the other hand, as we commented on above, these persistent salt-
bridges are likely fortuitously observed in the particular explicit solvent s10 simulations because they are not
observed in other explicit solvent simulations either. In this regard, the longer time scale available to the gb7
simulations likely leads to more extensive and realistic samplings.

For hLtn40, the persistent pairs observed in the explicit solvent simulations are Arg 35 — Asp 50, Glu
31 — Lys 25*% and Arg 18 — Lys 42. Among them, Arg 35 — Asp 50 remains short and stable in the gb7
simulations, and Glu 31 — Lys 25* remain somewhat close but quite a bit longer than what explicit solvent
simulations predict, especially under the n40 condition.

Regarding the change of SASA values associated with the hydrophobic residues in the two folds,
comparison of the explicit solvent (Fig.3.7 top panel) and implicit solvent (Fig.3.7 bottom panels) observes
parallel behaviors. Largest peaks (i.e., change of environment between the two folds) such as Ile 24, Ile 29,
Leu 45 and Trp 55 are still prominent in the implicit solvent simulations. Nevertheless, there are quantitative
differences. Val 21, Ile 24, Ile 29, Phe 39, Leu 45, Trp 55 and Val 59 show notably higher SASA in hLtn10 in

implicit solvent simulation compared to explicit solvent.
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Collectively, these observations indicate that the gb7 model provides an adequate description of the
structural ensembles of hLtnl10 and hLtn40 under different solution conditions, especially concerning the
overall structural features and interactions among charged residues. This is rather remarkable considering the
simple model used to describe salt effect (Debye-Hiickel) and that the surface area term is not included in the
GPU based gb7 computations. Nevertheless, for higher temperature simulations (40 °C), it appears that the
stability of certain structural elements is not as well described by gb7 since in most GB simulations the surface

tension coefficient in the SASA term is not taken to be temperature dependent.

3.4 Conclusions

Lymphotactin is a metamorphic protein which exists as a monomer (hLtn10) at 10 °C with 200 mM salt
and as a dimer (hLtn40) at 40 °C and low salt. It is a remarkable example for how environmental conditions
can alter protein stability via electrostatic and hydrophobic interactions. Since the stability is partially driven
by salt, electrostatic interactions have an important role in maintaining stability; however, it requires extensive
sampling to identify charge pairs that are potentially important for stability. To tackle this challenge, we have
designed simulations with explicit and implicit solvent models, under different conditions, including wild type
and mutant models. We have found supporting evidence in line with the hypothesis that Arg 23 and Arg 43 is
a repulsive pair; either removal of the charges in these locations or Cl- binding can help stabilize the hLtn10
structure. While focusing on the network of charged interactions, we have identified Asp 7 — Lys 46 and Arg
18 — Asp 58 as salt-bridges and Lys 25 — Lys 42, Lys 42 — Lys 66 and Lys 66 — Arg 70 as like-charge pairs
that are persistent among simulations and are potentially involved in the stability of hLtn10. We predict that as
the common residue in all the like-charge pairs, Lys 42 deserves further attention and that the mutation of Lys
42 to a negatively charged amino acid is predicted to increase the hLtn10 stability. Consistent with previous
studies [52] for the dimer, we have observed a larger number of salt bridges than hLtn10. Arg 35 — Asp 50,
Glu31 — Lys 25* are the most consistent salt-bridges among all simulations and disrupting those interactions
is predicted to cause destabilization of the hLtn40 system. Additionally, analysis of hydrophobic interactions
reveals that mutating Trp 55, Ile 24, Phe 39 and Leu 10 to charged/polar residues would favor hLtn40 over
hLtn10, whereas mutating Ile 29, Leu 45, Leu 34 and Val 12 to charged/polar residues would favor hLtn10
over hLtn40.

In addition to studying the network of electrostatic interactions, we have carried out FEP and LRA
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calculations on Arg 23 and Arg 43 to quantify their contribution to the stability of hLtn10. We have shown
that removal of charges from Arg 23 and Arg 43 leads to a stabilizing effect on hLtn10, in agreement with
experiment, and that FEP in combination with the BAR protocol is a more robust method than LRA for
screening sites that contribute to the stability of hLtn.

Finally, our results on the GB simulations of hLtn reveal that at the room temperature, GB provides a
satisfactory description of the structural ensembles for hLtn10 and hLtn40, especially for the overall structural
stability and interactions among charged residues. At higher temperatures, however, the GB model adopted

here does not provide an accurate description for the stability of some of the structural elements.
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Chapter 4

Comparison of Native and Non-native Ubiquitin Dimers

through Molecular Dynamics and Small Angle X-Ray

Scattering Reveals Analogous Structures !

PREFACE This chapter contains portion of my co-first-author manuscript published in Prot. Sci with Grace
Pham and Ambar Rana. My contributions to this work include designing and performing all of the molecular
simulations and their analysis. G. H. Pham designed and synthesized the ubiquitin dimers with isopeptide and
thiolene linkages and collected the small angle X-ray scattering data. A. S. J. B. Rana designed, performed

and analyzed the kinetic assays.

IReprinted (adapted) with permission from “Comparison of Native and Non-native Ubiquitin Oligomers Reveals Analogous Structures
and Reactivities”, G. H. Pham® , A. S. J. B. Rana¥ , E. N. Korkmaz* , V. H. Trang, Q. Cui, L. A. Leinwand and E. R. Strieter Prot. Sci.

25, 456-471 (2016) *Contributed equally.
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4.1 Introduction

Post-translational modifications (PTMs) dramatically expand the functions of proteins. Understanding
the functional consequences of PTMs on a molecular level requires access to modified proteins for structural
and biochemical studies — a challenge that is driving research in numerous labs. A PTM of particular interest,
due to its involvement in virtually every biochemical pathway, is protein ubiquitination [1]. Ubiquitin (Ub)
is a small 76 amino acid protein that is covalently attached to substrates through an isopeptide bond between
the C-terminal glycine of Ub and the €-amino group of lysine residues. A set of dedicated enzymes (E1, E2
and E3) site-selectively conjugates Ub to substrate proteins and builds Ub chains by connecting subunits via
the seven internal lysine residues (K6, K11, K27, K29, K33, K48, K63) or the N-terminus [2]. Enzymatic
synthesis can be applied in vitro to generate select Ub conjugates with varying topologies [3-5]. However, the
scope of enzymes identified for site-selective ubiquitination currently does not approach the vast array of Ub
conjugates suggested to regulate cellular pathways [6].

To address this limitation, semi-synthetic and total-synthetic approaches have been developed to access
native and non-native Ub conjugates. Strategies to generate non-native linkages benefit from their high-yields
and tunability for regiospecific modifications. There have been a number of success stories involving appli-
cation of Ub conjugates with non-native linkages to probe biological systems [7—10]. Notably, non-native Ub
chains were used to determine the minimal Ub signal required for efficient proteasomal targeting of substrate
proteins [11]. However, there is still some skepticism toward the use of non-native mimics of isopeptide bonds
for biochemical and biophysical studies to facilitate new discoveries. Such concerns are especially germane to
the study of deubiquitinases (DUBs), a class of enzymes that directly target and cleave isopeptide bonds [12].
In order to be recognized and processed by DUBs, Ub conjugates bearing non-native linkages should recapit-
ulate native structural features. The conformations and flexibility of select non-native Ub linkages have pre-
viously been evaluated with computational methods [13]. However, to effectively address whether non-native
linkages can adopt native chain conformations and functions, a comprehensive solution-phase characterization
is needed.

Our lab recently demonstrated that thiol-ene coupling (TEC) could be used to rapidly build a diverse

array of Ub chains with minimal synthetic manipulations [14, 15]. TEC chemistry affords a thioether Gly-
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Native
(Gly-Ne-Lys) (Gly-Ne-homothiaLys)

Figure 4.1: Structures of native and non-native isopeptide linkages. The distance from the Cat-atom of lysine
to the carbonyl carbon of Ub Gly76 is shown for each linkage. This is based on density functional theory

geometry optimized structures.
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Ne-homothiaLys linkage that is 1.5 A longer than the native isopeptide bond (Fig. 4.1). We previously
demonstrated that DUBs could still selectively cleave the artificial linkage in end-point hydrolysis assays. To
evaluate the extent to which the Gly-Ne-homothiaLys linkage can mimic the native isopeptide bond, we first
sought to compare the Ub chain conformations generated by different linkage types. For this task, we selected
small angle X-ray scattering (SAXS), a popular technique for evaluating the conformations of flexible multi-
domain proteins in solution [16, 17]. Among the different Ub chains, the K48-linked Ub dimer (Ub2) is
the best characterized in terms of structure, with more than 50 reported conformations derived from X-ray
and NMR analyses [18-23]. We took advantage of this wealth of existing structural information to compare
the SAXS-derived structural properties of native and TEC-derived K48-linked Ub2. SAXS analysis of both
dimers reveals comparable scattering profiles that are matched to similar structures from a library of reported
structures. Despite differences in the linkage itself, the conformations of native and non-native K48-Ub2
are markedly similar. As an alternative structural characterization protocol, multiple microsecond atomistic
simulations are carried out for Ub2 and representative structures from the molecular dynamics trajectories are
used to fit the SAXS profiles. Since the low-resolution nature of SAXS data prevents a precise determination
of relative orientation of the two monomers, the MD derived ensemble of conformations differ somewhat from
those fitted with the experimental structural library; however, the results again point to similar conformational
ensembles for the native and TEC-derived K48-Ub2.

In the second tack, we compared steady-state kinetics of DUB cleavage reactions with TEC-derived
and native Ub dimers. There are five families of DUBs: the Ub C-terminal hydrolases (UCHs), Ub specific
proteases (USPs), ovarian tumor DUBs (OTUs), Machado-Joseph disease proteases (MJDs), and the zinc-
dependent Jab1/Mpn/Mov34 proteases (JAMMs). The physiological substrates for many of these enzymes are
unknown, but many DUBs exhibit selective hydrolysis activity toward Ub chains [24]. For example, members
of the JAMM family (e.g., AMSH and BRCC36) cleave K63-linked chains exclusively [25, 26], and ten out of
the 16 human OTU DUBs preferentially to cleave only one or two linkage types [27]. For TEC-derived chains
to be of use for systematic interrogation of DUB activity, hydrolytic cleavage of the non-native linkage must
occur with native-like efficiency and selectivity. We demonstrate that these criteria are satisfied with several
different DUBs and Ub dimers. Comparing DUB activity with native and non-native substrates also provided

a unique opportunity to gain new mechanistic insights.
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4.2 Methods

4.2.1 Synthesis of Non-Native and Native Ub Dimers

To generate non-native Ub2 via thiol-ene coupling (TEC), Ub-KxC harboring a C-terminal allylamine
adduct (2 mM) and lithium acyl phosphinate (LAP) (0.5 mM) were combined in 250 mM NaOAc buffer pH 5.
The reaction mixture (1.8 mL total) was cooled to 4°C and irradiated with 365 nM light for 30 minutes using
an OmniCure series 1500 light source placed 15 cm above the sample. Native Ub2 derivatives were generated
using human E1 Ub-activating enzyme (0.1 uM) and linkage specific E2 conjugating enzymes as previously
reported. For both the TEC and enzymatic reactions, the products were purified using a Superdex 75 HiLoad

size exclusion column at a flow rate of 0.2 mL/min, collecting 2.5 mL fractions over 0.7 column volumes.

4.2.2 SEC-SAXS Measurements and Data Processing

SEC-SAXS (Size-Exclusion Chromatography — Small Angle X-ray Scattering) experiments were per-
formed at BioCAT (beamline 18-ID, Advanced Photon Source at Argonne National Labs) [28]. The camera
included a focused 12 KeV (1.03 A) X-ray beam, a 1.5 mm quartz capillary sample cell, a sample to detector
distance of ~2.5 m, and a Mar165 CCD detector. The g-range sampled was ~ 0.0065 — 0.3 A~!'. To en-
sure sample monodispersity, we used an in-line SEC setup, which included an AKTA-pure FPLC unit and a
Superdex-200 10/300 GL column (GE Healthcare Life Sciences). The column outlet was directly connected
to the SAXS sample cell. Two second exposures were collected every six seconds during the gel-filtration
chromatography run. Samples were analyzed at room temperature in 10mM Tris buffer pH 7.5, 50 mM NaCl,
1 mM DTT and 1 mM EDTA. Exposures before and after the elution of the sample were averaged and used as
the buffer curve, and the exposures during elution (co-incident with the UV peak on the chromatogram) were
treated as protein plus buffer curves. Data were corrected for background scattering by subtracting the buffer
curve from protein plus buffer curves. P(r)functions and R, values were determined from the scattering data

using PRIMUS and GNOM from the ATSAS software package [29].

4.2.3 Molecular Dynamics

Atomistic simulations were carried out for Ub2. To facilitate sampling, independent MD simulations

for Ub2 with a native K48-linker started with four experimental structures that differ in the degree of com-
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pactness: 206V (R, ~ 16.4 A) [30], 2PE9 (R, ~ 15.8 A) [21], 3AUL (R, ~16.7 A) [19] and 2KDF (R,: 21.4
- 23.9 A) [23] for K48-linkage as well as 2JF5 (R,: 22.8 A) [31], 2RR9 (R, ~ 23.5 A), 3A1Q (R, ~ 22.5
A) [32] and 3H7P (Rg: 23.1 A) [33] for K63-linkage. Moreover, dimers bearing non-native linkages were
also simulated in which Gly-Ne-homothiaLys (thiol-ene) or Gly-Ne-thiaLys (short thiol-ene) was introduced
at position-48 or position-63 of one Ub subunit to connect with the C-terminus (Gly76) of another. With these
different models, MD simulations were performed on the us time-scale to ensure sampling a diverse range of
conformations. The Amber v12 Molecular Dynamics package [34—38] was chosen for the simulations since
the implicit solvent model implementation on a GPU affords a 100-fold speed enhancement compared to a
single CPU. Specifically, the ff14SBonlysc Amber force field was chosen [39-42] along with gb8 as the im-
plicit solvent (Generalized Born) model. [41] Production gb8 simulations were carried out for a minimum of
800 ns using a 1 fs time step (see Table 4.1 for a summary). Langevin dynamics were used with a collision
frequency of 20 ps~! at 300 K. The SHAKE algorithm was applied to bonds with hydrogen atoms with a
tolerance of 10~> A. [43] The non-bonded cutoff was set at 9999 A, and the maximum distance between atom
pairs (rgbmax) for Born radii calculations was maintained at 12 A. Debye-Huckel theory was applied to treat
salt (implicitly) and the concentration was set to a physiologically relevant concentration (0.15 M).

To quantify the degree of conformational sampling, we calculated the torsion angle, 7y, over a pool of
conformations formed by merging all trajectories for each linkage. To calculate y, we used the center of mass
(COM) of each hydrophobic patch (L8, 144, H68 and V70) as a pivot point (Fig. 4.2). The torsion angle y was
concentrated around + 150° but all angles are sampled between + 180° (Fig. 4.2A and B), verifying that our

simulations were capable of visiting a wide range of different conformations.

4.2.4 Analysis of MD Trajectories and Determination of Conformational Ensembles Using Experi-

mental SAXS Profiles as Reference

The MD trajectories for different Ub2 systems were combined and then analyzed with a clustering
protocol using the k-clust command in MMTSB package [44] with Coi-RMSD as the similarity measure.
SAXS profiles for each cluster centroid were calculated using Fast SAXS [45-47] and scored with respect to
the experimental SAXS profile. SAXS fitting was carried out with three scoring functions that have been used
in previous computational analyses [46-51]; with both, a lower score means a better match.

For the first scoring function,The FoXS (Fast open-source X-ray Scattering) server was used to cal-



Table 4.1: Lengths of atomistic molecular dynamics simulations for K48- and K63-linked Ub2.

Starting structure Linkage Lengths (ns)
206V K48/Tsopeptide 1000
2PE9 K48/Isopeptide 1000
3AUL K48/Tsopeptide 1000
2KDF K48/Tsopeptide 1000
2KDF K48/Thiolene 1000
2KDF K48/ShorterThiolene 800
2JF5 K63/Isopeptide 1000
2RR9 K63/Isopeptide 1000 x 2
2RR9 K63/Thiolene 1000 x 2
3A1Q K63/Isopeptide 1000 x 2
3A1Q K63/Thiolene 1000 x 2
I K63/Isopeptide 1000
3H7P K63/Thiolene 1000 x 2

3H7P K63/Shorter Thiolene 1000 x 2
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150

100 -

Figure 4.2: Distribution of R, along 7y for the (A) K48-linked and (B) K63-linked Ubiquitin dimers. The
distributions of R, and 7 indicate that the MD simulations access a broad range of conformations. (C) vy is
defined as the torsional angle created by the center of mass and the hydrophobic patches of the two subunits

(residues L8, 144, H68 and V70) to quantify the degree of rotation of the subunits with respect to each other.
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culate and compare SAXS scattering profiles for the library of reported structures [52, 53]. SAXS scattering

profiles were computed based on the Debye Formula:

N

N sin .
1) =Y. Y fia)f(g) " ™9%) @1
i=1j=1 qd;

The intensity, /(g), is a function of the momentum transfer, ¢; fi(q) and f;(q) represent the isotropic
atomic form factors of the atoms 7 and j; d;; is the distance between atoms i and j, and N is the total number
of atoms in the molecule. SAXS profiles were computed with default settings assigned for the form factors
— hydration layer, implicit hydrogens and excluded volume adjustments. Maximum ¢ value was adjusted to
match experimental data, g, = 0.25 A~! while profile size was left at a default value of 500. To assess the
extent to which SAXS can be used to qualitatively distinguish different structures, we compared normalized
P(r) curves generated from the library of the-linked Ub2 structures. One hundred percent overlap in the P(r)
curves of two structures corresponded to identical shapes.

Experimental SAXS profiles were compared to FoXS computed profiles of reported structures. The

quality of fit was evaluated by the y; function:

M Y —el(a)\ 2
- \/ ! Z(zexp@,) l(q,)> 2

i=1 0(‘11‘)

M is the number of points in the profile, ¢ is the scaling parameter and G is the experimental error. The

linear least squares minimization was performed to find the value of ¢ that led to a low Y value, corresponding
to a good fit of computed profile to experimental data.

The second scoring function [46, 47] is given as,

M 2
1
2

x5 = — (loglc 1c(q) —loglexy (g —A) 4.3)

? ,; 8logI*(q;) aie(4) exrld)
where gpmin and gq are the lower and upper limits of the g-range from the experimental scattering
profile I.,,(q) and Slog I(g) are the experimental uncertainties of log /..,(q). The value of A corresponds to
the offset between the theoretical and experimental SAXS profiles (log I... and log Ioxp) at ¢ =quin. A good

fit should have a score lower than 0.001 [46, 47]. The third scoring function is defined as the following [51],

2
1 & | ul(q)) —Lxp(gj) — A
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where K is the number of experimental points, 6(q) are the standard deviations, and u is a scaling
factor. A good fit should have a score lower than 2.000 [51].
With the computed ¥ values, optimal weights for different cluster centroids are computed based on the
best fit of the ensemble-averaged SAXS profile to the experimental data for ¢ up to 0.20 A~!; the results are

summarized in Table 4.3.

4.2.5 Steady-State Kinetic Analyses of DUB-Catalyzed Cleavage Reactions

Stock solutions of DUBs and Ub dimers were prepared in a 50 mM Tris-Cl buffer at pH 7.5 con-
taining 150 mM NaCl and 5 mM DTT. Kinetic assays were performed by varying the concentration of Ub
dimers while maintaining a constant concentration of the indicated DUB (50 nM of USP7, 200nM and 2uM
of OTUD7B, and 500 nM of AMSH) at 37 °C. Reactions were quenched by addition of 6X Laemmli sample
loading buffer. To visualize monoUb formation, the quenched reactions were run on a 15 % denaturing SDS-
PAGE gel along with monoUb standard, followed by SYPRO(R) Ruby staining. ImageJ was used to quantify
the appearance of monoUb over time. Experimental data were processed using Prism 5.02 (GraphPad Soft-

ware).
4.3 Results and Discussions

4.3.1 SAXS Analysis of Native and TEC-Derived K48-Linked Ub2

Among the eight possible linkages between Ub subunits in a dimer, K48 has been extensively char-
acterized using both X-ray scattering and NMR analyses. The reported structures of K48-linked Ub2 exhibit
a range of conformations from compact (1AAR [18], 2PE9 [21] and 3AUL [19]) to extended (2KDF [23]).
Consistent with this structural diversity, the conformational behavior of K48-linked Ub2 is complex with mul-
tiple states coexisting in solution [54-56]. To assess whether TEC-derived K48-linked Ub2 adopts a structure
similar to that of the native dimers, we chose to use SAXS — an experimental technique for mapping the
three-dimensional conformations of macromolecules in solution [16, 17]. The applicability of SAXS was

recently demonstrated by work with native K63-linked Ub dimers, which showed that the open and closed
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states of these oligomers could be distinguished [55]. Based on these results, we surmised that SAXS would
be sufficiently sensitive to detect any major structural differences between native and non-native dimers.

The experimental SAXS profiles of native and TEC-derived 48-linked Ub2 reveal similar structural
features for both dimers (Fig. 4.3A). The radii of gyration, R,, based on the Guinier approximation, are 19.35
+ 0.08 A and 19.25 4 0.12 A for native and non-native Ub2, respectively (Fig. 4.3B and Table 4.2). The
distance distribution, P(r), curves for both samples show a major peak at 20 A and a subtle shoulder after 40
A with maximum distance (D,,q,) of 70 A for native Ub2 and 65 A for non-native Ub2 (Fig. 4.3C and Table
4.2). Comparison of the normalized P(r) curves shows approximately 95 % overlap. Lastly, Kratky curves
for both native and non-native dimer converge at high q, suggesting well-folded structures (Fig. 4.3D).

The theoretical scattering profiles for the reported open and compact structures of K48-linked Ub2 are
distinct from the experimental data. With the open structure (2KDF [23]), derived from Ub2 bound to S5a, the
scattering profile curves downward in the low ¢ region, whereas compact structures (1AAR [18], 2PE9 [21],
3AUL [19]) give rise to positive curvature (Fig. 4.4A). Within the same region, the scattering intensities for
both the native and non-native dimers occupy the space between the open and compact states, suggesting the
average structure in solution is one that is a mixture of open and compact states. The differences between
the experimental and theoretical scattering profiles are even more apparent when examining the P(r) curves
(Fig. 4.4B). The compact states have smaller dimensions (D4 ~ 60 A) compared to the experimental curves
with minimal features around 40 A. By contrast, the open state has a Dmax of ~ 75 A and two distinct
peaks, indicative of an extended structure. In addition to the aforementioned compact and extended structures,
there is a range of other intermediate K48-linked Ub2 structures in the presence and absence of binding

partners [20, 22, 57-60].

4.3.2 SAXS Analysis of Native and TEC-Derived K63-Linked Ub2

K63-linked Ub2 has also been extensively characterized using X-ray scattering and NMR analyses.
Similar to K48-linked Ub2, the conformational behavior of K63-linked Ub2 is reported to be complex with
multiple states coexisting in solution. The experimental SAXS profiles of native and TEC-derived 63- linked
Ub2 reveal similar structural features for both dimers (Fig. 4.3A). R, values for native and non-native Ub2 are
20.47 +0.07 A and 21.58 + 0.10 A, respectively (Fig. 4.3B). P(r) curves for both samples show a major peak

at 20 A and a relatively distinct shoulder at 40 A (Fig. 4.3C). Kratky curves for both native and non-native
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Figure 4.3: SAXS analysis of native and non-native TEC-derived K48-linked (left) and K63-linked (right) Ub2

reveals similar shapes. (A) SAXS intensity profiles of native (red) and TEC-derived (blue) Ub dimers. (B)

The Kratky, (C) Guinier and (D) the distance distribution plots suggest well-folded structures with comparable

dimensions. Guinier plots are staggered to clearly display both datasets.
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Figure 4.4: Comparison between experimental and theoretical scattering curves for open and extended struc-
tures of K48-linked (left) and K63-linked (right) Ub2. (A) Experimental (dots) and theoretical (lines) scatter-
ing intensity profiles. The theoretical scattering data were generated using CRYSOL. Insert shows expansion
of g=0.05t00.15 A1 (B) Experimental (dots) and theoretical (lines) distance distribution plots. (C) Compact
and extended structures are shown, including PDB: 1AAR, 2PE9, 3AUL, 2KDF, 3DVG, 2JF5, 3A9], 2ZNV.

Hydrophobic patches centered on Ile44 and Ile36 are shown in blue and purple, respectively. Structures were

visualized in Chimera.



Table 4.2: Summary of SAXS parameters.

SAXS Parameters

Native K48-linked Ub2 TEC K48C-derived Ub2

Ry (A)
Dinax (A)
Vp()md (A3 )

19.35 £ 0.08 19.25 £ 0.12
~70 ~65
24,353 23,653

SAXS Parameters

Native K63-linked Ub2 TEC K63C-derived Ub2

Ry (A)
Diax (A)
Vpomd (A3 )

20.47 £0.07 21.58 £0.10
25,515 26,131
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dimer converge at high ¢, suggesting well-folded structures (Fig. 4.3D)

4.3.3 Determination of Conformational Ensembles from MD simulations and Experimental SAXS

Data

The relative orientation of the two Ub monomers in the open conformer(s) is potentially difficult to
determine using SAXS data alone due to the low-resolution nature of the technique. We have shown that using
of an experimental structural library points to collect populations of open conformers for both native and TEC-
derived Ub2. (Fig. B3) Therefore, to achieve structural diversity, we have carried out atomistic simulations
for the K48-linked and K63-linked Ub2 starting from many independent structures. By comparing calculated
SAXS profiles for representative structures from the MD trajectories to measured scattering data allows us to
characterize the conformational diversity of the native and TEC-derived Ub2.

For simulations with K48-linked Ub2, all starting structures, even the most extended with R, 25 A,
converged to modestly compact conformations R, ~ 18-19 A. Compared to Ub2 simulations with a native
linker, simulations with a TEC-derived linker generated relatively more compact conformations with the aver-
age R, slightly below 19 A. Clustering analysis was done over all collected MD trajectories, regardless of the
chemical nature of the linker. For the ten clusters obtained, SAXS profiles were computed for the representa-
tive members from each cluster (Supporting Information Fig. B1 and Table B1) and reweighted to best fit the
experimentally measured SAXS profiles of the native and TEC-derived dimers (Fig. 4.5). This procedure led
to clusters 8, 9, and 10 as representatives for the native Ub2 ensemble with a population of 25 %, 45 % and
30 %, respectively. For the TEC-derived K48-linked Ub2, clusters 8 and 9 were selected with a population
of 28 % and 72 %, respectively. As shown in Table 4.3, clusters 8 and 9 have a similar level of compactness
with R, values of ~18.5 A, while cluster 10 is more open in nature and has an Rg of 21.1 A. Accordingly, the
ensemble-averaged R, values for the native and the TEC-derived dimers are estimated to be 19.31 4 1.31 A
and 18.51 & 1.00 A, respectively.

MD simulations for K63-linked Ub2 also show a wide range of conformational sampling. The sim-
ulations were initiated from extended structures 2JF5 and 3H7P with R, values of ~23 A, which converged
to more compact structures. From the ten clusters for K63-linked Ub2 (Supporting Information Fig. B2 and
Table B2), clusters 3, 7, 9 and 10 comprise the best conformational ensemble for native K63- Ub2 with popu-

lations of 30 %, 24 %, 12 % and 34 %, respectively. Clusters 3, 7, and 9 are relatively compact while cluster
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Figure 4.5: Comparison of MD ensembles for native and TEC-derived K48- and K63-linked Ub2. SAXS
profiles are calculated via reweighting the clusters. The experimental SAXS profiles (red, blue) and calculated
fits (black) are shown for (A) the native and TEC-derived K48-linked Ub2 and (B) native and TEC-derived
K63-linked Ub2. Each representative member is shown with its respective percentages in the population.

Hydrophobic patches centered on Ile36 and Ile44 are shown in purple and blue, respectively.
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Table 4.3: Fitted Populations of Native and TEC-derived Ub2 based on Conformations Obtained from Atom-

istic Simulations Matched to Experimental SAXS Profiles.

R, Cluster Fitted Score 1¢ Score 20 Score 3¢

(A) Population (%) (x1) O3 < 1B-03) (x5 < 20)
Non-native K48C Ub2

18.45 +1.24 8¢ 25 1.3 0.8E-04 1.2

18.53 + 0.90 94 45 2.0 0.5E-04 2.8

2117179 104 30 1.8 2.2E-04 6.8
Non-native K48C Ub2

1845+ 1.24 R 28 1.0 3.6E-04 1.3

18.53 + 0.90 94 72 0.9 2.2E-04 0.7

21.17 £ 1.79 104 - - - -

Native K63 Ub2

17.56 + 0.78 3¢ 30 3.4 1.5E-02 11.7

18.77 £ 0.98 7¢ 24 3.1 1.2E-02 2.9

19.87 +2.03 9¢ 12 3.3 1.2E-02 2.3

23.69 + 1.65 10¢ 34 3.5 1.1E-02 14.7
Non-native K63C Ub2

17.56 + 0.78 3¢ - - - -

18.77 £ 0.98 7¢ 73 1.7 7.3E-02 3.3

19.87 +2.03 9¢ - - - -

23.69 + 1.65 10¢ 27 2.7 4.4E-02 9.3

¢ Equation (2).
b Equation (3).

¢ Equation (4).

4 MD clusters from K48-Ub2 simulations.

¢ MD clusters from K63-Ub2 simulations.



71

10 is more extended (Table I). R, values for the selected clusters range from 17.6 A to 23.7 A. Clusters 7
and 10 are sufficient to represent the best fit conformational ensemble for TEC-derived K63-linked Ub2. The
calculated ensemble-averaged R, values for native and non-native Ub2 are 20.21 4= 0.70 A and 20.10 + 0.45
A, respectively.

As shown in Table 4.3 (and SI Tables B1, reftab:simu63) the general quality of fitting to the exper-
imental SAXS profiles is similar regardless of the scoring function. Scoring functions 2 and 3 favor the
MD ensembles, while scoring function 1 slightly favors the ensembles determined using the experimental
structural library. For both K48- and K63-linked Ub2 conformational ensemble analyses, the MD-derived
ensembles and ensembles obtained from extant structures (See Figures B3, B4, BS and B6) vary in terms of
the precise R, values and relative orientations of Ub monomers. However, the overall shapes and composition

of the ensembles are similar, reflective of similar SAXS scattering profiles for native and TEC-derived Ub2.

4.3.4 Steady-State Kinetic Analyses of Ub Dimer Cleavage by Deubiquitinases

The SAXS patterns for native and non-native 48-linked Ub2 reflect similar conformations, however, it
is possible that the unnatural linkage can affect recognition and hydrolysis by DUBs. To address this point,
we compared hydrolysis of native and non-native Ub2 by representative members from three different DUB
families. Of the five DUB families, three are known to selectively dismantle Ub chains: USPs, JAMMs, and
OTUs [12]. We sought to investigate whether the selectivity and efficiency of these DUBs are preserved with
non-native substrates. We selected the DUBs USP7, AMSH, and Cezanne as representative members of each
family. To expand the scope of our analysis beyond K48-linked Ub2, we also assessed the hydrolysis of K63-
linked and K11-linked Ub2. Collectively, these three Ub chain types are the most abundant Ub signals in
asynchronous eukaryotic cells [61-64].

USPs are known to remove mono-Ub from protein substrates, but a handful of DUBs from this family
can also dismantle Ub chains invitro with low selectivity [65]. Using USP15, we assessed whether this type of
DUB can differentiate between the native and TEC-derived isopeptide linkage (Fig. 4.6A). For hydrolysis of
native and TEC-derived K6-linked Ub2, K,,, and k.., values were two-fold higher for the native Ub2, translating
to the same specificity constant (kcat/Km) on the order of 103 M~! s~! for both native and TEC-derived
substrates (Table 4.4). With K48- and K63-linked Ub2, a two-fold higher K, was observed with the native

substrates while there was no significant difference in k., values. Overall, native and TEC-derived K48- and
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K63-linked Ub2 were similarly hydrolyzed by USP15, with specificity constants on the order of 10* M~! s~!
(Table 4.4). Hydrolysis of K6-linked Ub2 is an order of magnitude lower compared to the other two linkages
tested; both native and TEC-derived substrates followed the same trend.

In contrast to USP7, AMSH is a JAMM DUB known for specifically cleaving K63-linked Ub chains.
To direct linkage specificity, AMSH interacts with the surface surrounding K63 in the proximal Ub, which
is linked to the C-terminus of the distal Ub. Upon measuring the kinetics of AMSH-catalyzed reactions, we
find that the parameters are essentially the same for both dimer types, with k../K,, on the order of 10> M~!
s~! (Fig. 4.6B). This relatively low catalytic efficiency is consistent with reported kinetic parameters for the
AMSH catalytic domain [66]. That the kinetic parameters, K, and k.4, are similar for the hydrolysis of
native and non-native K63-linked Ub2 suggests the interactions important for both binding and catalysis are
preserved with non-native Ub2.

OTUD7B is an OTU DUB that preferentially hydrolyzes K11-linked Ub chains [67]. We set out to
examine (i) whether linkage selectivity is governed by the efficiency with which a Michaelis complex is
formed (Kj,) or steps following complex formation (k.4 ), and (ii) whether a non-native linkage affects this
preference. We observe a five-fold difference in k., and a marginal difference in K,,, which manifests in a
3-fold higher specificity constant (k.,/K),) for the native K11-linked Ub2 compared to the TEC-derived dimer
(Fig. 4.7C). To evaluate whether OTUD7B maintains a preference for the K11-linkage with TEC-derived
substrates, we also assessed hydrolysis of K48- and K63-linked Ub2 (Table 4.4). A 10-fold increase in enzyme
concentration was necessary to induce appreciable hydrolysis of K48- and K63-linked Ub2. For native and
TEC-derived Ub2, the specificity constant k../K, drops from 10* M~! s~! with K11-linked Ub2 to 10> M~
s~ ! with K48- or K63-linked Ub2. The disparity in hydrolysis can mainly be attributed to differences in k..
values (40-fold for native Ub2, 10-fold for non-native Ub2). The kinetic results suggest OTUD7B achieves
selectivity through a k., effect for both the native and TEC-derived K11-linkage.

OTUBI is an OTU DUB known for specifically cleaving K48-linked Ub chains. [68] For this particular
DUB, the rate of hydrolysis of TEC-derived K48 linkage is slower compared to its native counterpart. To
assess whether this was the case for all OTU DUBs, we also investigated the activity of OTUB2 and OTUD7B.
OTUB?2 is known to preferentially hydrolyze K63-linked Ub chains, [68] and our kinetic analysis also reports

the same trend (Fig. 4.7A) When OTUB2 was tested with native and TEC-derived K48-linked and K63-
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Figure 4.6: Hydrolysis of native and TEC-derived Ub2 by USP15 and AMSH. Michaelis—Menten analysis for
hydrolysis of native (circles) and TEC-derived (squares) Ub2 by (A) USP15 (See Fig.B7, B8 and B9), and (B)

AMSH (See Fig.B10).
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Figure 4.7: Hydrolysis of native and TEC-derived Ub2 by OTUB2 and OTUD7B. Michaelis—Menten analysis
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Table 4.4: List of kinetic parameters measured for all experiments for hydrolysis of native and TEC-derived

Ub2 by USP15, AMSH, OTUB2 and OTUD7B.

Enzyme  Substrate ke (min=') Ky M) kegr /K (M~ 1571
USP15 K6 Ub2 39+ 1 1141 60 x 10°
K6C Ub2 2+1 541 80 x 10°
K48Ub2 115+ 4 1742 120 x 103
K48C Ub2 92 +2 9+1 170 x 103
K63 Ub2 78 + 1 8+ 1 160 x 103
K63C Ub2 68 +£2 441 260 x 10°
AMSH K64 Ub2 2403 54 +18 0.6 x 103
K64C Ub2 2405 53 +£27 0.7 x 10°
OTUB2  K48Ub2 1.5+ 0.1 542 5% 103
K48CUb2 1.4 +0.1 441 6x10°
K63 Ub2 6.5+0.2 6+1 17 x 103
K63CUb2 2.5+0.1 541 8 x 103
OTUD7B K11 Ub2 11249 1945 98 x 10°
K11C Ub2 21+2 542 69 x 10°
K48Ub2 3.9+0.1 2943 2% 103
K48CUb2 34403 6510 1 x 103
K63 Ub2 2.840.1 1341 4%103
K63CUb2 2.6+0.1 25+4 2x 103
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linked Ub2, similar Km values were observed for all four substrates and higher k.., values were observed for
K63-linked over K48-linked substrates (Fig. 4.7C). The difference in k., values is four-fold among native
substrates and two-fold with non-native substrates. With both native and TEC-derived substrates, the enzyme

is able to preferentially hydrolyze K63-linked Ub2 with higher efficiency than K48-linked Ub2.

4.4 Conclusions

Chemical strategies to generate Ub chains allow excellent control over chain length and regioselectivity,
both of which are required for rigorous investigation of Ub chain structure and function. Whenever conjugation
chemistry generates a non-native linkage in place of the native isopeptide linkage, it is important to assess
whether the chemical surrogate can direct Ub chain behavior in a native-like manner. To evaluate the extent
to which the TEC-derived non-native Gly-Ne-homothiaLys linkage mimics the native isopeptide bond, we
compared both linkage types in the context of Ub dimers.

SAXS is a relatively low-resolution technique, so it is not possible to derive absolute structural infor-
mation from SAXS scattering data alone. However, SAXS profiles can be compared to evaluate structural
variability. Indeed, SAXS profiles calculated from atomistic molecular dynamics simulations (along with a
library of extant K48-linked Ub2 structures) show a range of overall shapes, reflecting the known structural di-
versity. Upon inspecting the experimental SAXS profiles for native and TEC-derived K48-linked Ub2, it was
evident the average conformation for both samples do not match the most compact or extended structures. This
finding is consistent with recent in-solution NMR and FRET measurements [54, 56]. Computational studies
with K48-linked Ub2 and a coarse-grained potential function also reported a multi-state energy landscape with
a number of intermediate conformers in addition to the compact and extended structures [55].

Integrating SAXS data with various sets of conformers enables further comparison of native and TEC-
derived Ub2. Using an the conformational pool created by simulations, we find that the the most representative
structures quite similar. Fitting representative structures from the MD trajectories to the experimental SAXS
profile leads to slightly different structural ensembles compared to the MES/experimental structural library
combination, especially in terms of the relative orientations of the monomers. This is not entirely surprising
since SAXS is a low-resolution technique and the structure library has limited conformational diversity. Im-
portantly, however, the MD ensembles reweighted by the experimental SAXS profiles support that the native

and TEC-derived Ub2 have similar conformational ensembles, with the native Ub2 being slightly more ex-



71

tended. This subtle difference in size could reflect structural variation at the molecular level and can be further
characterized with high-resolution structural analyses.

Kinetic investigations of DUB activity have uncovered similar reactivity profiles between native and
non-native dimers. AMSH is a K63 linkage-selective DUB that engages oligomers through multiple contacts
within the proximal and distal units of Ub2. Upon comparing experimental SAXS profiles for native and TEC-
derived K63-linked Ub2 with the calculated SAXS profile for K63-linked Ub2 cocrystalized with AMSH
(PDB: 2ZNV), both native and TEC-derived Ub2 showed a moderate 70 % P(r) overlap with the reported
structure. 2ZNV captures an extended conformation of K63-linked Ub2, with R, values 24-25 A, whereas
the R, values for free K63-linked Ub2 in solution is smaller, 20.5 A for native and 21.8 A for TEC-derived.
As native and TEC-derived K63-linked Ub2 produced equivalent kinetic parameters, it suggests that they are
both able to make the necessary contacts with AMSH and adopt the conformation needed for hydrolysis.

The OTU subfamily of DUBs is also known to be linkage selective. For example, OTUBI prefers to
hydrolyze K48-linked Ub chains, OTUB2 prefers K63-linked chains, and OTUD7B prefers K11-linked chains.
When OTUB1 was tested with native and TEC-derived K48-linked Ub2, the native Ub2 was hydrolyzed faster
than the TEC-derived substrate (data not shown). Because OTUBI1 could not accommodate the non-native
linkage, either due to different recognition of the dimer structure or just of the linkage itself, we expanded our
analysis to other OTU DUBSs, including OTUB2 and OTUD7B. The catalytic domain of OTUB2 shares 58 %
sequence identity with that of OTUBI1. OTUB?2 is known to preferentially hydrolyze K63-linked Ub chains,
and our kinetic analysis confirms this trend for both native and TEC-derived substrates. OTUB?2 interacts with
K48- and K63-linked Ub2 similarly, and achieves selectivity for K63-linked Ub2 in a k., dependent manner.
Unlike OTUB1, OTUB2 processes native and non-native Ub2 substrates with similar efficiency and selectivity.
We also evaluated cleavage activity of OTUD7B with native and TEC-derived K11-, K48- and K63- linked
Ub2. Similar to observations with OTUB2, k., is the major determinant for substrate selectivity. It is possible
that selectivity arises from a necessary conformational change, in substrate and/or enzyme, which positions
the isopeptide linkage into the proper orientation for catalysis. Because hydrolysis is best achieved with K11-
linked Ub2, both native and TEC-derived, the positioning of this Ub2 is ideal for OTUD7B recognition and
catalysis.

A similar k., effect was also observed with USP15, which interacts with K6-, K48- and K63- linked
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Ub2 with similar efficiency but shows relatively slower hydrolysis of K6-linked Ub2. The recognition of K6-
linked Ub2 is unfavorable enough to lower k.,/K,,, but does not significantly ablate hydrolysis. Consequently,
unlike OTUB2 and OTUD7B, USP15 is promiscuous toward different Ub2 substrates and demonstrates a
relatively subtle preference for K48- and K63-linked Ub2. The same substrate preference was observed for
both native and TEC-derived substrates, suggesting that the non-native substrates are efficacious mimics of
their native counterparts.

Our comparative analysis of native and TEC-derived Ub2 demonstrate that the non-native Ub2 can be
used to investigate DUB activity. Similar analyses can be applied to assess the structure and recognition of
other non-native Ub conjugates. As analogs of other post-translational modifications, such as phosphorylation
and glycosylation, have enabled leaps in mechanistic understanding in their respective fields, non-native Ub
chains have a promising role in Ub research. When possible, new discoveries acquired with non-native Ub
chains should be confirmed with the relevant native chains to better capture the molecular details influencing

Ub functions.
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Chapter 5

Skip Residues Modulate the Structural Properties of the

Myosin Rod and Guide Thick Filament Assembly !

PREFACE This chapter contains portion of my co-first-author manuscript published in PNAS with Keenan
Taylor and Massimo Buvoli. My contributions to this work include designing and performing all of the
molecular simulations and their analysis. K.C.T. designed and prepared myosin fusion proteins, performed
the crystallographic studies and analyzed data. M.B. and A.B. designed, performed and analyzed the myosin

assembly experiments in vivo, analyzed data. N.T.H prepared and crystallized proteins.

IReprinted (adapted) with permission from “Skip residues modulate the structural properties of the myosin rod and guide thick filament
assembly”, K. C. Taylori . M. Buvolif , E. N. Korkmaz? , A. Buvoli, Y. Zheng, N. T. Heinze, Q. Cui, L. A. Leinwand and I. Rayment

Proc. Natl. Acad. Sci. U. S. A. 112, E3806 (2015) *Contributed equally. Copyright 2015 National Academy of Sciences.
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5.1 Introduction

Muscle contraction is primarily driven by the interactions between actin and myosin and the associated
ATP hydrolysis, but the long-range transmission of force is based on the intrinsic ability of both proteins to
self-assemble into organized filaments. The myosin thick filament is a well-characterized bipolar structure.
The central area or bare zone, is ~160 nm wide and is structurally defined by the packing of anti-parallel
myosin molecules crosslinked at the sarcomeric M band by scaffold proteins [1, 2]. On either side of the bare
zone, parallel arrays of staggered myosin molecules assemble into the characteristic A-band that is ~1.6 nm
in length and is centered between two Z-lines, where actin filaments are crosslinked at the Z-disk [3, 4].

The motor activity of myosin resides in the globular N-terminal region or subfragment 1 whereas the
remainder of the molecule forms an extended dimeric o-helical coiled-coil. This rod-like section can be
divided into two parts: subfragment-2 which allows the motors to extend away from the thick filament and
light meromyosin (LMM) which promotes both parallel and anti-parallel myosin filament formation [5-7].

The sequence of the myosin rod shows the classical seven residue heptad repeat that is considered the
hallmark of coiled-coil structures. However, it is also characterized by a remarkable dipolar charge profile,
repeated every 28 amino acid residues, that is predicted to assist the staggered assembly of adjacent rods in
the thick filament [5]. In sarcomeric myosins, the cyclic pattern of 38 dipolar charge repeats is interrupted
by four widely spaced extra amino acids called skip residues (Fig.5.1A). These are by convention located
at the end of different 28 amino acid repeats following position ¢ of the heptad motif [S]. Insertion of a
single residue (or deletion of six residues) introduces a discontinuity in the phasing of the heptad repeats
that results in deformation of the o-helical coiled-coil. Such skip residues and stutters (deletions of three
residues) are predicted to introduce regions of flexibility in the coiled-coil by causing local unwinding of the
two a-helices; in contrast, stammers (deletions of four residues) are predicted to cause local over-winding of
the supercoil [8]. Although the number and spacing of the skip residues are conserved across all sarcomeric
myosins, both smooth muscle and non-muscle isoforms, which assemble differently, lack the second skip
residue [9].

The role of myosin skip residues has not yet been defined. Early studies have associated their posi-

tions with the four rod bends observed by EM on purified molecules [9], and linear modeling of the charge
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distribution of the rod has suggested that skip residues could play a role in properly staggering adjacent rod
molecules [10]. Nevertheless, deletion of the two skip residues contained in the LMM does not alter myosin
solubility or paracrystal formation in vitro [11].

We report here the first structural data, molecular dynamical properties and role in myosin assembly
of the regions encompassing the four skip residues of a sarcomeric cardiac myosin. Our data reveal that the
first three skip residues are structurally comparable and induce a unique local relaxation of the coiled-coil
super-helical pitch. However, we find that the functional importance of each of the first three skip residues
in promoting myosin assembly in vivo is different. Surprisingly, we discovered that the fourth skip residue
lies within a highly flexible molecular hinge that is necessary for myosin incorporation in the bare zone of

sarcomeres.

5.2 Methods

5.2.1 Molecular Dynamics

All simulations were carried out using the AMBER v12 Molecular Dynamics package with the f99SB
force field improved with NMR observables (ff99SBnmr) [12-14]. The Generalized Born implicit solvent
approach was adopted using specifically the gb7 model as this is ~100 fold faster compared to explicit solvent
simulations when graphical processor units are used [15-17]. Production gb7 simulations were carried out
for 1000 ns using 1 fs as the time step. Langevin dynamics was applied with a collision frequency of 20
ps-1 at 300 K. The SHAKE [18] algorithm was applied to bonds involving hydrogen with a tolerance of 10-
5. Nonbonded cutoff was set up as 9999 A, and the maximum distance between atom pairs for Born radii

calculations was set up to be 12 A. Salt concentration was set to the physiological molarity of 0.15 M.

5.2.2 Explicit Solvent Control Simulations

The validity of implicit solvent simulations was tested through explicit solvent simulations (Fig.C4).
In explicit solvent simulations, due to speed limitations, the simulations were carried out up to 160 ns. TIP3P
water model was used along with ion parameters from Joung and Cheatham [19]. SHAKE was applied to
bonds involving hydrogen atoms. Andersen thermostat was selected to maintain the temperature at 300 K [20].
Pressure was held constant at 1 bar with a relaxation time of 1 ps. The electrostatic interactions were treated

with particle mesh Ewald with a grid size of about 1 A, and Lennard-Jones interactions were treated with a
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cutoff of 12 A.

Simulated models have been summarized in Table 5.1 below.

5.3 Results

Three distinct lines of investigation were followed to gain insight into the role of the four skip residues
in myosin filament formation. The three-dimensional structures of the regions surrounding the four myosin
skip residues were determined by X-ray crystallography. Molecular dynamics simulations were carried out to
reveal the effect of skip residues on the structure and the dynamics of the region. Finally, myosin assembly

into sarcomeres in cardiac cells examined the function of the skip residues in a biological context.

5.3.1 The Coiled-coil Surrounding the First-Three Skip Residues is Locally Unwound

Sections of the human B-cardiac myosin (MYH?7 gene; GenBank: M58018.1) ranging from 50 to 70
amino acids roughly centered on each of the four skip residues, were fused at their N-termini to globular
folding domains, Xrcc4 and Gp7, that have been shown to enhance crystallization propensity and solubility of
isolated sections of extended coiled-coils [21, 22]. Crystallization and structural determination of three of the
structures, was obtained only after the addition of the helical bundle domain from microtubule binding protein
Eb1 at the C-terminus of the myosin fragments to create double-sided fusions (Tables C1 and C2, and Fig.C1)
[21]. In general, the stabilization domains might influence the folding, structure, or functional properties of
coiled-coil fragments. However, Xrcc4 and Gp7 have been successfully employed to determine the structures
of overlapping segments of tropomyosin and a component of the yeast spindle pole body [21-23], and GCN4,
the stereotypical leucine zipper, has been used extensively for structural and functional studies of segments of
coiled-coil proteins [24].

Comparison of the crystal structures reveals that the regions surrounding the first three-skip residues
share a remarkable degree of structural similarity (Fig.5.1). The Ca root mean square deviations (RMSD)
between Skip 1 and 2 and 3 are 0.92 Aand 1.1 Arespectively. The close similarity of the first three structures
and the presence of multiple copies in the asymmetric unit for Skip 1, which show an RMSD difference of
0.51 A, suggest that the structural features described below are a fundamental property of the myosin rod and
not an artifact of crystal packing.

The polypeptide chain surrounding T1188 (Skip 1), E1385 (Skip 2) and E1582 (Skip 3) adopts a non-



Table 5.1: Simulated models and lengths of simulations.

Simulated Model Length (ns)
Skip 1 1000
Skip 1 — AS1 950
Skip 2 1000
Skip 2 — AS2 1000
Skip 3* 230
Skip 3 1000
Skip 3 — AS3 1000
Skip 3 — Recoiled 1000
Skip 3 — Recoiled — AS3* 290
Skip 3 — Recoiled — AS3 1000
Xcrr4 — Skip 3 fused 700
Skip 4 1000
Skip 4 — AS4 1550

All simulations are carried out with implicit solvent model (gb7), unless they are labelled with *. In those cases the explicit solvent
model with TIP3P was employed. Skip 3 - recoiling includes a series of mutations that change the distribution of hydrophobic amino
acids towards a canonical coiled coil. The resulting sequence is
LEHEEGKILRAQLEFNQIKAEIERLAAEVDEELEQAVRNHLRVVDSLQTSLD (The bold represent the mutated residues and the

skip residue is underlined).



>
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Figure 5.1 (previous page): Cartoon of their location in the myosin rod and structures of the four human _3-
cardiac myosin (MYH?7) skip residues. (A) shows the relative location of the skip residues in the myosin rod
which depicts the 38 dipolar charge repeats, each of which is formed by 28 amino acid residues [5]. Each
fusion protein consists of an N-terminal globular element, either Gp7 or Xrcc4, (white) prior to a section of
MYH?7 (green). A C-terminal fusion, Ebl (white), is also present in all constructs except for Skip 3: Xrcc4-
L1551-N1609. Each skip residue is colored in blue and depicted in sphere representation. The N-terminus
of each construct is indicated. (B) Gp7-K1173-11238-Eb1 (Skip 1). (C) Gp7-L1361-11425-Eb1 (Skip 2). (D)
Xrce4-L1551-N1609 (Skip 3). (E) Two crystallographically independent dimers within the asymmetric unit
are shown for Gp7-A1777-T1854-Eb1 (Skip 4). Gp7 is disordered in the crystal lattice for the first of the two

dimers shown in panel E.
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canonical coiled-coil characterized by local unwinding. These regions, which extend ~17 and 11 residues on
the N- and C-terminal sides of the skip residues, respectively, show a substantial increase in the super-helical
pitch such that the helices run approximately parallel to each other [25, 26]. This effectively changes the
regular a - g heptad designation of the residues surrounding each skip residue as previously proposed [5]. As a
result, side chains that would be predicted to be solvent exposed by assignment to a regular heptad repeat are
now buried along the interface. Furthermore, because the distortion extends over four heptads, it is difficult to
attribute the changes in the coiled-coil to the insertion of one particular residue in this region. This unwinding
was predicted from the original sequence analysis, though the structural similarity between the first three skip

regions was not [5].

5.3.2 The Coiled-coil Surrounding Skips 1, 2, and 3 Accommodates the Break in the Heptad Repeat

Similarly

Since the structures of Skips 1, 2, and 3 accommodate the insertion of the skip residue in a similar
manner, the description of the structures will focus on Skip 3, which was determined to the highest resolution
(Table C2).

Based on the position of residues around the conventional coiled-coil helical wheel, Skip 3 residue,
E1582, is solvent exposed and lies in the g position which differs from the earlier prediction that it would lie
between ¢ and d (Fig.5.2A) [5, 27]. The approximate heptad designation of the 28 residue repeats either side
of Skip 3 based on their helical disposition is shown in Fig.5.2A, where the residues that contribute to the
hydrophobic core of the helical assembly are designated either a or d according to their observed position in
the helical interface.

The transition from a canonical coiled-coil starts at ~F1565 where the phenyl side chains on opposing
polypeptide chains stack against each other in the hydrophobic interface which necessitates a distortion of the
coiled-coil that places the a-carbon in a nominal d position rather than a (Fig.5.2A). Thereafter, the helices run
approximately parallel to each other with the overall positions of the side chains following a distorted abcdefg
repeat until the skip residue, E1582. The eleven residues on the C-terminal side of Skip 3 exhibit greater
deviations from the canonical repeat showing an unconventional abcdabcabced distribution; subsequently the
residues in the coiled-coil return to a conventional repeat. Given the overall structural similarity between Skip

1, 2, and 3, it is not surprising that the distribution of hydrophobic residues that constitute the interface is also
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Figure 5.2 (previous page): Structural analysis of Skip 3 and Skip 4. (A) A cartoon representation of the
coiled-coil surrounding E1582 (Skip 3) and surface electrostatic representation is shown on the lower-helix.
Packing residues in the non-conical coiled-coil region of the upper-helix are colored in yellow on the upper-
helix. The skip residue is colored in cyan. The protein sequence surrounding the nominal skip residue,
E1582, with the observed coiled-coil position registry shown below. Residues that are in a standard packing
arrangement are in blue, while the atypical region is colored black. Residues packing along the distorted
interface are highlighted in yellow and the skip residue is in cyan. (B) The sequence and structure of Skip 4.
The protein sequence surrounding the nominal Skip 4 residue, G1807, is shown with the coiled-coil position
registry below. Residues involved in the hinge region are indicated. A C-terminal structural alignment of
residues Q1811 — T1854 in chains A and B superimposed on C and D for the two independent molecules in
the asymmetric unit for Skip 4 is also shown. This reveals the conformational variability in the Skip 4 hinge.

The stabilization and folding domains were omitted from all structural figures.
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conserved among the skip regions.

Interestingly, there are numerous solvent exposed hydrophobic residues surrounding the Skip 3 residue.
These include L1559, L1563, 11568, and L1591. Their biological significance is unclear; however this pattern
of hydrophobic exposed residues is highly conserved across species (Fig.C2). Likewise, as judged by sequence
alignment, there is also remarkable similarity in the electrostatic surfaces of Skip 1, 2 and 3, (Figs.C2, C3).
The existence of exposed hydrophobic side chains makes a priori assignment of residues to an accurate heptad

pattern difficult.

5.3.3 The Fourth Skip Residue Forms a Highly Flexible Hinge

Remarkably, the fourth skip residue, G1807, is contained within a highly flexible hinge that disrupts the
heptad repeat in a completely different manner from that observed for the first three skip residues (Fig. 1E).
There are two crystallographically independent dimers present within the unit cell where both dimers show
ordered electron density for the hinge. Importantly each dimer adopts a dramatically different conformation
for its hinge (Fig. 1E). The key implication from these structures is that the hinge could adopt a set of
conformations in vivo that are likely to be different from the ones seen in vitro because the latter reflect the
necessities of crystallographic packing. Although the role of glycine residues as sites of flexibility had not been
previously recognized, the hinge encompassing Skip 4 includes two of them, which probably contributes to
its function. Glycine residues are uncommon in canonical coiled-coils and are often viewed as helix breakers,
however the myosin rod contains twelve of them, in the LMM portion [28].

The hinge, extending from residues 1806 to 1810 (Fig. 5.2B), introduces a discontinuity in the coiled-
coil, however the a-helices on either side of the break follow a uniform and normal super-helical pitch. The
helical regions on either side of the discontinuity are highly similar in both crystallographically independent
dimers where they align with a RMSD of 0.57 A and 1.09 A for the N- and C-terminal regions respectively
(Fig. 2B). While the residues surrounding Skip 4 adopt a canonical coiled-coil there are some noteworthy
features. First, the d and a positions of the heptad repeat preceding Skip 4 are occupied by alanine residues
that reduce the hydrophobicity of the dimer interface. Second, the hydrophobic moieties (11803 and L.1805)
in the heptad preceding the hinge are solvent exposed. Finally, two glutamine residues (Q1811 and Q1813)
immediately C-terminal to the hinge are located such that they may hydrogen bond to exposed carbonyl oxygen

atoms resulting from the break in the helicity. The unique nature of this hinge and its importance in bipolar
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thick filaments is observed in both molecular dynamics simulations and in-vivo experiments as discussed

below.

5.3.4 Dynamics of the Coiled-coil Regions Flanking the Skip Residues

Since the crystal structure provides only a static view of the myosin rod, the structural dynamics of the
coiled-coil surrounding all four skip residues were assessed by molecular dynamics. To achieve simulations
on the micros time scale, graphical processing units along with implicit solvent models were utilized (Fig.
C4). Comparative analysis demonstrated that the conformational dynamics are not altered by the addition of
the globular folding domains or the use of explicit solvent (Figs. C2 and C5). Consequently, all simulations

were performed solely on sections of myosin coiled-coil containing the skip residues.

5.3.5 The Skip Residue is an Integral Component of the Coiled-coil

The crystal structures show that the designated skip residues are only one residue in substantial regions
of distorted coiled-coil. Thus, the question arises whether the skip residues lead to coiled-coil instability
or if the surrounding regions have adopted a stable state that accommodates their insertion. To address this
question, simulations of the four regions encompassed by the crystallographic studies were performed with
and without (AS constructs) the presence of each skip residue to probe the role of the skip residue within each
structural environment (Table C1).

The simulations were analyzed in three ways. At a static level, the effect of removing the skip residues
was assessed by examining the average distance between the center of mass of the two helices (DCOM) for
the final 500 ns of each simulation, whereas the conformational variability was determined from both the
root mean square fluctuations (RMSF) of individual residues and clustering analysis of the models. DCOM
was determined as a moving window covering seven consecutive o.-carbons to measure the degree of coiling:
smaller values of DCOM imply tighter packing of the helices and a lowered super helical pitch, whereas a
larger DCOM value indicates a non-close-packed state and an increased super helical pitch. Analysis of the
simulations for Skip 3 residue shows that its removal allows the region to move as a whole towards a canonical
coiled-coil, with a decreased super helical pitch (Fig. 3A). This effect is especially evident for the C-terminal
side of the skip residue. Skips 1 and 2 follow the same pattern though to a lesser extent Fig. C6). Thus, the

residues identified with Skips 1, 2, and 3 are associated with an increase in the helical pitch over a stretch of
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Figure 5.3 (previous page): Analysis of the molecular dynamics simulations for Skip 3 and Skip 4. DCOM and
RMSF (Root Mean Square Fluctuation) for the regions surrounding Skip 3, panels A and C respectively, and
Skip 4, panels B, and D respectively. The analyses of the wild-type simulations are shown in black, the skip
residue deletion simulations (AS) are depicted in red. The simulation of the recoiled Skip 3 wild-type sequence
(S3-R) in which the distribution of hydrophobic residues matches that expected for a canonical coiled coil, but
still includes Skip 3 is shown in pink whereas the recoiled Skip 3 deletion (AS3-R) is depicted in blue. DCOM
is the distance between two a-helices calculated from the center of masses of Ca atoms for seven consecutive
amino acids and is inversely correlated with the degree of coiling in the simulations of models. Ca-RMSF
values are an indication of the degree if flexibility, as well as stability. Regions with higher RMSF values
have larger degree of flexibility. The measurements were averaged over the final 500 ns of each simulation to
allow sufficient sampling for relaxation and ensure convergence of ensembles. Residue numbers correspond
to L1551-D1602 and K1783-S1843 for Skip 3 and Skip 4 respectively. The sequence of the recoiled wild-
type sequence is: (LEHEEGKILRAQLEFNQIKAEIERLAAEVDEELEQAVRNHLRVVDSLQTSLD) where

Skip 3 is underlined and the mutated residues are shown in bold.



98

~29 residues. In contrast, deletion of Skip residue 4 has a different effect. The flanking sections of coiled-coil
are not significantly disturbed by the absence of G1807, likely owing to the fact that in the WT structure this
residue resides in a highly flexible loop flanked by canonical coiled-coils (Fig. 5.3B). The differences between

Skip 4 and the other skip residues are also seen in the conformational dynamics.

5.3.6 Deletions of Skip 3 and Skip 4 Have Different Effects on the Conformational Dynamics and

Structural Stability

Analysis of the Co-based root mean square fluctuations in the simulations with wild-type (WT) and
without the Skip residues (AS1, AS2, AS3 and AS4) shows that removal of Skip 1, 2, or 3 results in greater
fluctuations than the WT (Fig. 5.3C, and Fig C6). This implies that deletion of these residues would lead to
enhanced flexibility in these skip regions. Conversely, removal of Skip 4 leads to less variation in the positions
of individual residues (Fig. 5.3D).

The clustering analysis is consistent with the local fluctuations. In the presence of Skip 3 there is one
structural cluster that persists throughout the simulation while in its absence (AS3) there is a large increase
in the number of well-populated structural clusters (Fig. 5.4A,B). The same trend is seen for Skip 1 and 2
(Fig. C6). In contrast, the WT structure for the Skip 4 region shows a very large distribution of structural
states throughout the simulation, which are reduced dramatically on deletion of that residue (Fig. 5.4C,D).
Importantly, both WT and AS4 simulations maintain a structural ensemble dominated by canonical coiled-coils

but removal of the Skip 4 residue reduced the conformational diversity within the ensemble.

5.3.7 Computational Recoiling of Skip 3

Deletion of Skip 1, 2, or 3 is predicted to lead to greater conformational variability, which is consistent
with the concept that these regions have evolved to accommodate the presence of an additional residue through
local relaxation of the super-helical pitch. The simulations also predict that deletion (AS1, AS2 and AS3)
moves the structure towards a more canonical coiled-coil as indicated by the smaller values of DCOM, though
the resulting pattern of hydrophobic amino acid residues is inconsistent with a normal heptad repeat pattern.
Thus, any potential deleterious effects caused by deletion of the skip residues could be attributed to either the
absence of the residue itself or destabilization of the surrounding regions. To resolve this issue, the sequence

surrounding Skip 3 was reconfigured to retain the same charge distribution but exhibit the normal pattern
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Figure 5.4 (previous page): Diversity of ensembles formed by the regions surround Skip 3 and 4 in the presence
and absence of the skip residues. (A) Skip 3 WT, (B) Skip 3 deletion AS3, (C) Skip 4 WT, (D) Skip 4 deletion
AS4, (E) recoiled Skip 3 wild-type sequence, and (F) recoiled Skip 3 deletion (AS3-R). In this figure, Ca-
RMSD with respect to the representative member of the most populated cluster was plotted against simulation
time. The color-coding represents the different clusters formed where blue depicts the dominating clusters.
The Ca-alignments of representative members onto the crystal structure and model structure, for Skip 3 and
Skip 4 respectively, are shown on the right where the representative and initial structures are shown in blue
and grey respectively. Skip residues are depicted in green. The percentage of each cluster and the Co-RMSD

to initial structure is given under each structure.
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of hydrophobic residues found in a canonical coiled-coil interface (Fig. 5.3). This was simulated with and
without the nominal Skip 3 residue where the recoiled wild-type sequence and recoiled Skip 3 deletion are
designated S3-R and AS3-R respectively. These models show that introduction of a canonical coiled-coil
pattern leads to greater conformational flexibility in the presence of Skip 3; but in the absence leads to less
conformational variability in the clustering analysis and lower root mean square fluctuations (Fig. 5.3A, C and

Fig. 5.4E.F).

5.3.8 The Role of the Skip Residues in the Assembly of Bipolar Thick Filaments

To test the biological role of the skip residues, rat o--cardiac myosin rod constructs (WT and deleted for
individual skip residues) tagged with GFP at their amino termini were transfected into neonatal rat ventricular
cardiac myocytes (NRVMs) and examined for their ability to be incorporated into thick filaments by live
cell imaging [29]. When single cardiomyocytes were surveyed by confocal microscopy, we found that no
skip residue deletion fundamentally prevented myosin incorporation into the endogenous sarcomeres (Fig.
5.5A). However, deletion of Skip 3 (AS3) caused myosin cytoplasmic aggregates that show a sponge-like
structure in about 40 — 50% of the transfected cells (Fig. 5.5A; Fig. C7A). When the expression levels of
the mutants were boosted, no negative effects on sarcomere structure were observed, but a higher number of
large aggregates were detected in AS3 transfected cells (Fig. C7B). Cardiomyocytes were cotransfected with
both mutant GFP- and mCherry-tagged WT myosin rods to determine if the skip residue deletions alter the
distribution of myosin within the thick filament. As previously reported, GFP- and mCherry-tagged labeled
WT myosin rods are uniformly incorporated and fully colocalized along the ~ 1.6 microm long A band [29]
(Fig. 5.5B, WT). Furthermore, the fluorescence signals are absent from the I band corresponding to the
thin actin filaments, as well as from the H band corresponding to the central part of the sarcomere where
myosin anti-parallel interactions take place in the bare zone. Lastly, the lack of fluorescence in the bare zone
indicates that both the GFP and mCherry molecules are correctly positioned at the beginning of the parallel
interactions; these occur on each side of the sarcomere at an estimated relative distance of about ~1600 A,
that also corresponds to the theoretical myosin rod length [30]. Co-transfection of the mCherry-tagged WT
and GFP-AS3 myosin rods (Fig. 5.5B; Fig. C7C) confirmed the phenotype of the AS3 construct but also
revealed its dominant negative effects, as judged by the presence of WT mCherry-tagged myosin molecules

in the cytoplasmic aggregates (Fig. 5.5B, AS3). However, this kind of analysis exposed an unexpected and
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critical role of the Skip 4 residue in promoting anti-parallel assembly of myosin. Surprisingly, the emission
signals of the AS4 GFP- and WT mCherry-tagged myosin molecules do not visibly overlap close to the center
of the bipolar myosin filaments. Indeed, the red mCherry fluorescence is predominantly detectable in this
region (Fig. 5.5B, AS4). In contrast, the WT and AS4 tagged molecules are homogenously distributed along
the rest of the thick filaments where myosin rods pack in a parallel manner. To better characterize the AS4
phenotype, Linescan analysis, which measures the intensity value of each fluorophore over the length of the
sarcomere, was then performed. The plot derived from an evaluation of 425 single sarcomeres imaged from
three independent transfections revealed that the AS4 green fluorescence signal has both an offset of the peaks
toward the Z lines, as well as a substantially deeper valley in proximity of the bare zone (Fig. 5.5C). Thus
lack of GFP signal strongly suggests that the AS4 mutant is incapable of forming the anti-parallel interactions
occurring in the core of the bare zone where full overlap of the rods appear to be demanded [30]. To confirm
the AS4 phenotype in different experimental conditions, cardiomyocytes were then stained with an antibody
recognizing only the endogenous full length myosin molecules or imaged in time-course experiments. The
same peculiar distribution and spatial relationship with the WT myosin molecules was also observed in fixed
cells (Fig. 5.5D, Ab-59) as well as shortly after transfection, when the transcription rate is high (Fig. 5.5D, 36

h, 48 h).

5.3.9 Skip Residues are Coupled with Proximal Non-canonical Residues

Mutations predicted to convert or recoil the skip regions into more stable structures were then intro-
duced to determine whether unwinding of the regions surrounding Skip 1, 2, or 3 observed in the WT structures
is functionally important. As seen with the skip residue deletions, the recoiled myosins were also incorpo-
rated into the endogenous sarcomeres (Fig. C7D). The number of cells showing cytoplasmic aggregates did
not increase when transfected with the Skip 3 deletion recoiling construct (AS3-R) (~40 — 50%), but higher
magnification inspection showed that many of the thick filaments containing the AS3-R protein have a less
defined structure (AS3-R HMV). Moreover, higher expression levels caused, as previously observed with the
AS3 construct, a greater number of large mutant aggregates (Fig. C7D AS3-R). Myosin aggregates were also
observed in a small percentage of cells (~2 — 4%) transfected with the Skip 1 recoiled construct (Fig. C7D
AS1-R). Interestingly, recoiling/mutagenesis converting the Skip 2 region into the corresponding sequence of

non-muscle/smooth muscle myosins, which lack Skip 2 residue (Fig. C4, did not cause any noticeable myosin
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Figure 5.5 (previous page): (A) Cardiomyocytes electroporated with WT and mutant GFP-tagged skip residue
deletion constructs (AS) were imaged by confocal microscopy 96 h later (Bar: 10 um). (B) Cardiomyocytes
were co-transfected with mutant GFP- and WT mCherry-tagged constructs as indicated and were imaged by
confocal microscopy 96 h later. The two boxes in the WT and AS4 merge panels show the high magnification
view of the sarcomeric I band and H zone (bare zone) and the lack of colocalization between the mutant GFP-
and the WT mCherry-tagged myosins (Bar: 5 um). (C) Linescan analysis showing the relative intensity across
the sarcomere of WT GFP and mCherry (left) and AS4 GFP- and WT mCherry— tagged myosins (right).
Cells from 3 independent transfections were imaged and a total of 420 sarcomeres for each graph analyzed.
(D) Colocalization of AS4 GFP construct with the endogenous myosin, and time course incorporation into the
sarcomeres. (Ab-F59): cardiomyocytes were transfected with WT or AS4 GFP-tagged myosin constructs; 96
h later cells were fixed and stained with F59 anti-myosin primary antibody that recognizes only the myosin
head domain, and the Alexa Fluor 568 secondary antibody with orange-red emission color. All panels are
overlays of GFP and mCherry fluorescence signals. (36 h; 48 h): cardiomyocytes co-tranfected with AS4
GFP- and WT mCherry-tagged myosin rod constructs were imaged by confocal microscopy 36 and 48 h later

(Bar: 5 um).
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phenotype (Fig. C7D AS2-R). Cotransfection with mCherry tagged WT and AS-R constructs validated the
importance of Skip 3 for proper myosin assembly (Fig. C8, AS3-R) but failed to detect any phenotype for ei-
ther Skip 1 or 2 recoiling mutants (Fig. C8, AS1-R, AS2-R). The lack of aberrant formation of parallel myosin
arrangement and the more obvious exclusion from the bare zone for AS4-R, as observed for AS4, confirmed
the specialized role of the Skip 4 residue/hinge region in bipolar myosin assembly (Fig. C8,, AS4-R).

Finally, to address whether the distortion or flexibility is important for the Skip 3 region the skip residue
was reintroduced into the recoiled mutant (S3-R) and its effect examined in vivo. In this case the skip residue
introduces instability into an otherwise stable coiled-coil as demonstrated by molecular dynamics simulation
(Figs. 3A,C and 4E,F). Cells expressing this mutant show the same cytoplasmic aggregates observed with
AS3-R mutant (Fig. C7, S3-R). This implies that a structurally stable but unwound structure surrounding Skip

3 is functionally important.

5.3.10 Inter-changeability of the Skip Regions

The finding that deletion of Skip 3 and 4 causes myosin aggregates or exclusion from the bare zone
raises the question whether their biological function is defined by the location of the distortion in the coiled
coil or the specific sequence at that location. To address this question, 14 residues on either side of Skip 3
and Skip 4 were substituted with the corresponding region of Skip 2 that we have shown does not itself play
an important role in myosin assembly, and shares only structural similarity, but limited sequence identity with
the Skip 3 region (Fig. 5.6A).

Examination of GFP replacement mutants transfected into NRVMs alone, revealed no anomalous dis-
tribution of the tagged myosins in the cytoplasm, or defects in the incorporation into the sarcomere (Fig. 5.6B,
S2-S3 Repl, S2-S4 Repl). However, cotransfection with WT mCherry myosin shows an assembly defect as-
sociated only with the Skip 4 replacement which is exactly the opposite of what was observed when Skip 4
was deleted: imaging and linescan analysis revealed accumulation but not exclusion of the S2-S4 construct in

the bare zone that becomes completely filled by the GFP fluorescence signal (Fig. 5.6C, S2-S4 Repl; 5.6D).

5.4 Discussions

Considerable effort has been devoted at the ultrastructural level to determine the organization of the

myosin rods in the sarcomeric thick filament [3, 30]. Likewise, there is a large database of sequences that
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Figure 5.6 (previous page): Functional activity of mutants carrying duplications of 28 amino acids encompass-
ing the Skip 2 residue. (A, top) Topology of the duplications showing the number of amino acids separating
the skip residues from each other or from the beginning/end of the myosin rod. (A, bottom) alignment of
28 amino acids surrounding the Skip 2 residue with the corresponding Skip 3 and 4 regions (replaced by the
duplications). The observed coiled-coil position registry are shown above and below the sequences together
with the conserved charge distribution for Skip 2 and 3 (B) Cardiomyocytes were transfected with GFP-tagged
myosin constructs as indicated. (C) Cardiomyocytes were co-transfected with mutant GFP- and WT mCherry-
tagged myosin constructs as indicated. The box in the S2-S4 Repl merge images shows the high magnification
view of the of the sarcomeric I band and H zone. Cells in both B and C panels were imaged by confocal
microscopy 96 h after transfection. Bars, 5 um. (D) Linescan analysis showing the relative intensity across
five sarcomeres of S2-S3 Repl GFP- and WT mCherry-tagged myosins (left) and S2-S4 Repl GFP- and WT
mCherry-tagged myosins (right). x-axis: pixel distance (0.086 um/pixel); y-axis: fluorescence intensity. The

location of the I band and H zone are reported.
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indicate that the myosin rod is highly conserved [31]. What is lacking is an understanding of the connection
between sequence and macromolecular assembly. The structural and functional data presented in this study
shed new light on the function of the four skip residues that interrupt the cyclic pattern of the myosin rod.
It has been previously argued that by introducing conformational instability in the coiled-coil, skip residues
allow myosin rods to wrap along the cylindrical thick filament [9, 32]. Our structural studies show that the
first three skip residues cause the coiled-coil to unwind for a region of 29 amino acid residues over which
the a-helices run approximately parallel to each other. As such the designation of a single residue as a “skip”
residue is very difficult because the distortion extends over ~ 4 heptad repeats. Rather, the discussion of the
role of the skip residues in the assembly of the myosin rod must focus on the structural properties of the entire
region more than a single residue. The structures determined here suggest that the regions surrounding the
first three skip residues exhibit a stable but distorted conformational state. Moreover, molecular dynamics
simulations show that the skip residues maintain the relaxation of the super-helical pitch and their removal
increases the flexibility of the surrounding regions. Although not assessed by our calculations, the structures
are consistent with enhanced long range flexibility introduced by unwinding of the coiled-coil.

The myosin distortions introduced by the first three skip residues are both structurally and functionally
different from those observed in tropomyosin and reflect the different roles that these molecules play in the
sarcomere. The structure of the first three skip regions has evolved to ensure regional and adequate flexibility
of the rod required for assembly of the long myosin coiled-coil into the thick filament. On the contrary,
tropomyosin conformational flexibility has been achieved by the inclusion of alanine residues in the a and
d positions at seven locations [33, 34]. This molecular arrangement, which results in looser packing of the
o-helices, but maintains the overall coiled-coil structure, allows the molecule to wrap continuously around the
actin filament, and to adopt different local positions depending upon its regulatory state [35, 36]. Distortions
from a canonical coiled-coil are common and are often implicated in mediating protein-protein interactions
as observed in intermediate filaments [37]. While several structural examples of stammer/stutters structures
have been reported, skip residues have been observed mainly in antiparallel single chain coiled coils but there
are very few structures for parallel dimeric coiled-coils that include skip residues [38]. Thus, the comparison
between the first three and the last myosin skip residues reveals how the insertion of a single residue can be

differently accommodated within a long parallel coiled coil to diversify structural function, and highlights the
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importance of experimental characterization of regions that do not show a canonical repeat.

It is accepted that the myosin rod arose from gene duplication of an ancestral rod unit [39]. Our data
show that during myosin evolution the same unwound structure has been conserved, even though the amino
acid sequence has diverged considerably over the passage of time. The question arises whether the first three
skip regions, which are by themselves highly conserved across the myosin II superfamily, play an equal role
in thick filament assembly. The cellular data presented here show that the first three skip residues are not
functionally equivalent in promoting myosin assembly and their hierarchical importance appears to be set by
their position along the rod. The modification of the region surrounding Skip 3 has a greater affect on assembly
than modification of either Skip 1 or 2. Only deletion of the Skip 3 residue causes both aggregation in the
cytoplasm and reduced incorporation of the mutant protein into the sarcomere. Indeed, any modifications of
Skip 3 that change the pitch or introduce flexibility lead to the same cell phenotype. This speaks in favor of
the importance of a defined structure. Myosin assembly is not affected by the replacement of the Skip 3 region
with the corresponding Skip 2 region that introduces 23 amino acid changes out of 28, but maintains the same
structure, and the overall charge and distribution of surface exposed hydrophobic residues (Fig. C3) [10].

Interestingly, recoiling of Skip 1, which is located within the hinge between subfragment-2 and LMM
and presumably allows the myosin heads to commute between the thick and thin filaments, shows only a mild
phenotype (Fig. C7, Panel D). Although NRVMs contract spontaneously, our assay only measures myosin
incorporation into the thick filaments and not the effects on sarcomere contractility. Thus, a role for the Skip
1 region in controlling specific steps that take place during actomyosin sliding cannot be ruled out. The lack
of phenotype observed by converting the Skip 2 region into non-muscle/smooth myosin isoforms, which lack
the Skip 2 residue, is also puzzling. Clearly, the formation of side-polar versus bipolar filaments is driven by
more than the absence or presence of the Skip 2 region and implies that this region could play a sarcomeric
role not shared with non muscle myosins [9].

Our data clearly show structural and functional differences between the first three skip residues and
the last one. The Skip 4 residue is located in a highly flexible loop encompassing 3-4 amino acids separating
conventional coiled-coil regions that constitute a true hinge. Thus, defining of one of these residues as the Skip
4 residue is somewhat arbitrary. Removal of the skip residue from the hinge does not prevent incorporation

in the parallel arms of the sarcomere but leads to exclusion of the mutant myosin from the bare zone. This
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implies that the C-terminal portion of the myosin rod requires a high degree of movement to interact with other
components of the sarcomere or to assemble in a different fashion in the bare zone. This is the first evidence
that myosin requires conformational flexibility to form antiparallel assemblies that constitute the bare zone.

Interestingly, the myosin-titin interaction site has been mapped to a 17-residue sequence located 8
amino acids downstream of the Skip 4 residue. Since the two proteins run approximately parallel to each other
along the sarcomere, it has been proposed that the bending of the rod induced by the skip 4 residue could allow
the two molecules to interact [40]. Thus, one explanation for the phenotype observed with the Skip 4 mutant
constructs, might be that the reduction in flexibility introduced by the mutations in the rod could affect the
interaction between the two proteins. However, mutagenesis of the predicted titin binding site, which contains
a unique rod arrangement of negative residues (RELENELE), does not compromise myosin assembly nor
alter its ability to be correctly incorporated into the sarcomere (Fig. C9. However, reduced hinge flexibility
(as probably occurs in the S2-S4 mutant) could affect accurate myosin antiparallel assembly by causing loss
of interaction with other M-resident proteins [7].

In contrast to parallel assembly, which shows a characteristic polar repeat consistent with a 98-residue
stagger that underlies the 143 A distance between crowns in the thick filament, there is no obvious sequence
signature that would indicate how the myosin rods align antiparallel to each other in the bare zone [5, 41, 42].
This implies that the assembly cannot be described by a simple binary association of only two antiparallel
coiled-coils. The bare zone exhibits D32 dihedral symmetry which demands a regular assembly of myosin
molecules [43] and image reconstruction shows a thickening in the bare zone consistent with the overlap of
myosin rods. Therefore a complex arrangement is expected because both parallel and antiparallel interactions
take place in the bare zone. Based on packing considerations each myosin rod is expected to interact with at
least five other molecules in this densely packed region [32]. Indeed, modeling of the thick filament predicts
that the C-terminal portion of the rod assembles differently in the bare zone than in the arms of the sarcomere
[30, 44]. The observation that the hinge at Skip 4 is necessary for incorporation into the bare zone is suggestive
of a discontinuous interaction between myosin rods or interaction with multiple molecules. Altogether these
findings provide evidence that only the Skip 3 and 4 residue regions are essential for parallel and antiparallel
myosin interactions. While the similar structure of the first three skip residues has been functionally diversified

by their location along the rod, the more complex structure of the bare zone has required the evolution of a
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specialized hinge structure.

More than 130 mutations causing hypertrophic and dilated cardiomyopathy as well as different distal
myopathies have been mapped to the B-myosin rod; of interest, some of them are located near the four skip
residues. In particular three of them, E1573K R1588P and L1591P which lie in the solvent exposed c, b, and
b positions of the heptad repeat respectively, are located within the skip 3 region resolved in this study. The
first of these mutations has been implicated in Ebstein anomaly, which is a rare congenital heart malformation
affecting the tricuspid valve as well as the right ventricle whereas the others result in Laing distal myopathy,
characterized by slowly progressive skeletal muscle weakness with variable degrees of cardiac impairment
[45—-47]. To determine the potential impact of these mutations on the structure of the skip 3 region, molecular
dynamics were then carried out (Fig. C10). While the E1573K mutation has little effect, which implies that
this charge reversal influences packing interactions between adjacent myosin rods, the proline substitutions
have a much greater effect. In fact, they cause greater local conformational variability, and separation of
the o-helices. Moreover, they introduce a bend into the coiled-coil and a change in pitch. Thus the proline
substitutions analyzed are predicted to have both a local and long-range effects on the conformation of myosin,
which are expected to alter the rod interactions within the thick filament.

In addition to providing the first structural and functional characterization of four coiled-coil regions
of a sarcomeric myosin rod, the multidisciplinary approach adopted here lays the groundwork for defining the

functional impact of disease causing mutations on the coiled-coil structure of the myosin rod.
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Chapter 6

A Composite Approach Towards a Complete Model of the

Myosin Rod'

PREFACE This chapter contains my co-first-author manuscript published in Proteins: Structure, Function,
and Bioinformatics with Keenan Taylor and Micheal Andreas. My contributions to this work include de-
signing and performing all of the molecular simulations and their analysis. K.C.T. and M.P.A. designed and
prepared myosin fusion proteins, performed the crystallographic studies and analyzed data. M.B. and A.B.
designed, performed and analyzed the myosin assembly experiments in vivo, analyzed data. N.T.H prepared

and crystallized proteins.

IReprinted (adapted) with permission from “A Composite Approach Towards a Complete Model of the Myosin Rod”, E. N. Korkmaz*

, K. C. Taylor* , M. P. Andreas* , G. Ajay, N. T. Heinze, Q. Cui and I. Rayment Proteins 184, 1097-0134 (2016) *Contributed equally.
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6.1 Introduction

Cardiac and skeletal muscles contain sets of interdigitated thick and thin filaments. Muscle contrac-
tion occurs when the thick filaments, which are built primarily from myosin II, actively slide past the actin-
containing thin filaments. Myosin plays both a structural and enzymatic role in this fundamental biological
process. The globular N-terminal domains (heads) hydrolyze ATP and interact with actin to generate force,
whereas the C-terminal region forms a long a-helix that dimerizes to form a coiled-coil. The coiled-coil is
known as the myosin rod. The extended region of myosin can be split in two sections: Subfragment-2 (S2) and
light meromyosin (LMM), where these are connected by a flexible section of the coiled-coil that functions as
a hinge. In cardiac B-myosin LMM extends from approximately amino acid residues 1140 to 1935. [1] LMM
self-assembles to form the backbone of the thick filament at physiological ionic strength. At this time, there
is considerable knowledge of the structure and function of the globular motor regions of myosin, but many
aspects of the molecular organization of the myosin rods in the thick filament are still unresolved. This has
important implications since a significant number of mutations that lead to skeletal and cardiac myopathies
are located in the myosin rod. [2—4]

The reason that the structure of the myosin thick filament is not well understood is due to the lack of
high resolution structural information for LMM and the complexity of the assembly. Although the myosin
rod is predicted to consist of a coiled-coil, which is in principle a simple motif, there are distinct locations
where the sequence deviates from a canonical structure. [5] Indeed, there are four conserved locations that
contain an additional “skip” residue that disrupts the coiled-coil heptad repeat. These skip residues have
been proposed to introduce flexibility into the myosin rod to allow assembly into the thick filament. [6, 7]
Surrounding these skip residues, the sequence exhibits a 28 amino acid repeat and contains an alternating
pattern of positively and negatively charged amino acids, a feature that has been implicated in the staggered
interaction between adjacent myosin molecules in the thick filament. [6] In addition, the coiled-coil propensity
in the proposed hinge region between S2 and LMM is considerably lower than the sequence signature for a
stable coiled-coil. This region is adjacent to the first skip residue and has been proposed to provide an area of
flexibility that allows the motor domains swing away from the myosin thick filament to interact with the actin

thin filaments. [6, 8]
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Previous studies on tropomyosin and intermediate filaments have shown that the local pitch of a coiled-
coil is profoundly influenced by the amino acid sequence, especially in those regions that deviate from a
canonical heptad repeat. [9, 10] As such, it is not possible to accurately predict the structure of the myosin
rod with the accuracy needed to build a realistic model for the rod and to understand the interactions between
adjacent myosin molecules in the thick filament. Clearly there is a need for high resolution structural data.

The sheer size of the myosin rod at approximately 1600 A in linear dimension, prohibits a direct crys-
tallographic study. Thus, the only feasible approach is to divide the rod into smaller sections that might be
more amenable to structural study. Indeed, this is the standard approach for investigating large intractable pro-
teins, but it is more complicated for fragments of the myosin because the rod exhibits a strong salt-dependent
aggregation. A direct result of this property is that fragments of myosin readily form paracrystals at low ionic
strength. [11-15] This is due in part to periodic clusters of positively and negatively charged residues that
repeat every 28 amino acid residues for the entire length of the myosin rod noted above. [5] In sarcomeric
myosins the rod contains 38 of these repeats. [6] The latter property has doubtlessly contributed to the dif-
ficulties of crystallizing short sections of the myosin rod that might otherwise appear amenable to structural
study. Indeed, until recently there were no structures available for the myosin rod except for the N-terminal
126 amino acid residues of human cardiac B-myosin II S2, which exhibits for most of its length a canonical
coiled-coil and has no tendency to aggregate at low ionic strength. [16]

Apart from the problems of self-assembly into paracrystals, a second issue is whether fragments of
myosin contain all of the information necessary to fold correctly and yield a soluble protein. The folding of
coiled-coils is generally highly cooperative where initiation of folding is often controlled by trigger sequences
that have a higher coiled-coil propensity than the bulk of the protein. These sequence signatures usually
lie towards the N-terminus of the coiled-coil. [17-22] Removal of these motifs frequently prevents proper
folding or loss of dimerization of the resultant fragment. Indeed, a recent paper by Wolny et al., shows that
there appears to be a folding signal located in the myosin tail between 1301 and 1330 that leads to high
helicity in even short peptides (7 heptads) that contain this sequence. Conversely, five other down-stream
peptides that contained only seven heptads of the myosin rod showed limited o-helical content. [23] This
problem of stabilizing coiled coils that lack their native trigger sequence has been circumvented for some

coiled-coils by incorporation of a short stable coiled-coil, such as that seen in the well-studied transcription



118

factor GCN4. [19, 24, 25] This strategy could be applied to sections of LMM but is not predicted to eliminate
self-assembly into paracrystals at low ionic strength.

The problem of myosin self-assembly has now been solved by using globular fusion proteins in place
of GCN4. [26] This strategy was developed for investigating the overlap complex for tropomyosin and com-
ponents of the yeast spindle pole body and has been recently applied to myosin. [26-28] In those structural
studies, the globular domains from human DNA ligase binding protein Xrcc4 and the bacteriophage ¢-29 scaf-
folding protein Gp7 were fused to the N-terminus of the targeted coiled-coil domains. [29-31] The resultant
fusion proteins were expressed with good solubility in E. coli and crystallized readily. Following a similar
strategy, the structure of the regions surrounding the four skip residues in human cardiac B-myosin II have
been reported which now opens up the possibility of determining the structure of the entire myosin rod. [26]
The use of globular domains also solves the problem of the limited stability of short sections of the myosin
rod. [23]

In principle, a model for the entire LMM (~800 amino acid residues) could be assembled from the
structures of 15-20 overlapping fragments that each span 50-70 amino acid residues. The initial stages of this
project are reported here and establishes proof of concept for the approach. This study reports a composite
model for residues L1526-R1689 of human cardiac $-myosin generated from five overlapping structures,
covering ~24 % of LMM. This study also describes the degree of stabilization that can be obtained from a
suite of folding domains and their effect on protein expression and crystallization. Molecular dynamic (MD)
simulations of myosin coiled-coil with and without a folding domain provided a means to assess changes
in dynamic properties brought about by the fusion. Additionally the fusion structures presented here have
a large degree of sequence overlap that provides a basis for evaluating the effects of the fusion protein and
crystallographic contacts on the targeted coiled-coil. Lastly, surface analysis shows that the composite model
exhibits a substantial hydrophobic surface area which plays a role in the higher order assembly of bipolar thick

filaments.

6.2 Materials and Methods

All cloning was performed as described previously. [28] Briefly, QuikChange cloning was used to
amplify and insert sections of the MYH7 gene into vectors containing the desired solubilization domain.

DNA encoding human cardiac myosin rod was purchased as an image clone from Open Biosystems. The use
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of QuikChange cloning allowed all constructs to be made without introduction of cloning artifacts, which is
critical for maintaining the correct coiled-coil registration between the folding domains and the target gene

fragment. The sequences of all constructs were verified over their entire open reading frames.

6.2.1 Construct Design

All fusion protein constructs were cloned into a modified pET24D (EMD) plasmid or pKLD37, a mod-
ified pET31b plasmid (EMD) by QuikChange cloning. [32-35] A His-tag and an rTEV cleavage recognition
site were introduced N-terminally to constructs that contained Gp7, Xrcc4, and GCN4. [36] The Paircoil al-
gorithm was used to predict regions of coiled-coil and their helical registration. [37] A complete description

of all constructs is given in (Table 6.1).

6.2.2 Protein Expression and Purification

Myosin fusion proteins were expressed in an E. coli BL21-CodonPlus (DE3)-RIL cell line (Strata-
gene). Cells were grown in lysogeny broth (LB) medium under an appropriate antibiotic selection at 37 °C
with shaking to an A600 of ~1.0, then cooled on ice for 15 min; at this point, | mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added and the cells were grown for an additional 16 h at 16 °C before har-
vesting by centrifugation. Cells were washed with 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) pH 7.6, 50 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) at a ratio of 1L of buffer per 6ThL
of culture prior to flash freezing in liquid nitrogen and storage at -80 °C.

All protein purification steps were carried out at 4 °C. 10 g of cell were lysed in 100 mL of lysis buffer
(50 mM HEPES pH 7.6, 50 mM NacCl, 20 mM imidazole, 0.5 mg/mL lysozyme) with 1 mM PMSF, 50 nM
Leupeptin (Peptide International), 70 nM E-65 (Peptide International), 2 nM Aprotinin (ProSpec), and 2 M
AEBSF (Gold BioTechnology) by sonication. Lysate was clarified by centrifugation at 125,000 g for 30 min
at 4 °C in a Ti-45 rotor. The supernatant was loaded onto a 5 mL Ni-NTA (nickel-nitrilotriacetic acid) column
(QIAGEN) by gravity and washed with 25 column volumes of buffer A (25 mM HEPES pH 7.6, 300 mM
NaCl, 20 mM imidazole). The column was then washed with an additional 5 column volumes buffer A with
40 mM imidazole. Protein was eluted in four column volumes of buffer A with 200 mM imidazole. 1 mM
B-mercaptoethanol was added to all buffers for purification of constructs containing cysteine residues. The

His-tag was removed by incubation with a 1:40 molar ratio of rTEV protease to myosin fusion protein at
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Table 6.1: Fusion Constructs®

MyH7-1361-1406
MSYYHHHHHHDYDIPTSENLYFQGLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLA
QRLQEAEEAVEA

GCN4-MyH7-1361-1406
MGSSHHHHHHHHDYDIPTSENLYFQGASMSVKELEDKVEELLSKNYHLENEVARLKKL
LSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEEAVEAVN

Gp7-MyH7-1361-1406

MSYYHHHHHHDY DIPTSENLYFQGGSGPLKPEEHEDILNKLLDPELAQSERTEALQQLR
VNYGSFVSEYNDLTKSLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEE
AVEAVNA

Xrec4-MyH7-1361-1406
MSYYHHHHHHDYDIPTSENLYFQGGSGERKISRIHLVSEPSITHFLQVSWEKTLESGFVI
TLTDGHSAWTGTVSESEISQEADDMAMEKGKY VGELRKALLSGAGPADVYTFNFSKE
SCYFFFEKNLKDVSFRLGSFNLEKVENPAEVIRELICYCLDTTAENQAKNEHLQKENER
LQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQEAEEAVEAVNA

Gp7-MyH7-MyH7-1526-1571
MSHHHHHHHHDYDIPTSENLYFQGGSGPLKPEEHEDILNKLLDPELAQSERTEALQQLR
VNYGSFVSEYNDLTKSHEKLEKVRKQLEAEKMELQSALEEAEASLEHEEGKILRAQLEF
NQIKAE

Xrcc4-MyH7-1562-1622
MSYYHHHHHHDYDIPTSENLYFQGGSGERKISRIHLVSEPSITHFLQVSWEKTLESGFVIT
LTDGHSAWTGTVSESEISQEADDMAMEKGKY VGELRKALLSGAGPADVYTENFSKESC
YFFFEKNLKDVSFRLGSFNLEKVENPAEVIRELICYCLDTTAENQAKNEHLQLEFNQIKA
EIERKLAEKDEEMEQAKRNHLRVVDSLQTSLDAETRSRNEALRVKKKMEGDL?

Xrec4-MyH7-1590-1657

MSYYHHHHHHDYDIPTSENLYFQGGSGERKISRIHLVSEPSITHFLQVSWEKTLESGFVIT
LTDGHSAWTGTVSESEISQEADDMAMEKGKY VGELRKALLSGAGPADVYTENFSKESC
YFFFEKNLKDVSFRLGSFNLEKVENPAEVIRELICYCLDTTAENQAKNEHHLRVVDSLQT
SLDAETRSRNEALRVKKKMEGDLNEMEIQLSHANRMAAEAQKQVKSLQSLLKDTQIQL

Xrec4-MyH7-1631-1692
MSYYHHHHHHDYDIPTSENLYFQGGSGERKISRIHLVSEPSITHFLQVSWEKTLESGFVIT
LTDGHSAWTGTVSESEISQEADDMAMEKGKY VGELRKALLSGAGPADVYTFENFSKESC
YFFFEKNLKDVSFRLGSFNLEKVENPAEVIRELICYCLDTTAENQAKNEHANRMAAEAQ
KQVKSLQSLLKDTQIQLDDAVRANDDLKENIAIVERRNNLLQAELEELRAVV?

“ The myosin segment is underlined.

b The residues highlighted in bold were not observed in the crystal lattice though were present in the protein.
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4 °C in 25 mM HEPES pH 7.6, 100 mM NacCl, 0.1 mM EDTA, 0.5 mM tris(2-carboxyethyl)phosphine. The
NaCl concentration was increased to 300 mM and the cleaved protein was then loaded onto a 2 mL Ni-NTA
column equilibrated in buffer A without imidazole. Myosin constructs were eluted in four column volumes of
buffer A, and rTEV protease was eluted with buffer A containing 200 mM imidazole. Fusion proteins were
concentrated in an Amicon Ultra-15 30 KDa cutoff (Millipore) to between 10 and 25 mg/mL prior to overnight
dialysis into storage buffer (10 mM HEPES pH 7.6, 100 mM NaCl). The protein was then flash-frozen in 30

uL droplets in liquid nitrogen and stored at -80 °C.

6.2.3 Crystallization

Crystals of Gp7-1526-1571 were grown at 4 °C by vapor diffusion from a 1:1 mixture of 15 mg/mL
protein solution and a polyethylene glycol (PEG) solution consisting of 16 % (w/v) PEG 8000, 400 mM
malonate pH 7.2, and 100 mM triethanolamine pH 7.5. Rod-shaped crystals grew over the course of several
days to final dimensions of 400 um x 50 ym x 50 um. All manipulations of crystals prior to freezing were
carried out at 4 °C. Crystals were cryo-protected by first being transferred to synthetic mother liquor solution
consisting of 18 % (w/v) PEG 8000, 400 mM malonate pH 7.2, 100 mM triethanolamine pH 7.5, and 100 mM
NaCl followed by stepwise transfer to a final solution of 18 % (w/v) PEG 8000, 400 mM malonate pH 7.2,
100 mM triethanolamine pH 7.5, 100 mM NaCl, and 10 % (w/v) ethylene glycol. Crystals were flash-frozen
by plunging them into liquid nitrogen.

Crystals of reductively methylated Xrcc4-1562-1622 were grown at 4 °C by vapor diffusion from a 1:1
mixture of 13 mg/ mL protein solution and polyethylene glycol (PEG) solution consisting of 23 % (w/v) PEG
4000, 500 mM NaCl, 100 mM triethanolamine pH 8.0. Shard-shaped crystals grew over the course of 7 days
to an average dimension of 250 ym x 100 ym x 75 um. All manipulations of the crystals were performed at
4 °C. Crystals were cryo-protected by first being transferred to synthetic mother liquor solution consisting of
23 % (w/v) PEG 4000, 500 mM NaCl, 100 mM triethanolamine pH 8.0 followed by stepwise transfer to a final
solution of 23 % (w/v) PEG 4000, 500 mM NaCl, 100 mM triethanolamine pH 8.0, 12.5 % (w/v) ethylene
glycol, 250 mM CaCl2. Crystals were flash frozen by being rapidly plunged into liquid nitrogen. [38]

Crystals of reductively methylated [38] Xrcc4-1590-1657 were grown at 4 °C by vapor diffusion from a
1:1 mixture of 15 mg/ mL protein solution and methyl ether polyethylene glycol (MEPEG) solution consisting

of 16 % (w/v) MEPEG 2000, 250 mM KNO3, 100 mM MOPS pH 7.0. Hexagonal shaped crystals formed
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over the course of 7 days to an average dimension of 600 um x 600 um x 200 um. Crystals were cryo-protected
by transferring to an initial synthetic motherliqour solution consisting of 16 % (w/v) MEPEG 2000, 200 mM
KNO3, 100 mM MOPS pH 7.0 followed by a stepwise transfer into a final solution consisting of 20 % (w/v)
MEPEG 2000, 200 mM KNO3 and 12 % (w/v) ethylene glycol. Crystals were flash frozen by being rapidly
plunged into liquid nitrogen.

Crystals of Xrcc-1631-1692 were grown at 4 °C by vapor diffusion from a 1:1 mixture of 14 mg/ mL
protein solution and MEPEG solution consisting of 14 % (w/v) MEPEG 5000, 200 mM glycine, 100 mM
bistrispropane pH 7.0. Crystals were cryo-protected by transferring to a cryoprotection solution of 20 % (w/v)
MEPEG 5000, 100 mM NaCl, 200 mM glycine, 100 mM bis-tris propane pH 7.0, followed by a stepwise
transfer into a final solution consisting of 20 % (w/v) MEPEG 5000, 200 mM glycine, 100 mM bis-tris
propane pH 7.0, 12.5 % (w/v) ethylene glycol, 200 mM CaCl2. Crystals were then flash frozen by plunging

into liquid nitrogen.

6.2.4 Data Collection and Structure Determination

X-ray diffraction data were collected at beam line SBC 19-ID (Advanced Photon Source). The datasets
were integrated and scaled using HKL3000. [39, 40] X-ray data collection statistics are given in Table 6.2.
The structures of Gp7-1526-1571, Xrcc4-1562-1622, Xrcc4-1590-1657, and Xrccd-1631-1692 were solved
by molecular replacement with Phaser [41, 42] using either residues 2 — 52 of Gp7 (1NO4) or residues 1
— 142 of Xrcc4 (11IK9) as search models. [30, 31] Following density modification by Parrot, initial models
of Xrcc4-1562-1622, Xrcc4-1590-1657, and Xrccd-1631-1692 were built in Buccaneer. [43, 44] Subsequent
iterative cycles between manual model building in Coot followed by restrained refinement in Refmac 5.6 were
used to generate the penultimate structural coordinates. [45, 46] Final refinements for Xrcc4-1590-1657 were
performed by TLS and restrained refinement in Refmac 5.6. 42 Two chains were present in the asymmetric
unit, and each chain was assigned as an individual TLS group for the entire chain. Final refinements on Xrcc4-
1562-1622 and Xrcc4-1631-1692 structures were performed using Phenix Refine. [47] For Xrcc4-1562-1622,
four chains were present in the asymmetric unit, with chain A having 3 TLS groups, chain B having 2 TLS
groups, chain C having 3 TLS groups, and chain D having 2 TLS groups. Xrcc4-1631-1692 utilized 2 TLS
groups for each chain at the junction between the fusion protein and myosin, totaling 4 TLS groups. [46]

An initial model of Gp7-1526-1571 was constructed with Phenix AutoBuild and was refined with alternating
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Table 6.2: Crystallographic data collection and refinement statistics

Data Collection

Gp7-1526-1571

Gp7-1526-1571

Xrec4-1590-1657 Xree4-1631-1692

Space group P1 P21 c2C2

Cell dimensions

a b, c(A) 56.1, 64.5, 70.5 83.1,57.3, 112.1  223.6, 84.0, 39.4 200, 44.4, 74.7
o, B, yY(®) 70.5,77.5,74.2 B B=92.8  =108.2

Wavelength (A) 0.9791 0.9791 0.97924 0.9791

Resolution (A)%) 50-2.1 (2.14-2.10) 50-3.1 (3.15-3.1) 50-2.1(2.14-2.10) 50-2.3 (2.31-2.27)
R%nge 0.065 (0.43) 0.070 (0.37) 0.090 (0.37) 0.068 (0.33)
<I>/<ol>" 23.1 (2.67) 27.3(4.9) 34.1 (2.7) 40.2 (3.45)
Completeness (%)* 97.6 (96.3) 99.1 (99.4) 99.4 (98.1) 99.9 (99.6)
Redundancy 3.8(2.3) 6.0(5.9) 4.8 (3.1)6.3(4.9)

Beamline 19-ID 19-ID 19-ID 19-ID

Refinement

Resolution (A)? 50-2.1 (2.13-2.09) 50-3.1(3.18-3.10) 111.7-2.3 (2.36-2.3) 50-2.3 (2.36-2.30)
No. reflections® 67072 (3282) 18959 (948) 30554 (1645) 28089 (1404)
Ryork /R free 0.21/0.26 0.24/0.28 0.21/0.26 0.22/0.24

No. atoms

Protein 6360 6341 33923191

Water 164 2 54 108

Ligand 0 0 00

Average B-factors (A%) 43 82 59.1 63.4

R.m.s. deviations

Bond lengths (A) 0.008 0.004 0.012 0.004

Bond angles (°) 0.935 0.741 1.414 0.78

Ramachandran (%)

Most favored 99.7 98.5 98.8 98.7

Allowed 0.3 1.5 1213

Disallowed 0 0 00

TLS Groups 16 10 24

PDB Accession Number 5CJ1 5CJ4 SCHX 5CJO

¢ Data in parentheses represent the highest resolution shell

Y Rierge = ¥ 1kt — Inia / . \Tnt |

¢ Data in parentheses represent the number of reflections used for the calculation of R ..

9 R factor = ¥\ Fobs — Featc|/ T | Fobs|

where Ryori refers to the R fqcror for the data used in the refinement and R, refers to the R fqcror for 5% of the data that were excluded

from the refinement.
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Table 6.3: Simulated Models and Lengths of Simulations.

Model Trajectory Length (ns)
MyH7-1551-1602¢ 1000
Gp7-MyH7-1551-1602 1000
Xrec4-MyH7-1551-1603 1400
MyH7-1526-1689 1100
MyH7-1526-1689 520
MyH7-1526-1689 540

¢ Residues 1551-1602 or 1551-1603 were used in the simulation since these constituted the structurally ordered residues in the crystal

structure for Xrcc4-1551-1609 (accession number 4XA4).



125

rounds of manual model building in Coot followed by restrained refinement in Phenix. [47] In the refinement
two TLS groups per chain were defined by the junction between the fusion protein and myosin. [48] The eight
chains in the asymmetric unit were divided into a total of 16 TLS groups. Refinement statistics are presented

in Table 6.2.

6.2.5 Reconstruction of Myosin from Structural Fragments

The initial structure for the simulations was created in the MODELLER Homology Modeling Package
[49-53] starting from the aligned structures for Gp7-1526-1571, Xrcc4-1562-1622, Xrcc4-1590-1657, Xrecd-
1631-1692 and Xrcc4-1551-1609. After alignment, overlapping segments of the structures were trimmed and
the orientation of the side chains were energy minimized and the conformation of the trimmed chain ends were
optimized to obtain a complete segment consisting of 164 amino acids (MyH7-1526-1689) of the myosin rod
surrounding the Skip 3 residue.

All molecular dynamics simulations were carried out using the AMBER v14 MD program. [54-57]
The Generalized Born (GB), an implicit solvent approach was chosen because it provides ~100 fold efficiency
compared to the explicit solvent when graphical processing units are used, [58—60] and long simulations are
required to allow adequate structural relaxations of models constructed based on crystal structures. Specifi-
cally, the ff99SB force field improved with NMR observables (ff99SBnmr) was chosen [61-66] along with the
gb7 model. [60] Production gb7 simulations were catried out for a minimum of 500 ns using a 1 fs time step
(2 fs was used for the independent runs). Details of the simulations are summarized in Table 6.3. Langevin
dynamics was followed with a collision frequency of 20 ps-1 at 300 K. The SHAKE algorithm was applied to
bonds with hydrogen atoms with a tolerance of 10-5 A. [67] The non-bonded cutoff was set as 9999 A and
the maximum distance between atom pairs (rgbmax) for Born radii calculations was kept at 12 A. Salt was
treated implicitly via Debye-Huckel theory and the concentration was set to the physiological concentration
of 0.15 M. The collected trajectories were analyzed with AmberTools v15 and the Multiscale Modeling Tools
for Structural Biology (MMTSB) package. [55, 57, 58]

To investigate the effect of the head groups, the isolated Skip 3 region, residues 1551-1603 from the
MyH7-1551-1609 structure, was simulated along with fusions with Gp7 and Xrcc4 (Table 6.3).

In order to examine the convergence of the simulation of the contiguous model, three independent

simulations were carried out for a minimum of 520 ns each. The analysis was performed over the combined
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trajectory of the three simulations where all averages were calculated for the entire pool of conformations.
To determine if the simulations had converged the distribution of the clusters among the three individual
trajectories was plotted after performing clustering using the k-clust algorithm in the MMTSB package [58]
(Fig. D1. It was observed that each cluster was sampled in every simulation. Additionally, the averaged
DCOM and super helical pitch for the individual simulations Figures D2 and D3 were in qualitative and

quantitative agreement with the averages for the aggregate simulations.

6.2.6 CD and fluorescence Spectroscopy

Circular dichroism spectra were recorded from 190 to 300 nm in an AVIV model 420 CD spectropho-
tometer. Protein samples were diluted to an A280 of 0.35 in buffer containing 50 mM sodium phosphate pH
7.0, 0.5 mM tris(2-carboxyethyl)phosphine. Thermal melting curves were recorded by monitoring the change
in tryptophan emission intensity in a QuantaMaster Model C-60/2000 spectrofluorometer. Fluorescence emis-
sions were recorded from 300 to 500 nm. The excitation wavelength was 290 nm. The temperature was
increased by 4 degree increments starting at 4 °C. The sample was equilibrated at each temperature point for

10 minutes before measurement.

6.3 Results and Discussions

6.3.1 Fusion Proteins do not Significantly Influence the Backbone of the Target Coiled-coil

Four crystal structures of human cardiac -myosin LMM are reported here that in combination with
the previously determined structure for Skip 3 (Xrcc4-1551-1609 containing ~8 heptads of myosin) [26]
encompass residues 1526-1688 (Fig. 6.1). In total this section extends over repeat 25 to the final heptad of
repeat 30. These new fragments are defined as Gp7-1526-1571, Xrcc4-1562-1622, Xrcc4-1590-1657, and
Xrce4-1631-1692 that contain ~7, 9, 10, and 8 heptads of coiled-coil respectively. The four new structures
overlap with Xrcc4-1551-1609 on the N- or C-terminal side for a total coverage of LMM of 164 residues
(~23 heptads). These structures are N-terminal fusions with either Gp7 or Xrcc4 and were designed such
that the overlapping regions of LMM coiled-coil could be used to assemble a larger composite structure.
The junctions between the folding domain and myosin were designed to preserve the coiled-coil registry and

minimize disruption of inter-chain salt bridges as has been previously described. [27]
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Figure 6.1 (previous page): Structures of myosin fusion proteins and preliminary composite model. (A)
A representation of myosin in which each 28 amino acid repeat of the C-terminal coiled-coil is an oval.
S1, S2, and LMM are colored white, yellow and grey respectively. The numbering is shown for every fifth
repeat and the positions of the skip residues are indicated. Repeats 25 through 30 are colored differently and
the third skip residue, E1582, is shown in red. The fusion proteins are colored in grey while the myosin
repeats are colored as in panel A for (B) Gp7-L1526-E1571, (C) Xrcc4-L1551-N1609, (D) Xrcc4-Q1562-
L1622. (E) Xrcc4-H1590-L1657, (F) Xrcc4-A1632-R1689 and (G) A simple composite model for L1526-
R1689 of human cardiac -myosin. This was assembled from four of the five overlapping structures taken
from Gp7-L1526-E1571, Xrcc4-L1551-N1609, Xrcc4-H1590-L1657, and Xrcc4-A1632-R1689. The residues
incorporated from each structure are listed below. The coordinates for Xrcc4-L1551-N1609 were taken from
the RCSB with accession 4XA4. Figures 6.1, 6.2, 6.3, 6.4, 6.5, 6.8, 6.8, 6.9, and 6.10 were prepared in part

with Pymol (http://www.pymol.org/).
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As noted earlier, isolated fragments of LMM exhibit a strong dependence salt dependence on solubility
and tendency to form paracrystals which confound the ability to crystallize these proteins for high resolution
structural studies. This problem was solved by including a globular domain excised from either Xrcc4 or
Gp7. These proteins were selected from the protein data bank as small but structurally distinct domains that
lead into well ordered dimeric coiled-coils. The intact Xrcc4 is involved in DNA repair and binds to both
DNA ligase IV (RCSB accession number 11K9) [31] and DNA. Here, only the globular domain of the protein
that consists of ~140 residues and is composed mostly of B-strands was used, but is referred to as Xrcc4 for
simplicity in this context. Likewise, the bacteriophage ¢29 scaffolding protein Gp7 consists of a small helical
bundle domain that leads into an extended coiled-coil (RCSB accession number 1NO4) [30] where only the
first ~50 residues that contain the globular domain were incorporated in these fusions. These are denoted as
Gp7-fusions for simplicity also.

Experimentally it was determined that the fusion proteins that exhibited the best characteristics for
structural and biophysical studies contained ~8-10 heptads of LMM. Longer fusions did not crystallize well
and demonstrated increasing salt-dependent solubility. On average, six constructs were prepared for every
successful structural determination.

A major question in assembling structures from fragments derived from fusion proteins is whether
the conformation of the resultant pieces is influenced by crystal packing forces or by the interface between
the folding domain and the fragment of myosin. In the case of Xrcc4-1562-1622 there are two dimers in
the asymmetric unit that have a Ca. root mean square deviation of 0.63 A% over 89 ai-carbon atoms of the
target myosin coiled-coil. This indicates that crystallographic packing does not have a major influence on
the resultant structure in this instance. In the same vein, the two fusions to Xrcc4 (Fig 6.1C and 6.1D) both
overlap between residues 1562-1609 of myosin. This significant overlap is more than the minimum required
for assembly into a larger model, but serves as a means to probe the influences of the fusion protein on the
target section of coiled-coil. Each of the two Xrcc4-1562-1622 dimers aligns to Xrcc4-1551-1609 with a Cou
root mean square deviation of 1.0 A% and 1.2 A2 over 76 and 80 a-carbon atoms respectively (Fig 6.3). This
strongly supports the hypothesis that the backbone conformations of the selected fragment of the coiled-coil
are not notably perturbed by crystallographic contacts or the fusion to a folding domain.

To further test this hypothesis, MD simulations were performed on the isolated section of MyH7-
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Figure 6.2: Stereo view of a structural alignment between Xrcc4-1551-1609 and Xrcc4-1562-1622. For Xrcc4-
1551-1609 the Xrcc4 portion is colored in black and 1551-1609 of myosin is in blue. For Xrcc4-1562-1622
the Xrcc4 portion is colored in grey and 1562-1622 of myosin is in green. The structures are represented in
cartoon and the skip residue is shown in red spheres. The primary point of divergence of the structures in the

target coiled-coil is indicated with an asterisk.
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1551-1602 and fused to either Gp7 or Xrcc4 (Table 6.3). Structures for the MyH7-1551-1602 segment were
extracted from all three simulations to form a pool of conformations. Hierarchical clustering was performed
over the ensemble of conformations for MyH7-1551-1603 using the k-clust algorithm in the MMTSB package.
[58] Using a Cot root mean square distance (RMSD) of 4.75 A as the clustering threshold, four clusters were
observed. Figure 6.3A displays distribution of clusters amongst the simulations along with Ca-RMSD with
respect to the Xrcc4-1551-1609 crystal structure. The folding domains have a slight stabilizing effect on
the conformational ensembles. This is manifested in the average Co-RMSD. The individual MyH7-1551-
1602 simulation has an average Ca-RMSD of 3.8 A as opposed to 2.4 A and 3.3 A from Gp7- and Xrcc4-
bound forms. Additionally, the individual MyH7-1551-1602 simulation samples a slightly larger range of
conformations; this simulation contains two extra clusters that are not found in the simulation of the Gp7- and
Xrecd-bound constructs. However, those clusters are within 2.7 A and 2.0 A Co-RMSD with respect to the
crystal structure (possibly due to the fluctuations at the N-terminal) and have low populations. Co root mean
square fluctuations (Co-RMSF) exhibit similar trends (Fig. 6.3B). Thus, it can be concluded that the folding
domain has a modest stabilizing effect (as supported by the biophysical measurements discussed below), and
that the two most dominant conformational ensembles of the coiled-coils are not disturbed.

The conformations sampled in all three simulations are well within comparable RMSD and RMSF
values, however this does not necessarily quantify the changes in the degree of coiling. To explicitly quantify
the degree of coiling, the distance between center of masses of the two a-helices (DCOM) was calculated as
a moving average of seven consecutive a-carbon atoms (Fig. 6.3C). All three simulations of the Skip 3 region
show similar DCOM trends, except for a single heptad repeat at both the C- and N- termini. Hence, the MD
simulations support the conjecture that the folding domains and C-terminal truncations do not alter the coiling

patterns or the super-helical pitch except for the first and last heptad of the target section of coiled-coil.

6.3.2 Differences in the Super-Helical Pitch at the Fusion Junction do not Propagate into the Target

Coiled-coil

Xrce4-1562-1622 and Xrcc4-1551-1609 encompass a stretch of LMM that contains the third skip
residue, E1582, located between repeat 26 and 27 that breaks the phase of the coiled-coil heptad repeat.
The skip residue causes a significant local increase in the super-helical pitch encompassing 17 and 11 residues

N- and C-terminal to the insertion. This distorted region of coiled-coil clearly starts at F1565, which places a
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bulky hydrophobic residue in a core d position (Fig. 6.2 and 6.2). The two Xrcc4 constructs described herein
both contain this residue, but in different positions relative to the N-terminal fusion interface. The junction
between Xrcc4 and myosin in Xrcc4-1551-1609 is located two full heptads N-terminal to F1565. In contrast,
the junction in Xrcc4-1562-1622 is only three residues N-terminal to F1565, or about one turn of an ¢-helix.
As a consequence, the fusion junctions of these two constructs occur at different positions in the coiled-coil
registry and include different Xrcc4 residues. The first myosin residue in Xrcc4-1551-1609 is a d position
occupied by a leucine, while the first myosin residue in Xrcc4-1562-1622 is a glutamine in an e position (Fig.
6.4).

The major difference between these two structures occurs in the region surrounding F1565 near the
fusion junction in Xrcc4-1562-1622, as indicated by an asterisk in Figures 6.2 and 6.4. For approximately
two turns of the o-helix, just C-terminal to the folding domain interface, the coiled-coil is more tightly wound
in Xrcc4-1562-1622 as compared to that region of myosin in Xrcc4-1551-1609. The coiled-coil of Xrcc4,
measured from residues 118 to 153, has a super-helical pitch of about 160 A while the skip region of myosin’s
super-helical pitch is measured at about 900 A as calculated by the Crick coiled-coil parameterization (CCCP)
server. [68] It is unlikely that the structural difference is the result of crystallographic packing, given that
conformational variability between crystal structures is typically observed in loops and surface residues, and
not in packing residues such as those in the coiled-coil. [69] Rather, this distortion appears to be the result
of a mismatch of super-helical pitch between Xrcc4 and myosin. Except for the first five residues adjacent
to the fusion protein the target myosin coiled-coils are highly similar. Fundamentally this implies that the
structural influence of the folding domain does not propagate significantly beyond the first heptad of the target
coiled-coil.

Xrecd4-1551-1609 is the highest resolution structure for that section of myosin coiled-coil and hence
used in the construction of the composite model below Figures 6.1C and 6.1F. The junction between the
Xrce4 folding domain and the target myosin coiled has a smooth transition, where the coiled-coil parameters
are well matched. Both Xrcc4-1551-1609 and Xrcc4-1562-1622 exhibit stable coiled-coil C-termini with no

significant differences over regions of overlap.
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Figure 6.3: Analysis of the molecular dynamics simulations for Skip 3 in the absence and presence of a fusion
partner. (A) Clustering of the Skip 3 region (MyH7-1551-1602) conformations extracted from Skip 3 alone,
Gp7-Skip 3 and Xrcc4-Skip 3 simulations, is presented in three individual panels along with the Co-RMSD
with respect to the Xrcc4-1551-1609 crystal structure. Hierarchical clustering was carried out with the k-
clust protocol in MMTSB using a Ca-RMSD of 4.75 A as the similarity measure. Different colors represent
different clusters. (B) Root Mean Square Fluctuations (RMSF) based on the Co-atoms (Black- isolated Skip
3 simulation, Red: Gp7-Skip 3, Turquoise: Xrcc4-Skip 3). (C) DCOM trend for Skip 3 (Black), Gp7-Skip
3 (red) and Xrcc4-Skip 3 (turquoise) simulations. (D) Representative members from each cluster are shown
along with their overall population percentages and Co.-RMSD with respect to the Xrcc4-1551-1609 crystal

structure.
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Figure 6.4: Stereo representation of the coiled coil centered on F1565 in the Xrcc4-1551-1609 and Xrcc4-
1562-1622 fusion proteins. Xrcc4-1551-1609 is represented with blue cartoon helices and white stick side
chains. Xrcc4-1562-1622 is represented with green cartoon helices and dark grey side chains. Only the side

chains of residues along the interface are displayed. Residues from the Xrcc4 folding domain are not shown.
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6.3.3 Regions of Stable Coiled-coil Interface Should be Selected for C-terminal Truncations

The most N-terminal segment described in this study, Gp7-1526-1571, contains myosin residues span-
ning repeat 25 and half of repeat 26 and also includes F1565. Unlike in the previous two Xrcc4 constructs,
F1565 is located six residues from the C-terminus of the coiled-coil. Interestingly, the last two heptads of
this fusion protein splay apart forming an antiparallel four-helix bundle between crystallographically related
dimers (Fig. 6.5). Given the redundancy of structural information for this section of the coiled-coil it is
safe to assume that this arrangement is an artifact of crystal packing and was excluded from consideration
in the composite model. This tetramerization probably arises because of a weak dimerization interface near
the C-terminus of the coiled-coil that is readily counterbalanced by crystallographic packing forces (Fig. 6.5).
Interestingly, the coiled-coil prediction for this region is less than 100 % in the region leading up to F1565 [70]
which suggests that a minimum of one heptad of canonical coiled-coil should be included at the C-terminus
to avoid formation of antiparallel four helix bundles. The observation that truncated fragments of coiled-coils
can come apart at their ends raises the question to what extent the folding domains stabilize these segments of
coiled-coil. This was addressed experimentally by determining the folding and unfolding characteristics of a
short section of myosin fused to three different folding domains. The same question was also examined earlier

in the MD studies.

6.3.4 Fusion Proteins Modulated the Level of Expression and Increased the Total o-helical Content of

the Chimera

Fusions were constructed between the short coiled-coil of GCN4, Gp7, or Xrcc4 and a region of human
cardiac myosin, that encompasses the second skip residue (MyH?7 residues 1361 to 1406). The fusions were
compared to a construct that did not include any folding domain. A mutant form of the GCN4 leucine zipper
that was designed to have greater coiled-coil stability (GCN4-pMSE hereafter abbreviated to GCN4) was used
as a comparison to two other folding domains. [71] The particular region of myosin was selected because it
contains a tryptophan residue enabling fluorescence-based measurements. All MyH7 fusions were purified by
Ni-NTA chromatography under identical conditions and the amount of soluble protein was compared using
relative band intensity on a Coomassie-stained SDS-PAGE gel. All of the constructs yielded a substantial
quantity of soluble protein, where the Xrcc4 fusion yielded the greatest mass of soluble material (Fig. 6.6).

Interestingly, although the native coiled-coil protein was soluble without a folding domain, the expression
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Figure 6.5: Stereo diagram showing the antiparallel four helix bundle formed by Gp7-1526-1571. One dimer
is colored in green while the symmetry related dimer is colored in white. The clustering of F1565 in all four
chains is critical to the formation of the antiparallel helix bundle. The C-termini of the polypeptide chains are

indicated.
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levels do not convey the dramatic differences in biophysical behavior exhibited by these constructs. While
MyH7-1361-1406 appeared folded, as indicated by a single sharp peak in gel filtration (data not shown), it
had low o-helical content as measured by circular dichroism. The mean residue molar ellipticity was -12733
deg x cm(Z) x dmol~" at 222 nm which was much lower than a value of ~33,000 expected for a protein that
is predicted to be entirely o-helical. [72] This is consistent with the observation by Wolny et al., that many
isolated short sections of the myosin rod exhibit low a-helical content. [23] The addition of the folding domain
greatly increases the mean residue molar ellipticity, as listed in Table 6.4, indicating that the stability conferred

by the folding domain propagates into the target coiled-coil.

6.3.5 Fusion Proteins Enhance Thermal Stability

All fusions greatly enhanced the thermal stability of the target coiled-coil as shown by tryptophan aut-
ofluorescence (Fig. 6.7). The control construct lacking an N-terminal fusion had an emission maximum of 355
nm indicating the tryptophan residue is solvent exposed and did not undergo a cooperative unfolding transition
in temperature scanning measurements. The emission maximum of the fusion proteins were blue shifted to
342 nm (Gp7) and 340 (GCN4) due to increased shielding from solvent. GCN4 conferred the greatest en-
hancement of thermal stability. The analysis of Xrcc4 constructs, based on autofluorescence, is complicated
by multiple tryptophan moieties and was therefore not included. The CD (Fig. 6.7)) and autofluorescence
data taken together demonstrate that the fusions increase the total o-helical content and thermal stability of
the target coiled-coil suggesting that these constructs are more suitable for biophysical analysis. This was

reflected in the crystallization properties of these proteins.

6.3.6 The Fusion Protein Facilitates Crystallization

Constructs were evaluated for crystallization in a 144 condition sparse matrix screen at 4 °C and 25 °C
that samples a range of polyethylene glycol, hexylene glycol, and salt, based conditions. The screen was
prepared in-house. No crystals have been observed for MyH7-1361-1406 alone, while the Xrcc4, GCN4, and
Gp7 fusions readily crystallized, but even here among the fusions there were significant differences. GCN4
yielded visually stunning crystals, but these exhibited highly anisotropic diffraction. Conversely, the inclusion
of a structurally more complex motif such as Gp7 yielded more ordered crystals that were readily amenable to

structural analysis. In general, Gp7 fusions crystallize under a wider range of conditions than Xrcc4 fusions.
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Figure 6.6: 15 % SDS-PAGE gel demonstrating soluble expression of MyH7 constructs. (A) All lanes contain
1.25 uL. of a Ni-NTA purified MyH7 construct (equivalent of 0.625 ug of cells). Bands corresponding to
MyH?7 are marked with a dot to the right of the band. All MyH7 constructs show soluble overexpression,
including fusion-less MyH7, and only minimal changes in soluble expression are noted with different fusions.

Xrcc4-MyH7 shows the highest soluble expression level.
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Figure 6.7: (A) Circular dichroism spectra of MYH7-1361-1406 (black) and Gp7 (Red), GCN4 (blue), Xrcc4
(black dashed line) fusions to MYH7-1361-1406. (B) Temperature scanning autofluorescence emission max-
imum for each construct is plotted versus temperature. Gp7 (Red) and GCN4 (Blue) fusions to MYH7-1361-
1406 show temperature dependent transition. MYH7-1361-1406 (Black) without fusion is shown in the inset
and does not display a cooperative temperature depend change in tryptophan fluorescence. A line connecting

the measured data has been added to each trace as a guide.
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Table 6.4: Circular Dichroism Theta Values for Myosin Fusion Proteins.

Construct O (deg cm? dmol 1)
MyH7-1361-1406 -12,733
Gp7-MyH7-1361-1406 -23,247
GCN4-MyH7-1361-1406 -27,766

Xrcc4-MyH7-1361-1406 —14,873
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The increased thermal stability of the fusion relative to the target coiled-coil coupled with a tendency for

crystallization provide strong support for the use of these folding domains in the context of myosin.

6.3.7 Assembly of Structural Fragments into a Contiguous Model

There is considerable structural overlap between the five structures shown in Figure 6.1. However, a
model built by simple alignment represents a crude approximation considering that overlapping regions exhibit
slightly different conformations (Cot root mean square deviation of < 1 A). Although previous studies that
focus on modeling canonical coiled-coils have been reported, modeling the myosin rod based on those studies
is unrealistic due to the presence the skip residues that lead to deviations from an ideal coiled-coil [73]. Our
studies of the skip residues have shown that the deviation from an ideal coiled-coils surrounding a skip residue
extends over ~four heptads where the distortions is dependent on the surrounding amino acid sequence. [26]
Due to the irregularities in the structure a model based on a typical canonical coiled-coil is incapable of
defining the structure of the myosin rod [73]. Consequently a more systematic approach described here was
developed to assemble a contiguous structure from the individual structures with the homology modeling
program MODELLER. [51]

The initial model from this procedure was simulated through molecular dynamics to remove steric
overlaps and allow adequate structural relaxations through three separate simulations. The trajectory length
for each simulation is listed in Table 6.3. MD simulations of the composite model yielded a conformational
ensemble rather than a single conformation and thus provide information on the flexibility of the molecule.
This was derived from the sum of three independent trajectories (summing up to 2.2 us).

Hierarchical clustering was performed on the ensemble of structures generated from the simulation to
distinguish major conformers (Fig. 6.8). The RMSD cut off for clustering was selected after trying several
values varying from 6 A to 10 A. Within that range, 8 A was found to yield the most robust clustering where
this best reflected the diversity of the conformations sampled by the simulations. Six clusters were formed
when the ensembles were sorted with this Co-RMSD threshold (Fig. 6.8G). The representative structure
of a given cluster was taken as that which had the lowest overall Ca-RMSD to the other members of the
cluster. A comparison of the six representative structures, one from each cluster, revealed that the major
difference between the ensembles is the degree of supercoiling. At one extreme the Ca-RMSD increases to

10.7 A between the 4th cluster (shown yellow) relative to the initial model, where the structure is less tightly
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Figure 6.8: Molecular dynamics analysis of the MyH7-1526-1689 segment of the myosin rod. (A) Co-
RMSD with respect to the initial model that was assembled directly from the crystal structures. Color coding
represent different clusters obtained through hierarchical clustering using the k-clust protocol in MMTSB.
The Ca-RMSD cut off for clustering was set to 8 A which gives the most robust clusters. (B) Root Mean
Square Fluctuations (RMSF) based on the Ca-atoms. (C) Estimated super-helical pitch (A) trend over each
heptad-repeat (Skip 3 residue: E1582) based on a single heptad (black) and two heptad repeats (red). The
values shown are calculated through averaging over conformations from all 3 trajectories. (D) The length
of each heptad repeat calculated as a moving average to reveal local fluctuations more closely (E) Coiled-coil
propensities are calculated with a 28 residue sliding window using COILS (red) and MARCOIL (black) servers
using only the sequence information (F) DCOM for the composite model calculated through averaging over
conformations from all 3 trajectories. (G) Representative members from each cluster are shown along with

their overall population percentages and Co-RMSD with respect to the initial model for MyH7-1526-1689.
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wound and more flexuous than the initial model. The slight bend towards C-terminal is expected since the
structure becomes more flexuous due to length. This particular cluster was only sampled in 5.5 % of the
overall population.

The simulated composite model for the MyH7-1526-1689 section of the myosin rod was also compared
to the simulation of MyH7-1551-1602 extracted from the crystal structure of Xrcc4-1551-1609. This analysis
probed how the increased length of the composite model alters the structures relative to simulations of smaller
sections. It is important to emphasize that the conformational space visited in each simulation does not change
between the simulations of the smaller section and the composite model. Clusters obtained from the composite
model simulation remain within 2.1 A Ca-RMSD of the crystal structure of Xrcc4-1551-1609. The composite
model is expected to be flexuous due to its length. MyH7-1526-1689 exhibits higher Ca-RMSF than the
MyH7-1551-1603 segment (Fig. 6.8), which is typically in the range of 3-4 A for the composite model and
~2 A for Xrcc4-1551-1602 simulation. The highest degree of RMSF is observed between residues 1582-1640,
following the skip residue. This prediction from the simulations is consistent with the observed structure for
Xrcc4-1590-1657 which shows that the o-helices separate between residues 1608-1615 consistent with a lower
predicted coiled-coil propensity.

Since the clustering results pointed to a difference in the degree of coiling among the representative
structures, the super-helical pitch of the myosin rod was calculated over the full simulation. Super helical
pitch was calculated based on a sliding window of 7 (black) or 14 (red) amino acids. As expected, there is
an increased super-helical pitch around the skip residue, extending 20 amino acids upstream from the skip
location where the computed super-helical pitch averages over 1300 A as compared to the value of 170 A
for other regions (Fig. 6.8C) for both approximations (single heptad vs 2-heptads). Both MyH7-1551-1602
and MyH7-1526-1689 follow the same qualitative trend (data not shown). These data taken together strongly
support the feasibility of assembling a complete model for LMM and illustrate the difficulties associated with
building a model based on a canonical coiled-coil.

The average length of each heptad repeat, or local pitch, was calculated over the trajectory (Fig. 6.8D),
to further emphasize the local disruption due to the skip residue. While the local pitch averages to 10 A
for most of the coiled-coil, it rises up to 12.5 A around the skip residue. DCOM (See Methods for details)

also shows increased distance between the centers of masses of the two helices around the skip residue and
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Figure 6.9 (previous page): Analysis of the charged interactions and exposed hydrophobic surface of the com-
posite model for MyH7-1526-1689. (A) Charged interactions between two helices evaluated by the average
distances between center of mass of nitrogen atoms (NH1, NH2) of Arginine, nitrogen atom (NZ) of Lysine
and center of mass of oxygen atoms from Glutamate (OE1, OE2) and Aspartate (OD1, OD2). The pairs of
residues within 4.5 A distance are shown (Table D1). The Skip 3 residue is shown in orange. Positively
charged amino acids are displayed in blue whereas negatively charged amino acids are displayed in red. (B)
Similarly, charged interactions within each chain are shown in sphere representation. (C) Solvent accessible
surface area (SASA) (A2) of the hydrophobic amino acid residues in the composite model (Table D2). (D) Side
and top view of MyH7-1526-1689 are displayed with the predicted hydrophobic interactions. The hydropho-
bic interactions within the rod were evaluated from the average minimum distances between the hydrophobic
side-chains. The pairs of residues that are closer than 5 A are shown (Table D3). To distinguish residues from
different helices, the predicted residues are colored in yellow and green for different helices. (E) Hydrophobic

residues that have a SASA over 90 A? are shown on the composite model in sphere representation.
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provides further evidence that the thick filament is less tightly wound around the skip residue.

Prediction software, such as that provided by servers such as COILS [74] and MARCOIL, [70] are
commonly used to provide an estimate of how well a sequence matches a canonical coiled-coil. While these
are outstanding at predicting potential coiled-coils they do not provide direct evidence of the structure adopted
by a polypeptide chain in those regions where the sequence deviates from a canonical heptad pattern. There is
also considerable discrepancy between predictions for those segments that do not exhibit a standard pattern. As
shown in Figure (Fig. 6.8E), the predictions from COILS and MARCOIL are not only inconsistent with each
other but do not predict the observed structural features seen in our structures and simulations. MARCOIL
predicts that the entire region should be coiled-coil with over 99 % propensity whereas COILS predicts low
coiled-coil propensity around residues 1558 and 1590-1613 region. This comparison demonstrates that the
thick filament cannot be modeled using sequence information alone or built on a canonical coiled-coil; the
presence of the skip residues disrupts the expected pattern such that structural information is required to
accurately model these regions.

Finally, the interactions within the coiled-coil in the simulated composite model were examined. The
electrostatic interactions were analyzed by calculating the average distances between the center of mass of the
nitrogen atoms of arginine (NH1, NH2) and lysine (NZ) and the center of mass of oxygen atoms of glutamate
(OEl, OE2) and aspartate (OD1, OD2). The distances are averaged over an ensemble of conformations
sampled by three independent simulations rather than a static model. Residues with atoms that lie within
4.5 A distance were selected as interacting pairs. Only a few electrostatic interactions were predicted to be
occur between the two helices; those pairs are E1536-K1537, K1579-D1580 and R1604-E1608 (Fig. 6.9A
and Table D1). It is important to note that the charged interactions predicted do not follow the well known
e—g’ interactions observed in typical parallel coiled-coils, where e type residue on one chain interacts with the
preceding g’ type residue from the other chain. [75] None of the pairs identified in this study match the e-g’
category. There are however a few ionic interactions between residues in the same chain, notably between the
1602D-1606R and 1615K-1619E pairs, that might contribute to the stability of the assembly (Fig. 6.9B). No
repulsive interactions were observed in this 164 amino acid segment of the myosin rod in the simulations.

The stability of the coiled-coil is expected to be driven by the hydrophobic effect. The hydrophobic

interactions between two helices of the coiled-coil were evaluated from the average distances between the
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center of masses of each hydrophobic side-chain (Fig. 6.9C and Table D2 for a full list of interactions iden-
tified). The distances were averaged over the ensemble of conformations from three independent trajectories.
All hydrophobic pairs whose center of mass of the side chains fall within 5 A were selected and shown in
orange Figure 6.9D, where these interactions are strictly in the interface between the two o-helices. Almost
all interactions can be classified as contacts between a—d’ or a—g’ residues.

Unlike most typical soluble globular protein structures, the myosin coiled-coil exhibits a large number
of hydrophobic side chains on the surface. There are numerous solvent exposed hydrophobic residues as
indicated by the solvent accessible surface area (SASA, A?) for each hydrophobic side chain (Fig. 6.9A)
including, L1526, M1538, L1559, L1563, L1591, L1612, 11627, M1635, L1649, 11655, 11673, and L1680.
These all have SASA values over 90 A? (Fig. 6.9E and Table D3). The composite model contains 132
hydrophobic residues, of which 24 are almost completely solvent exposed. This solvent accessibility is by far
higher than it is expected for hydrophobic residues in o-helices; usually hydrophobic amino acids are only 1 %
to 5 % accessible, except for Trp and Tyr which are 10 % accessible. [76] We hypothesize that these residues
are important for assembly of the thick filament beyond the simple ionic interactions [6] and will be important
in future efforts to construction higher ordered structures. Interestingly, in most instances the hydrophobic

character of these positions in the myosin rod is highly conserved across sarcomeric myosins.

6.3.8 Distribution of Cardiomyopathy Mutations

More than eighteen mutations that lead to cardio or skeletal myopathies have been identified in the
segment of myosin modeled here. [2, 77] The location of these residues is shown in Figure 6.10, which
reveals a broad distribution of sites. Of these, in vivo and in vitro measurements have only been reported
for the effect of the E1555K substitution. [23] These show reduced incorporation of the mutant protein into
the sarcomere and decreased helicity in the coiled-coil which, together with studies of mutations outside the
segment investigated here, suggest that mutations that reduce the helix stability lead to lower incorporation
into the sarcomere. As shown on the model, E1555 is a surface residue that does not appear to be involved in
any inter or intramolecular ionic interactions in the wild-type structure. Thus, the loss of stability cannot be
attributed to the loss of a stabilizing interaction, but rather must be due to gain of a destabilizing contact within
the coiled-coil. The reduced incorporation into the thick filament could be due to either defects in interactions

between myosin rods or by reduced stability of the protein itself. Resolution of this question can now be
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approached through simulation of the mutant structure and through structural determination of segments that
carry mutations.

It is noteworthy that there are a considerable number of mutations to proline that lead to skeletal
myopathies. [77, 78] In vitro studies of two mutations outside the region studied here (R1500P and L1706P)
suggest that prolines can be introduced into the myosin rod and yet still lead to protein that is incorporated
into thick filaments even though the assembly appears is less stable [78]. It is expected that introduction of a
proline into a helical backbone will lead to loss of hydrogen bonding opportunities. However, proline residues
are occasionally found in o-helices where they lead to a pronounced bend in their path. It is difficult to predict
whether the changes in assembly are due to alterations in the stability of the coiled-coil itself or to changes
in the manner the myosin rods interact with each other in the thick filament. Here again, the computational
and structural approach outlined here is well suited to investigating the biophysical consequences of these

mutations.

6.4 Conclusions

This study establishes a methodology for determining the complete structure of the myosin rod. It
shows that the use of fusion proteins allows restricted segments of the myosin rod to be expressed and purified
which allows structural and biophysical characterization. It also demonstrates that the fusion domains them-
selves introduce only a small perturbation in the structure that is readily eliminated by structural determination
of overlapping fragments. The study also shows that the fragments can be assembled into composite models
through molecular dynamics simulations. The five fragments studied here contained a total of 292 residues of
myosin which yielded a contiguous model of 164 residue fragment. This suggests that a complete model for
LMM can be obtained by implementing a strategy that includes duplicate structures for every residue in the
coiled-coil. The results thus far show a surprising number of exposed hydrophobic side chains which suggests
they may play a role in the assembly of myosin rods into the thick filament. The methodology established here
will facilitate construction of a model for the entire myosin rod, and lays the ground work for assembling the
rods into a model for the thick filament. This study also creates a framework for understanding the biophysical

consequences of mutations in myosin that lead to cardio and skeletal myopathies.
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Chapter 7

Concluding Remarks

To understand the function of biological macromolecules and the mechanism through which they function,
structural information and native states are required. Obtaining information on the conformational ensemble
from experimental approaches is challenging. Computational tools, especially when combined with experi-
mental data, is essential for understanding the conformational dynamics of proteins. Motivated by the goal of
understanding the relationship between structure and function, we employed molecular dynamics technique
at various resolutions to explore of the conformational states accessible to the macromolecules in conjunction
with experimental data from our collaborators. This thesis integrates the projects toward this end.

In Chapter 2, the conformational duality of lymphotactins is investigated. Human lymphotactin (hLtn)
is a metamorphic protein that adopts a monomer (hLtn10) fold at 10 °C with 0.20 M salt, and a different
conformation that forms a dimer (hLtn40) at 40 °C in the absence of salt. The interconversion is slow and
requires complete disruption of the native contacts. Despite this interesting system, the mechanism of the
interconversion and all of the important structural contacts are not well understood. Thus, my goal was, first,
to identify additional physical interactions and structural motifs that govern the relative stabilities of the hLtn10
and hLtn40 species through extended simulations with both implicit and explicit solvent. Discovering these
interactions can help regulate the hLtn conversion rates, through stabilization (or destabilization) of either fold.
The interconversion is partially driven by salt concentration, hence the electrostatic interactions are essential
for the stability. In this system, it is challenging to achieve equilibration of electrostatic interactions. This
system requires extensive sampling to be able identify charged pairs that potentially play a role in maintaining

the stability of the system. To address this challenge, I have designed simulations with explicit and implicit
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solvation methods, varying the conditions and simulations with mutations. We have found evidence that Arg
23 and Arg 43 are repulsive to one another, with two positive charges in close proximity. My simulations
indicate that the removal of the charges on these residues or alternatively Cl- binding can improve the stability
the hLtn10 species. In addition to the Arg 23—-Arg 43 interaction, we find several other like-charge pairs
that are likely important to the stability of hLtn10. hLtn40 features a larger number of salt bridges, and
several hydrophobic residues undergo major changes in the solvent accessible surface area between hLtn10
and hLtn40, pointing to their importance to the relative stability of the two folds. Free energy perturbation
calculations are carried out to formally evaluate the contribution of the Arg 23—Arg 43 interaction to the
stability of hLtn10. In line with the experimental findings from Prof. Brian Volkman’s lab at Marquette
University, we found that removal of charges from Arg 23 and Arg 43 stabilize the hLtn10 structure. We have
also shown that for the hLtn10 system, using the FEP method along with the BAR protocol provides more
robust results than the linear response approximation (LRA). In this work, we have also tested the applicability
of Generalized Born (GB) implicit solvation method. Contrary to the expectation that the GB method does
not perform well for systems mediated through electrostatic and hydrophobic interactions, our results using
this method were in good agreement with the atomistic simulations at room temperature. However, at higher
temperatures it appeared that the particular GB model used here does not generate an accurate representation
for the stability of several structural element.

Ubiquitin (Ub) is a small protein that can be attached to target proteins as either a single molecule
or as oligomers. Deubiquitinases can reverse ubiquitination or trim oligomers of Ubs. However the exact
mechanism by which DUBs catalyze the removal of Ub is unknown. This lack of clarity is due in part to a
lack of structural information for Ub-chains and also due to the complex structures of Ubs with DUBs. In this
project, we focused on determining conformational ensembles for Ub-dimers using MD and SAXS data. Our
approach entails incorporating SAXS data into MD simulations to aid filtering out the irrelevant conforma-
tional ensembles. In Chapter 3, the structural characterization of ubiquitin dimers is summarized. Here, we
compare the structure and function of Ub dimers bearing native and non-native linkages. The SAXS profiles
calculated over atomistic molecular dynamics simulations exhibit a wide array of overall shapes, in accordance
with the known structural diversity for the K48-linked Ub-dimers. After comparing the experimental SAXS

profiles for native (isopeptide) and thiolene K48-linked Ub2, the average conformation for both models did not
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reflect either of the extremes: the most compact or extended structures. This finding agrees well with recent
in-solution NMR and FRET measurements [1, 2] reported that K48-linked dimer exists in a multi-state energy
landscape with a number of intermediate conformers in addition to the compact and extended states. [3].

We have extended this work to structures of Ub trimers (See Appendix B) to reveal the differences
between various trimers with the aim to understand the differences in catalytic activity. Our trimer data will be
important to further investigate the structural characteristics and specificities of complex Ub structures between
DUBs and Ub moieties. These data will be compared to experimental data provided by our collaborators from
Prof. Eric Strieter’s group at UW-Madison. With both computational and experimental data in hand, we aim
to elucidate the mechanism by which DUBs recognize substrates specifically and catalyze the removal of Ub.

The myosin rods fold into a coiled-coil repeat and direct thick filament assembly in the sarcomere. This
coiled-coil is interrupted by the insertion of four skip residues that introduce discontinuities in the structure.
In Chapter 4, we report that the regions surrounding the first three skip residues share high structural similarity
despite their low sequence homology. Near each of these skip residues, the coiled-coil transitions to a non-
close-packed structure inducing local relaxation of the super-helical pitch. Moreover, molecular dynamics
suggest that these distorted regions can assume different conformationally stable states. In contrast to the first
three skip residues, the last skip residue induces a true molecular hinge, providing C-terminal rod flexibility.
This finding is the first evidence that the myosin rod requires a high degree of conformational flexibility to
accommodate an antiparallel assembly. This flexibility ultimately leads to the construction of the bare zone.

We next asked whether the skip residues could be interchanged with each other. In cell culture, we
found that each skip residue is not functionally equivalent in promoting the myosin assembly. Furthermore,
the function of each skip residue is influenced by its positioning along the rod. In addition, we found that Skip
3 has a greater effect on the assembly of sarcomeres compared to Skips 1 or 2. Deletion of Skip 3 caused both
aggregation of the myosin thick filament in the cytoplasm and lowered incorporation into the sarcomere. As-
sembly of myosin with mutated skip residues in cardiomyocytes shows that the functional importance of each
skip residue is associated with rod position and reveals the unique role of the molecular hinge in promoting
myosin antiparallel packing. By defining the biophysical properties of the rod, the structures and molecular
dynamic calculations together provide insight into thick filament formation, and highlight the structural differ-

ences occurring between the coiled-coils of myosin and the stereotypical tropomyosin. This is the first study
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reporting that these regions fold into specialized structures engaged in promoting proper myosin assembly into
the thick filaments. In addition to extending our knowledge into the conformational and biological properties
of coiled-coil discontinuities, the molecular characterization of the four myosin skip residues also provides a
guide to modeling the effects of rod mutations associated with cardiac and skeletal myopathies.

Sarcomeric myosins have the remarkable ability to form regular bipolar thick filaments that, together
with actin thin filaments, constitute the fundamental contractile unit of skeletal and cardiac muscle. This
observation has been known for more than fifty years, and yet a molecular model for the thick filament has not
been attained. In part this is due to the lack of a detailed molecular model for the coiled-coil that constitutes
the myosin rod. In continuation of our work on the skip region of the light mero myosin (LMM) of the myosin
thick filament, in Chapter 5 I summarize our work on testing the feasibility of generating a complete model for
the myosin rod by combining overlapping structures of five sections of coiled-coil spanning 164 amino acid
residues (20 % of the complete LMM). Each section contains ~7-9 heptads of myosin. The effect of these
domains on the stability and conformation of the myosin rod was examined through homology modeling,
molecular dynamics and biophysical studies carried out in the Rayment lab. Here, a computational approach
was developed to combine the sections into a contiguous model. The structures were aligned, trimmed to
form a contiguous model, and simulated for >700 ns through MD to remove the discontinuities and achieve
an equilibrated conformation that represents the native state. This experimental and computational strategy

forms the basis for building a model for the entire LMM region of the myosin rod.
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Appendix A

Supporting Information for Human Lymphotactins

Due to the fairly large solvent box used for the explicit solvent simulations (due to the disordered N- and
C-termini), it is expensive to run explicit solvent simulations at the microsecond time scale. Therefore, we
explore conformational sampling by comparing RMSD values among independent explicit solvent simulations
(Fig.A1) and among implicit/explicit solvent simulations (Fig. A2). These plots indicate that generally similar
conformations are sampled in those simulations. For example, the pairwise RMSD value between explicit and
implicit s10 simulations peaks in the middle of the implicit solvent simulations, suggesting that the trajectories
do not diverge despite the fact that implicit solvent simulations are substantially longer (600 — 800 ns). This
conclusion is further supported by the similarity in the dominant clusters from explicit and implicit solvent

simulations for both hLtn10 and hLtn40 (compare Figs. A3, A4 with Fig. AS).
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11-51. RMSD is calculated over a pool of trajectories formed by WT at s10 condition, n40 condition, R0;

(s10) and RK (s10).

A B

a, 600 =% 400 F
£ £
5 400 x
g g 200
= =
200
- —
< 2600
o0 o
600 )
EE £ & w00
= 400 =
“ 200
200
g f
= = 80
= a0 S 30
30 El i )
S L S 30 L1
@ 303030 200 400 600 200 400 600 @ 30 3080 200 400 600 200 400
time (ns) time (ns)
s10s10 n40  s10-Imp n40-Imp s10s10 n40  s10-Imp n40-Imp
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A 134,68 % 14A,32%

Figure A3: Representative members of each cluster aligned on the NMR structure 1J90 for explicit solvent
simulations of (A) WT hLtn10, s10; (B) WT hLtn10, n40; (C) hLtn10 R0, s10; (D) hLtn10 RK, s10. RMSD
values with respect to the NMR structure (excluding the tail regions) is shown on the top of each structure

(C-terminal tail of hLtn10 structure is truncated for the clarity of display).
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A 144,71 % 154,29 %

C

Figure A4: Representative members of each cluster aligned on the average of NMR structure 2JP1 for explicit
solvent simulations of (A) WT hLtn40, s10; (B) WT hLtn40, n40; (C) hLtn40 R0, s10; (D) hLtn40 RK, s10.

RMSD values with respect to the NMR structure is shown on the top of each structure.
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C 194,46 %

Figure AS5: Representative members of each cluster aligned on the average of NMR structure 2JP1 for gb7
simulations of (A) WT hLtn10, s10; (B) WT hLtn10, n40; (C) WT hLtn40, s10; (D) WT hLtn40, n40. RMSD

values with respect to the NMR structure (excluding the tail regions) is shown on the top of each structure.
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Appendix B

Supporting Information for Comparison of Native and
Non-native Ubiquitin Dimers through Molecular Dynamics
and Small Angle X-Ray Scattering Reveals Analogous

Structures

B.1 Additional Data on Determination of Conformational Ensembles via Molecular

Dynamics and SAXS Data for the K48- and K63-linked Ubiquitin Dimers
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Figure B1: Comparison of SAXS profiles and Pair Distribution Functions for each cluster for K48-linked Ub2.
The lusters are obtained from a pool of trajectories for the native dimer that started with 2KDF and the two
thiolene based dimer simulations. Calculated SAXS profiles and P(r) curves are shown (green) along with
experimental SAXS profiles for the native (black) and TEC-derived (red) K48-dimer. The scores of the SAXS
profile of each cluster with respect to the native and TEC-derived dimer are listed in the legend of each panel.

Percentage of overlap over the P(r) curves is listed in parenthesis in the legend.



169

'JX9) urew 9y} ut () uonenbyg »
"JXQ) urew 9y} ur (¢) uonenby ,

“JX9) urew 3y ut () uonenby , 'sanfea #y o) Surproooe parequinu ‘A[uo suoneWIs QN q-§H3 WO SINSN[O UL, ,,

L9 v0-H0E'L 1T 0 89 v0-H0T'C 81 0€ SIFCTIC Ol
L0 ¥0-A0T'T 60 L 8T §0-900°S 0T St 60T S'8I 6
€1 ¥0-309°€ 01 8T T1 $0-900'8 €1 ST TITS8I 8
A 10-A0Y'C I'l 0 8'S $0-900'8 9T 0 P1F €8l L
'l 10-90T°€ 80 0 0T $0-900°S I'l 0 €0F €8l 9
81 v0-H01°€ 01 0 I's S0-900°L €T 0 0 F 81 S
€T ¥0-A0€'T ST 0 L8 v0-H0€E' T €€ 0 90 F SLI b
1€ ¥0-A0€°€ 01 0 L6 v0-90T'T 7T 0 90T I'LI €

%% v0-90€°€ A 0671 v0-906'1 1€ 0 LOTF LI z
€T v0-90T'Y 60 0 0s £0-900'1 1'C 0 TOTF6'LI I
0z>2% (coar>% () (%) uonendod (07> (cog1 >0 ("%) (%) uonedogd (y)
»€ 9I00S QN Q100§ pl 100§ COSN—SQQ& pantq € 2I00S &N Q100§ pl 100§ GOEM?;QOA,— Panig m% PreiNg)
740 8¢ PAALP-DAL 740 8¥3 AN

'so[goid SXVS Teruswiradxe Suryojewt

puE SUOIIR[NWIS JNSTWO)E WOIJ PAUTLIO SUOHBWIOJUO0D JO [0od 9y U0 paseq 7q[) PONUI-§43 PAALIOP-DHL pue 2aneN a2y jo suonendod panrg :1g 9[qeL



170

A o
10! 10"
. _ T
g g
10?2 102
X Nailve 34, T5E2, 103 (@255 Exp- Natve 18,1 2£.02. 29 (68%)
Exp Thiolene 32, 83E-2, 10,6 (90%) Exp- Thiolene 1.7, 7.3E-02, 3.3 (96%)
——Gluster 1 Custer 6
10° 10°,
005 01 015 02 02 03 005 01 015 02 025 08
a=2n/d (A) q=2n/d (A)
B, G
10" 10"
g g
102 10%
E¥p Naive 32, 12E.02, 23 (60%)
E5p- Nailve 231 6E02 135 [96%) Exp- Thiolene 3.2, 7.0E-02. 26 (86%)
Exp- Thiolene 2.3, 88E-02, 13,6 (94%) — Giuster 7
—Gluster
10° 10°
005 01 015 02 02 03 005 01 015 02 025 03
c q=2nid () H q=2nid (A)
10° 10°
10 107
g g
10? 10?2
Exp- Nallve 35,14E02, 53 (80%) X Nalve 32 T5E0ZT17 (625
Exp.- Thilene 3.4, 8.26.02, 92 (88%) Exp- Thiolene 3.0, 8.7E-02,10.8 (90°%)
= Custers Gusier &
3 3
w 005 01 015 _ 025 03 1© 005 01 015 _
D q=2n/d (A) I q=2n/d (A)
10° 10°
10" 10
g c
10?] 10?
Exp- Naive 31,1 6E-02.13.1 (95%) =T T
- Tricene 20,6 6E-02.121 (03%) Tibene 50 45505 5. (550
er9
3 a
W 01 015 _ 10 005 01 015 02
q=2n/d (A) q=2rid (A)
10° J 10°
107! 107"
G C
10? 102
B Naie 1.6, 13502, 49 (96%)
 Exp- Thiokene 1.5,7.8E-0, 5.8 (94%)
Cluster 5
’ 3
19 005 01 025 03 10 005

015 o1 015
qg=2n/d (A) q=2n/d (A)

Figure B2: Comparison of SAXS profiles and Pair Distribution Functions for each cluster for K64-linked Ub2.
The clusters are obtained from a pool of trajectories for the native dimer that started with 2JF5 [1], 2RR9 and
3A1Q [2] and 3H7P [3], and the two thiolene based dimer simulations. Calculated SAXS profiles and P(r)
curves are shown (green) along with experimental SAXS profiles for the native (black) and TEC-derived (red)
K48-dimer. The scores of the SAXS profile of each cluster with respect to the native and TEC-derived dimer
are listed in the legend of each panel. Percentage of overlap over the P(r) curves is listed in parenthesis in the

legend.
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B.2 Determination of Conformational Ensembles from a Library of Available Struc-

tures and Experimental SAXS Data for the K48-linked Ub2

To compare the experimental data to a library of extant structures, we compiled 74 X-ray and NMR
structures of free Ub2 (PDBs: 1AAR [4], 2PE9 [5], and 3AUL [6], 2BGF [7], 3M3J [8], 3NS8 [9]), and
NMR structures of Ub2 bound to UBA2 from hHR23a (PDB: 1Z06 [10]), UIM1 and UIM2 from S5a (PDBs:
2KDE and 2KDF [11]), CUE domain from the E3 ligase gp78 (PDBs: 2LVQ and 2LVP [12]), and the DUB
OTUB1 (PDB: 4DDI [13]). 2KDE and 2KDF each have seven different conformations for K48-linked Ub2.
We also extracted 20 different conformations from 2LVP, 24 from 2LVQ, 10 from 1Z06 and 3 from 4DDI.
The calculated SAXS profiles for the 88 structures exhibit a range of conformations from the most compact
structure 2PE9 (R,: 16 A) to the most extended 2KDF-6 (Ry: 239 A). We organized the library of structures
by R, values and RMSD relative 2PE9, 2KDF-6, and the intermediate conformation 2LVP-12 (Fig. B4A).
Differences in conformations can also be evaluated by comparing normalized P(r) plots (Fig. B4B). Similar
structures, such as 1AAR and 2PE9 (both compact) or 2LVP-13 and 2KDF-6 (both extended) have more than
90 % overlap in their P(r) curves. A decrease in P(r) overlap corresponds to structural differences, and the
two most distinct structures, 1 AAR and 2KDF-6, only exhibit 40 % overlap (Fig. B3).

Confident that the existing library of structures for K48-linked Ub2 samples broad conformational
space, we compared the experimental SAXS patterns for native and TEC-derived Ub2 to those of the 88 extant
structures. Both experimental P(r) plots showed similar overlap with plots generated from the set of known
structures (Fig. B4C). Minimal ensemble search (MES) analysis identified 2LVQ-24 and 4DDI-3 as the best
single-state representation for native and TEC-derived Ub2, respectively. Both structures have intermediate

R, values, 19.3 A for 2L.VQ-24 and 19.0 A for 4DDI-3 (Fig. B4A, 4.5)
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Figure B3: A library of reported K48-linked (top) and K63-linked (bottom) Ub2 structures samples a range
of conformations. (A) RMSD calculated for 85 K48-linked Ub2 structures relative to 2PE9 (compact), 2LVP-
12 (intermediate) and 2KDF-6 (extended); and 37 K63-linked Ub2 structures relative to 3DVG (compact),
3JSV (intermediate) and 2ZNV-1 (extended). (B) Heat map generated from absolute differences between P(r)
curves to show structural variability among reported structures, arranged according to their R, values. K48-
Ub2 (orange/grey), K63-Ub (green/grey). (C) Evaluation of P(r) overlap between native and TEC-derived
Ub2 to reported structures presented in the heat map. The extent of overlap (from 50 % to 100 %) is illustrated

with bar graphs.
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Figure B4: Minimal ensemble search for native (left) and TEC-derived (right) K48-linked Ub2. MES analysis

identified (A) 2LVQ- 24 (for native) and 2LVQ-6 (for TEC) as the single best-fit structures; (B) 11 % 3NS8,

89 % 21.VQ-24 (for native) and 39 % 3AUL, 61 % 2L.VQ-23 (for TEC) as the best two-state ensemble; (C)

24 9% 2LVP-12, 26 % 3NS8, 5 % 2LVQ-21 (for native) and 33 % 2LVQ-24, 32 % 2LVQ-21, 36 % 3NS8

(for TEC) as the best three-state ensemble. (D) To show the range of fitting scores, y; values for the worst

fit one-state structure and the best MES fits are plotted. Hydrophobic patches centered on Ile44 and Ile36 are

shown in blue and purple, respectively. Structures were visualized in Chimera.
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Figure B5: Distance distribution P(r) comparison of K48-linked Ub2 ensembles. P(r) curves for the best 1

state, 2 states and 3-states fits are shown for native (left) and TEC-derived (right) Ub2. (A) The best 1 state

for native Ub2 has 91 % P(r) overlap with the native experimental data and 88 % overlap with the non-native

experimental data. The best 1 state for TEC-derived Ub2 has similar overlap with both experimental datasets.

(B) and (C) The best 2-state and 3-state fits for native and TEC-derived Ub2 have greater than 90 % P(r)

overlap with experimental data.
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The best 2-state ensembles for native and TEC-derived Ub2 both include a compact structure with a
more extended structure (Fig. B4B): 3AUL with 2LVQ-17 (native) or 3NS8 with 2L.VQ-23 (TEC). 2LVQ-17
and 2LVQ-23 have R, values 21.0 A and 19.4 A respectively. 3AUL and 3NS8 are nearly identical — they
have the same R, (16.6 A), and RMSD difference between the two structures is 0.3 A. For TEC-derived Ub2,
incorporating a third component to the ensemble did not enhance the MES fitting score (Figures 6C and 6D),
whereas a modest enhancement was calculated for native Ub2 (Fig. B4C and B4D ). All best-fit ensemble
results have greater than 90 % P(r) overlap with experimental curves for both native and TEC-derived Ub2

(Fig. B3).

B.3 Determination of Conformational Ensembles from a Library of Available Struc-

tures and Experimental SAXS Data for the K63-linked Ub2

To compare the experimental data to a library of extant structures, we compiled X-ray structures of free
K63-linked Ub2 (PDBs: 2JF5, 3H7P, and 3H7S); X-ray structures of Ub2 bound to the NZF domain of TAB2
(PDBs: 2WWZ, 2WX0, 2WX1, 3A9)), the NZF domain of TAB3 (PDB: 3A9K), the CoZi domain of NEMO
(PDB: 3JSV), UIMs from RAP80 (PDB: 3A1Q), a K63-specific antibody (PDBs: 3DVG and 3DVN), and the
DUB AMSH (PDB: 2ZNV); and NMR structures of Ub2 bound to UIMs (PDB: 2RR9). The 37 structures
range from the most compact structure 3DVN-2 (R,: 17.3 A) to the most extended 2ZNV-1 (Rq: 25.1 A). We
organized the library of structures by Rg values and RMSD relative to 3DVG, 2ZNV, and the intermediate
conformation 3JSV (Fig. B3D). The diversity in Ub2 conformations were also demonstrated by comparing
normalized P(r) plots (Fig. B3E).

With the library of structures, MES analysis identified 3A1Q-1 and 3JSV as the best single-state repre-
sentation for native and TEC-derived Ub2, respectively. Both structures have intermediate R, values, 21.4 A
for 3A1Q-1 and 21.3 A for 3JSV (Fig. B6A). The best two-state ensembles for native and TEC-derived Ub2
both include a relatively compact structure with a more extended structure (Fig. B6B) 2WX1 with 2RR9-17
(native) or 3A9J with 2RR9-15 (TEC). The 2RR9-17 and 2RR9-15 have R, values 23.0 A and 23.3 A , re-
spectively, while 2WX1 and 3A9J have Rg values 17.7 A and 18.3 A. For both native and non-native Ub2,
incorporating a third component to the ensemble did not enhance the MES fitting score (Fig. B6C and B6D).
Overall, both native and TEC-derived K63-linked Ub2 adopt similar shapes, and the non-native Ub2 is slightly

more extended.
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Figure B6: Minimal ensemble search for native (left) and TEC-derived (right) K63-linked Ub2. MES analysis
identified (A) 3A1Q (for native) and 3JSV (for TEC) as the single best-fit structures; (B) 55 % 2WX1, 45 %
2RR9 (for native) and 51 % 3A9J, 49 % 2RR9-15 (for TEC) as the best 2-state ensemble; (C) 25 % 2WXO-1,
41 % 2RR9-17, 34 % 2WX1 (for native) and 4 % 2WXO-2, 49 % 2RR9-15, 47 % 3A9] as the best 3-state
ensemble. (D) To show the range of fitting scores, % values for the worst fit 1-state structure and the best MES
fits are plotted. Hydrophobic patches centered on Ile44 and Ile36 are shown in blue and purple, respectively.

Structures were visualized in Chimera.
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B.4 Additional Information on Experimental Methods

B.4.1 Materials

Primers were acquired from Integrated DNA Technologies (Coralville, IA). All restriction and cloning
enzymes were from New England Biolabs (Boston, MA). Native K11-linked Ub2 were purchased from Life

Sensors (Malvern, PA). OTUB2 was purchased from Boston Biochem (Cambridge, MA).

B.4.2 Cloning and Mutagenesis [14-21]

Lysine to cysteine mutations were introduced at specified sites in the DNA sequence of Ubiquitin (Ub
1-76) using splice overlap extension. Primers containing the TGC mutation were inserted at the desired codon
position. D77 was encoded in the reverse primer to afford three constructs (UbKxC-D77; where x represents
the position of native lysine residues), which were ligated into a pET22b vector (Novagen). The catalytic
domains of AMSH (219-424) and OTUD7B (56-446) were cloned into pGEX-6P-1 and pDP.His.MBP, re-
spectively. Full length USp15 from addgene was cloned into pDP.His.MBP vector. E1 was amplified from
the HeLa cDNA library and cloned into pET24a(+). Cdc34 and ubc13/mms2 constructs were obtained from

Addgene.

B.4.3 Protein Expression and Purification [14-21]

Ub variants were expressed and purified from RosettaTM 2(DE3)pLysS cells (Novagen) as described.
All the enzymes were expressed recombinantly in BL21(DE3) E. coli. Cdc34 and El, with 6x-histidine
(His) tags were purified via cobalt affinity chromatography. Ubc13/mms2 was purified in two steps: nickel
affinity chromatography followed by removal of 6xHis by TEV protease and anion exchange chromatography.
GST-AMSH (219 - 424) was purified in two steps: glutathione affinity chromatography followed by removal
of GST tag by TEV protease and size exclusion chromatography. 6xHis-MBP-OTUD7B was first purified
by cobalt affinity chromatography, followed by removal of 6x-MBP by TEV protease, and size exclusion

chromatography. 6xHis-MBP-USP15 was similarly purified.
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B.5 Determination of Conformational Ensembles using the Available Structures and

Experimental SAXS Data

To support our finding from MD simulations, the experimental data is compared to a library of Ub2
structures. We compiled 74 X-ray and NMR structures of free Ub2 (PDBs: 1AAR [4], 2PE9 [5], and 3AUL
[6], 2BGF [7], 3M3J [8], 3NS8 [9]), and NMR structures of Ub2 bound to UBA2 from hHR23a (PDB:
1Z06 [10]), UIM1 and UIM2 from S5a (PDBs: 2KDE and 2KDF [11]), CUE domain from the E3 ligase
gp78 (PDBs: 2LLVQ and 2LVP [12]), and the DUB OTUB1 (PDB: 4DDI [13]). 2KDE and 2KDF each have
seven different conformations for K48-linked Ub2. We also extracted 20 different conformations from 2LVP,
24 from 2LVQ, 10 from 1Z06 and 3 from 4DDI. The calculated SAXS profiles for the 88 structures exhibit
a range of conformations from the most compact structure 2PE9 (R,: 16 A) to the most extended 2KDF-6
(Ry: 23.9 A). We organized the library of structures by R, values and RMSD relative 2PE9, 2KDF-6, and the
intermediate conformation 2LVP-12 (talk). Differences in conformations can also be evaluated by comparing
normalized P(r) plots (Fig. B3B). Similar structures, such as 1AAR and 2PE9 (both compact) or 2LVP-13
and 2KDF-6 (both extended) have more than 90 % overlap in their P(r) curves. A decrease in P(r) overlap
corresponds to structural differences, and the two most distinct structures, 1AAR and 2KDF-6, only exhibit
40 % overlap.

Confident that the existing library of structures for K48-linked Ub2 samples broad conformational
space, we compared the experimental SAXS patterns for native and TEC-derived Ub2 to those of the 88 extant
structures. Both experimental P(r) plots showed similar overlap with plots generated from the set of known
structures (Fig. B3C). Minimal ensemble search (MES) analysis identified 2LVQ-24 and 4DDI-3 as the best
single-state representation for native and TEC-derived Ub2, respectively. Both structures have intermediate
R, values, 19.3 Afor 2LVQ-24 and 19.0 Afor 4DDI-3 (Fig. B4A).

The best 2-state ensembles for native and TEC-derived Ub2 both include a compact structure with a
more extended structure (Fig. B4B): 3AUL with 2LVQ-17 (native) or 3NS8 with 2LVQ-23 (TEC). 2LVQ-
17 and 2LVQ-23 have R, values 21.0 Aand 19.4 Arespectively. 3AUL and 3NS8 are nearly identical-they
have the same R, (16.6 A), and RMSD difference between the two structures is 0.3 A. For TEC-derived Ub2,
incorporating a third component to the ensemble did not enhance the MES fitting score, whereas a modest

enhancement was calculated for native Ub2 ((Fig. B4C and D). All best-fit ensemble results have greater than
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90 % P(r) overlap with experimental curves for both native and TEC-derived Ub2.

B.6 End Point Gel-Based Assays to Measure Hydrolysis Activity of Various DUBs
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Figure B7: Hydrolysis of native and TEC-derived K6 Ub2 by USP15. End point assays (time fiyq = 1.5 min)
using both Ub2 at the indicated range of substrate concentrations and constant USP15 concentration of 200
nM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer was
added to the remaining sample. Two replicates of mono-Ub standard [3.7 uM], indicated as “S”, were also

included in every gel. (Related to Figure 4.6A.)
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Figure B8: Hydrolysis of native and TEC-derived K48 Ub2 by USP15. End point assays (time fi,q = 1.5 min)
using both Ub2 at the indicated range of substrate concentrations and constant USP15 concentration of 200
nM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer was
added to the remaining sample. Two replicates of mono-Ub standard [15 uM], indicated as “S”, were also

included in every gel. (Related to Figure 4.6A.)
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Figure B9: Hydrolysis of native and TEC-derived K63 Ub2 by USP15. End point assays (time fiyq = 1.5 min)
using both Ub2 at the indicated range of substrate concentrations and constant USP15 concentration of 200
nM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer was
added to the remaining sample. Two replicates of mono-Ub standard [15 uM], indicated as “S”, were also

included in every gel. (Related to Figure 4.6A.)
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Figure B10: Hydrolysis of native and TEC-derived K63 Ub2 by AMSH. End point assays (time i, = 5 min)
using both Ub2 at the indicated range of indicated substrate concentrations and constant AMSH concentration
of 500 nM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer
was added to the remaining sample. Mono-Ub standard [10.5 uM], indicated as “S”, were also included in

every gel. (Related to Figure 4.6B.)
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Figure B11: Hydrolysis of native and TEC-derived K48 Ub2 by OTUB2. End point assays (timefina =

1.5 min) using both Ub2 at the indicated range of indicated substrate concentrations and constant OTUB2

concentration of 740 nM. All experiments were run in quadruplicates: enzyme was added to three replicates

and only buffer was added to the remaining sample. Mono-Ub standard [15 uM], indicated as “S”, were also

included in every gel. (Related to Figure 4.7A.)
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Figure B12: Hydrolysis of native and TEC-derived K48 Ub2 by OTUB2. End point assays (timefina =
1.5 min) using both Ub2 at the indicated range of indicated substrate concentrations and constant OTUB2
concentration of 740 nM. All experiments were run in quadruplicates: enzyme was added to three replicates
and only buffer was added to the remaining sample. Mono-Ub standard [15 uM], indicated as “S”, were also

included in every gel. (Related to Figure 4.7A.)
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Figure B13: Hydrolysis of native and TEC-derived K11 Ub2 by OTUD7B. End point assays (time . = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B concentration
of 200 nM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer
was added to the remaining sample. Two replicates of mono-Ub standard [13.4 uM], indicated as “S”, were

also run in every gel. (Related to Figure 4.7A.)
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Figure B14: Hydrolysis of native and TEC-derived K48 Ub2 by OTUD7B. End point assays (time . = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B concentration
of 2 uM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer
was added to the remaining sample. Two replicates of mono-Ub standard [15.7 uM], indicated as “S”, were

also included in every gel. (Related to Figure 4.7B.)
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Figure B15: Hydrolysis of native and TEC-derived K63 Ub2 by OTUD7B. End point assays (time . = 2
min) using both Ub2 at the indicated range of substrate concentrations and constant OTUD7B concentration
of 2 uM. All experiments were run in quadruplicates: enzyme was added to three replicates and only buffer

was added to the remaining sample. Two replicates of mono-Ub standard [15.7 uM], indicated as “S”, were

also included in every gel. (Related to Figure 4.7B.)
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B.7 Characterization of Conformational Ensembles for Ubiquitin Trimers

Ubiquitins can be attached to target proteins as a single molecule and oligomers. Deubiquitinases
can reverse ubiquitination or trim oligomers of Ubs. Ubs known to recognize their binding partners with
the hydrophobic patch formed by formed by Leu8, Ile44 and Val70 [22, 23]. However the exact mechanism
through which DUBs act is not known. This is mainly due to lack or structural information for Ub-oligomers
and their complex structures with DUBs. My aim is to determine conformational ensembles using MD and
SAXS data.

My approach here for the trimers entails the same procedure applied to dimer; incorporating SAXS
data into MD simulations to aid filtering out the irrelevant conformation ensembles. To serve for this purpose,
initial structures are created in Modeler Homology Modeling Package [24-29] with the previously-solved
structures of Ub dimers of the desired linkages. Next, I perform MD simulations at time scales long enough
to ensure sampling diverse conformations (~1 us). The list of structures modeled and the simulations carried
out are listed below (Table B3).

After having collected a pool of conformations, I apply an Co-RMSD based clustering technique to
distinguish the main conformers. SAXS profiles for each cluster centroid are calculated [30, 31] and scored
with the experimental SAXS profile. SAXS fitting consists of two scoring schemes used in previous chap-
ters. Both schemes are derived from mean square error approximation as a measure of deviation from the
experimental. Thus, a lower score means a better match to experimental data.

It is important to underline that for chains longer than a dimer, the construction of the Ub chain is
important. The Ub chains can form in linear or branched configuration, causing the DUB specificity. In linear
configuration, consecutive Ub monomers tag (ubiquinate) the next one, however in branched configuration the
central Ub monomer is ubiquinated by two other Ub monomers (Fig. B16). Our hypothesis is that different
sysines to link through; hence different configurations allow Ub chains to reveal different hydrophobic surfaces

and allow specific recognition by the DUB enzymes.
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Linear

Branched

Figure B16: Configuration of linear and branched Ub chains.



Table B3: Lengths of atomistic implicit solvent molecular dynamics simulations for Ub3.

Configuration Linkage Lengths (ns)

Linear Trimers K6 — K6 1000
K6 — K48 1000 x 2
K11-K11 1000
K11 -K63 1000
K27 - K27 1000
K29 - K29 1000
K33 - K33 1000
K48 — K48 1000
K48 — K6 1000
K63 - K63 1000

Branched Trimers K11 — K48 995
K11 -K63 1000
K48 — K63 995
K6 — K48 1000
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Figure B17: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K6 — K6 linked linear Ub trimer. (B) Predicted conformational ensemble for K6 — K6 linear trimer.



Table B4: Properties calculated over clusters obtained from K6 — K6 linked linear trimer simulations.

Cluster RMSD R, Riax Calculated Populations for
(A) A) (A) K6 - K6 linked linear trimers.

1 2.53 19.38  36.09 0.00

2 2.74 19.33  34.32 0.00

3 3.44 19.83 34.94 0.00

4 414 20.00 3445 0.00

5 3.05 19.03 34.08 0.00

6 6.25 19.22 35.15 0.00

7 2.74 19.04 34.69 0.00

8 2.48 19.07 3547 0.00

9 3.51 19.85 34.59 0.00
10 2.95 19.26 33.72 0.00
11 5.32 19.69 33.37 0.00
12 5.54 20.79 36.20 1.00
13 3.13 19.74 3490 0.00
14 6.28 19.84 34.21 0.00
15 6.68 19.45 34.02 0.00
16 6.47 20.11  36.92 0.00
17 9.45 19.92 3499 0.00
18 8.81 19.87 34.74 0.00
19 7.87 19.76 3342 0.00
20 8.68 20.08 34.38 0.00
21 6.27 19.62 35.02 0.00
22 8.25 19.36 3448 0.00
23 7.12 19.78 35.00 0.00
24 6.97 19.69 34.82 0.00
25 4.15 20.06 35.22 0.00
26 2.99 19.09 32.85 0.00
27 5.17 20.16 3491 0.00
28 6.86 20.04 34.37 0.00
29 9.99 1998 34.73 0.00
30 9.26 19.46 33.79 0.00
31 5.65 19.49 37.13 0.00
32 7.98 19.87 38.89 0.00
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Figure B18: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K6 — K48 linked linear Ub trimer. (B) Predicted conformational ensemble for K6 — K48 linear trimer.



Table B5: Properties calculated over clusters obtained from K6 — K48 linked linear trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) A) (A) K6 — K48 linked linear trimers.

1 9.25 18.90 32.08 0.00

2 8.33 19.65 31.95 0.00

3 9.60 18.62 32.14 0.00

4 10.16 1931 3297 0.00

5 11.12 18.92 33.97 0.00

6 13.62 1891 30.99 0.00

7 1047 18.51 31.32 0.00

8 9.70 19.30 32.40 0.00

9 10.14 19.32 32.37 0.00
10 1399 19.19 3421 0.00
11 10.09 1892 33.26 0.00
12 1241 18.85 32.99 0.00
13 5.03 20.99 36.05 1.00
14 6.05 20.10 34.10 0.00
15 7.54 19.30 32.76 0.00
16 1030 19.79 33.70 0.00
17 8.56 19.00 32.50 0.00
18 8.32 19.48 33.95 0.00
19 9.49 19.27 34.27 0.00
20 8.49 18.87 32.80 0.00
21 9.45 19.67 32.39 0.00
22 1193 19.76 33.05 0.00
23 9.57 20.00 34.94 0.00
24 1072 2091 39.78 0.00
25 9.34 19.87 38.11 0.00
26 10.68 20.55 36.02 0.00
27 11.12 1848 3297 0.00
28 9.69 19.30 32.29 0.00
29 9.47 19.30 32.87 0.00
30 12.66 18.89 31.72 0.00
31 6.44 19.76  36.28 0.00
32 8.27 19.61 32.80 0.00
33 1438 1933 34.26 0.00
34 1221 18.60 31.33 0.00
35 8.60 19.48 32.78 0.00
36  14.64 20.51 37.28 0.00
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Figure B19: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K11 - K11 linked linear Ub trimer.(B) Predicted conformational ensemble for K11 — K11 linear trimer.



197

Table B6: Properties calculated over clusters obtained from K11 — K11 linked linear trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A) K11 -K11 linked linear trimers.
1 5.06 21.38 38.49 0.00
2 7.25 22.77 40.76 0.00
3 9.14 20.74 34.99 0.00
4 1092 20.53 35.35 0.00
5 9.16 21.85 39.25 0.00
6 9.60 20.72  37.07 0.00
7 1137 2031 3742 0.00
8§ 12.15 2039 37.50 0.00
9 1293 20.84 35.86 0.00
10 14.03 21.06 38.15 0.00
11 12.67 20.21 36.81 0.00
12 13.72 20.56 35.60 0.00
13 1443 2046 34.34 0.00
14 15.40 21.02 36.81 0.00
15 15.04 20.28 35.33 0.00
16 15.53 20.74 35095 0.00
17 1498 20.99 36.96 0.00
18 1424 20.69 36.11 0.00
19 1586 2091 36.96 0.00
20 2.35 21.47 37.15 0.73
21 8.55 21.69 36.62 0.00
22 1330 20.59 38.42 0.27
23 15.69 2095 37098 0.00
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Figure B20: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K11 — K63 linked linear Ub trimer. (B) Predicted conformational ensemble for K11 — K63 linear trimer.
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Table B7: Properties calculated over clusters obtained from K11 — K63 linked linear trimer simulations.

Cluster RMSD R, Riax Calculated Populations for
(A) (A) (A) K11 -K®63 linked linear trimers.
1 4.17 28.94 53.53 0.01
2 7.41 28.15 50.89 0.56
3 8.91 28.06 49.16 0.00
4 8.85 26.45 46.83 0.00
5 14.14 2350 41.05 0.00
6 9.96 25.64 4542 0.00
7 13.83 2460 42.03 0.00
8 11.52 2576 46.21 0.00
9 11.00 2525 4442 0.00
10 1496 23.60 4143 0.44
11 11.35 2547 4446 0.00
12 14.38 2440 4271 0.00
13 11.18  26.10 45.37 0.00
14 8.58 26.47 47.76 0.00
15 1092 2560 46.58 0.00
16 11.98 26.05 45.17 0.00
17 1023  26.00 44.83 0.00
18 9.55 25.67 47.08 0.00
19 9.46 26.61 48.83 0.00
20 1246 25.15 4449 0.00
21 1296 2493 4292 0.00
22 13.12 25.07 45.05 0.00
23 13.83 2453 41098 0.00
24 12.74 2426 41.65 0.00
25 13.86 2579 46.09 0.00
26 12.13 2571 44.08 0.00
27 10.15 2690 47.35 0.00
28 11.77  25.55 4545 0.00
29 13.40 2450 4478 0.00
30 13.73 2587 49.24 0.00
31 13.48 2471 42.65 0.00
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Figure B21: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K27 — K27 linked linear Ub trimer. (B) Predicted conformational ensemble for K27 — K27 linear trimer.
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Table B8: Properties calculated over clusters obtained from K27 — K27 linked linear trimer simulations.

Cluster RMSD R, Ryax Calculated Populations for
(A) (A) (A) K27 — K27 linked linear trimers.

1 4.12 19.93 34.64 0.00

2 957 20.69 36.63 0.00

3 1032 21.35 36.97 0.00

4 11.84 2059 37.37 0.00

5 1229 2042 37.72 0.00

6 8.25 19.76  33.26 0.00

7 1144 2123 38.68 0.00

8 13.13 2036 37.84 0.00

9 1354 2029 37.37 0.00
10 1276  20.34 38.76 0.00
11  12.14 21.03 39.54 0.00
12 1431 2044 37.02 0.00
13 14.18 2044 3748 0.00
14 1439 2034 3741 0.00
15 1438 20.29 37.60 0.00
16 14.66 20.62 37.79 0.00
17 1226 2041 38.12 0.00
18 1429 20.14 36.94 0.00
19 11.71 2094 3848 0.00
20 11.53 21.60 40.30 1.00
21 1215 2149 4035 0.00
22 12.13  20.81 3795 0.00
23 1190 21.07 38.85 0.00
24 1025 19.62 35.92 0.00
25 1020 20.12 36.92 0.00
26 11.60 20.75 36.27 0.00
27 11.29 20.78 36.38 0.00
28 1.48 19.42  33.77 0.00
29 7.39 21.43 38.28 0.00
30 1245 20.83 39.03 0.00
31 1221 2076 37.84 0.00
32 1043 20.65 37.46 0.00
33 1124 21.11 37.55 0.00
34 10.72 20.05 36.84 0.00
35 8.05 19.58 33.34 0.00
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Figure B22: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K29 — K29 linked linear Ub trimer. (B) Predicted conformational ensemble for K29 — K29 linear trimer.
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Table B9: Properties calculated over clusters obtained from K29 — K29 linked linear trimer simulations.

Cluster RMSD R, Ry Calculated Populations for
(A) (A) (A) K29 — K29 linked linear trimers.
1 7.07 2996 59.30 0.00
2 7.83 28.27 54.55 0.00
3 8.80 2777 5447 0.00
4 14.64 23.09 42.04 0.00
5 1560 23.12 41.40 0.00
6 1574 2240 38.98 0.00
7 1680 21.81 39.27 0.00
8 1791 21.09 42.18 0.00
9 1639 22.67 44.04 0.00
10 18.66 20.23 42.28 0.00
11 1784 22.05 38.80 0.00
12 17.44 21.71 4398 0.00
13 16.88 22.02 4498 0.00
14 15.14 2351 44.67 0.00
15 1573 2295 4217 0.00
16 17.52 22.13 41.34 0.00
17 1545 22.10 45.06 0.00
18 13.43 2374 49.15 0.00
19 1840 20.57 36.50 0.00
20 1636 2275 51.07 0.72
21  19.15 20.14 36.62 0.00
22 3.94 30.10 57.46 0.28
23 19.65 20.28 39091 0.00
24 1544 2276 4483 0.00
25 1894 20.17 39.69 0.00
26 18.08 21.58 4197 0.00
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Figure B23: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K33 — K33 linked linear Ub trimer. (B) Predicted conformational ensemble for K33 — K33 linear trimer.
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Table B10: Properties calculated over clusters obtained from K33 — K33 linked linear trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
A) (A) (A) K33 -K33 linked linear trimers.

1 1.74 30.77 54.10 0.00

2 6.46 29.64 53.62 0.00

3 9.79 31.06 54.56 0.00

4 10.87 30.63 56.79 0.00

5 1201 28.79 55.18 0.00

6 11.83 29.39 5497 0.00

7 1277 28.02 52.69 0.00

8 1359 2647 50.56 0.00

9 1364 26.74 49.35 0.00
10 13.65 2646 45.68 0.00
11 1299 2550 43.64 0.00
12 1297 26.05 43.79 0.00
13 1254 2550 44.69 0.00
14 1396 23.65 40.89 0.00
15 15.03 2332 41.26 0.00
16 1733 2204 39.63 0.00
17  19.78 19.27 33.92 0.00
18 20.09 1945 33.65 0.00
19 2039 19.09 34.31 0.00
20 19.20 19.71 36.20 0.00
21  19.54 19.23 33.56 0.00
22 2040 19.22 3347 0.00
23 19.97 19.28 33.81 0.00
24 19.10 19.56 35.11 0.00
25 19.76  19.44 33.67 0.00
26 18.68 19.79 35.87 0.00
27 18.59 19.74 33.19 0.00
28 18.35 19.83 3742 0.00
29  18.34  19.69 34.72 0.00
30 18.69 1996 34.74 0.00
31 18.81 19.80 35.75 1.00
32 20.51 1892 32.02 0.00
33 19.16 19.50 36.35 0.00
34 1932 1936 3240 0.00
35 18.86 19.78 33.58 0.00
36 3.77 29.97 54.12 0.00
37 18.08 20.48 35.63 0.00
38 17.67 2146 38.02 0.00
39 19.69 1943 34.80 0.00
40 18.06 19.98 40.52 0.00
41 18.23 20.57 37.14 0.00
42  19.10 20.07 36.97 0.00
43 1994 1951 33.23 0.00
44 1731 2027 37.07 0.00
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Figure B24: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K48 — K6 linked linear Ub trimer. (B) Predicted conformational ensemble for K48 — K6 linear trimer.
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Table B11: Properties calculated over clusters obtained from K48 — K6 linked linear trimer simulations.

Cluster RMSD R, Roax Calculated Populations for
(A) A) (A) K48 — K6 linked linear trimers.

1 3.19 19.63 36.28 0.00

2 5.74 20.41 35.92 0.00

3 6.78 20.79 36.12 1.00

4 5.47 20.39 34.68 0.00

5 4.86 19.84 34.32 0.00

6 5.29 19.42 38.47 0.00

7 7.25 19.26  33.97 0.00

8 6.70 19.36  33.50 0.00

9 6.69 19.40 33.49 0.00
10 8.69 19.03 33.52 0.00
11 8.68 19.70 33.88 0.00
12 9.03 19.57 34.35 0.00
13 6.85 19.38 33.90 0.00
14 6.14 1995 3593 0.00
15 7.13 19.72  34.67 0.00
16 7.63 19.75 35.08 0.00
17 8.91 19.33  32.69 0.00
18 8.19 19.28 32.57 0.00
19 8.78 19.73 36.44 0.00
20 9.18 19.98 36.51 0.00
21 8.23 19.14 34.16 0.00
22 7.25 19.27 34.08 0.00
23 8.83 19.45 34.79 0.00
24 9.20 19.54 35.03 0.00
25 9.84 19.22  33.90 0.00
26 7.93 19.35 34.27 0.00
27 9.41 19.43 33.07 0.00
28 7.27 19.01 32.63 0.00
29 6.56 18.76  32.92 0.00
30 2.12 19.26  36.10 0.00
31 8.86 19.24 3431 0.00
32 6.55 19.06 33.62 0.00
33 9.50 19.36  34.33 0.00
34 9.35 19.46 34.28 0.00
35 9.95 19.02 33.16 0.00
36 9.94 19.40 33.46 0.00
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Figure B25: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K48 — K48 linked linear Ub trimer. (B) Predicted conformational ensemble for K48 — K48 linear trimer.
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Table B12: Properties calculated over clusters obtained from K48 — K48 linked linear trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A) K48 — K48 linked linear trimers.
1 2.31 19.81 37.19 0.00
2 4.39 20.09 37.61 0.00
3 8.72 19.27 37.10 0.00
4 10.14 1942 34.56 0.00
5 3.29 20.01 36.83 0.00
6 3.94 19.84 36.19 0.00
7 4.03 19.74  36.55 0.00
8 6.46 19.44 3472 0.00
9 8.55 1895 33.82 0.00
10 10.12 19.51 35.29 0.00
11 9.79 19.75 35.02 0.00
12 8.94 19.69 35.56 0.00
13 8.82 19.28 34.38 0.00
14 9.69 19.08 34.05 0.00
15 8.54 19.02  34.30 0.00
16 7.78 20.41 36.83 0.00
17 8.15 19.75 37.09 0.00
18 8.72 19.51 36.39 0.00
19 9.32 19.30 33.65 0.00
20 10.18 19.53 33.96 0.00
21 9.39 19.53 36.13 0.00
22 2.92 19.75 37.15 0.00
23 4.69 20.56  39.06 1.00
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Figure B26: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K63 — K63 linked linear Ub trimer. (B) Predicted conformational ensemble for K63 — K63 linear trimer.
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Table B13: Properties calculated over clusters obtained from K63 — K63 linked linear trimer simulations.

Cluster RMSD R, Ryax Calculated Populations for
(A) (A) (A) K63 - K63 linked linear trimers.

1 5.81 31.80 52.31 0.00

2 1233 2894 57.77 0.55

3 1637 2544 4941 0.00

4 9.29 31.76  59.09 0.00

5 9.68 33.76  63.70 0.00

6 11.76 33.02 59.57 0.00

7 1665 2530 51.25 0.00

8 1235 31.66 57.87 0.00

9 1233 3199 56.73 0.00
10  12.60 30.04 52.25 0.00
11 1143 31.13 62.61 0.00
12 12.87 28.16 5292 0.00
13 1223 2881 53.03 0.00
14 13.02 2743 5434 0.00
15 17.52 2488 50.40 0.00
16 1536 25.09 47.16 0.00
17  13.09 2725 56.76 0.00
18  12.69 29.00 59.89 0.00
19 1298 30.35 59.02 0.00
20  12.86 30.50 56.14 0.00
21 16.47 2599 48.84 0.00
22 1520 2636 50.87 0.00
23 1549 2623 53.75 0.00
24 19.22  24.02 51.50 0.00
25 2388 21.18 3995 0.00
26  16.10 25.10 49.02 0.00
27 2448 20.78 39.82 0.00
28 17.39 2477 46.59 0.00
29  16.03 2549 47.36 0.00
30 2254 22.07 36.59 0.00
31 12.38  28.48 58.04 0.00
32 1571 2496 46.28 0.00
33 17.94 2491 45.26 0.00
34 19.69 2395 41.86 0.45
35 1997 2331 44.16 0.00
36 17.15 2538 49.25 0.00
37  16.83 25.05 51.37 0.00
38 16.72 2551 48.00 0.00
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Figure B27: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for the

K6 — K48 linked branched Ub trimer. (B) Predicted conformational ensemble for K6 — K48 branched trimer.
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Table B14: Properties calculated over clusters obtained from K6 — K48 linked branched trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A) K6 — K48 linked branched trimers.
1 2.59 18.53  32.06 0.00
2 2.45 18.80 34.32 0.00
3 2.51 18.71 34.32 0.00
4 2.62 18.80 34.65 0.00
5 2.77 19.02 34.62 1.00
6 2.52 18.59 31.62 0.00
7 2.71 18.52 31.82 0.00
8 2.70 18.48 31.64 0.00
9 2.81 18.71 32.46 0.00
10 2.74 18.62 32.97 0.00
11 2.95 18.59 31.77 0.00
12 3.71 18.79 32.57 0.00
13 1.04 18.31 32091 0.00
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Figure B28: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K11 — K48 linked branched Ub trimer. (B) Predicted conformational ensemble for K11 — K48 branched

trimer.
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Table B15: Properties calculated over clusters obtained from K11 — K48 linked branched trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) A) (A) K11 — K48 linked branched trimers.
1 6.59 19.69 34.23 0.00
2 4.21 20.00 35.44 1.00
3 4.71 20.00 35.52 0.00
4 7.52 19.81 33.91 0.00
5 7.60 19.81 34.25 0.00
6 5.91 19.39 34.70 0.00
7 6.87 19.72  34.36 0.00
8 7.99 19.54 32.70 0.00
9 7.62 19.58 32.16 0.00
10 7.44 19.42 3321 0.00
11 7.02 19.39 34.13 0.00
12 7.65 19.67 33.95 0.00
13 7.21 19.78 34.31 0.00
14 6.17 19.08 34.26 0.00
15 8.12 19.27 3342 0.00
16 5.45 19.92 35.15 0.00
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Figure B29: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for

the K11 — K63 linked branched Ub trimer. (B) Predicted conformational ensemble for K11 — K63 branched

trimer.
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Table B16: Properties calculated over clusters obtained from K11 — K63 linked branched trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A) K11 -K63 linked branched trimers.
1 6.42 26.98 47.31 0.00
2 7.10 2571 45.56 0.00
3 10.06 26.61 47.36 0.00
4 11.89 2550 45.16 0.00
5 1324 26.15 47.73 0.72
6 1336 2348 42.88 0.00
7 1451 2229 39.88 0.00
8 17.24  21.10 36.94 0.00
9 20.93 19.40 33.45 0.00
10 1747 2091 3522 0.28
11 1545 21.65 37.69 0.00
12 21.24 18.78 30.42 0.00
13 2245 18.64 30.12 0.00
14 21.79 19.07 32.44 0.00
15 1556 21.65 37.82 0.00
16 16.86 21.08 37.10 0.00
17  17.29 20.69 35.11 0.00
18 19.09 19.87 34.29 0.00
19 16.11 21.59 38.83 0.00
20  17.68 2096 39.77 0.00
21 15.70 21.78 38.05 0.00
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Figure B30: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for

the K48 — K63 linked branched Ub trimer. (B) Predicted conformational ensemble for K48 — K63 branched

trimer.
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Table B17: Properties calculated over clusters obtained from K48 — K63 linked branched trimer simulations.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A) K11 -K63 linked branched trimers.
1 8.01 21.04 36.55 0.00
2 8.75 20.65 35.39 0.00
3 8.91 20.60 34.96 0.00
4 5.87 23.16 42.16 0.51
5 6.71 21.72 3791 0.00
6 9.23 20.70 35.76 0.00
7 1285 19.33 3245 0.00
8 1342 1885 3191 0.00
9 9.46 20.94 36.60 0.00
10 9.73 20.54 34.98 0.00
11 8.51 21.03 36.19 0.00
12 9.95 21.27 37.38 0.00
13 1249 18.68 31.87 0.00
14 9.10 21.89 37.89 0.00
15 10.15 2342 43.06 0.49
16 8.55 22.01 38.83 0.00
17 8.42 2091 3597 0.00
18 9.77 19.96 35.77 0.00
19 8.00 2191 38.86 0.00
20 11.30 1996 32.80 0.00
21 9.03 2195 37.18 0.00
22 1428 18.66 32.70 0.00
23 1479 1896 34.04 0.00
24 9.31 21.30 38.35 0.00
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Appendix C

Supporting Information for Structure and Function of Skip

Residues in Myosin

C.1 Accession Codes

Atomic coordinates have been deposited in the Protein Data Bank under accession codes 4XA1, 4XA3,
4XA4, and 4XA6 corresponding to Skip 1: (Gp7-K1173-11238-Ebl), Skip 2: (Gp7-L1361-11425-Eb1), Skip

3: (Xrcc4-L1551-N1609), and Skip 4: (Gp7-A1776-T1854-Eb1) respectively.
C.2 Additional Details for Materials and Methods

C.2.1 DNA Constructs

Vectors for crystallographic studies were prepared by QuikChange cloning. Sections of the MYH7
gene, purchased as an IMAGE clone from Open Biosystems, were inserted into modified pET vectors con-
taining the desired fusion protein as previously described [1]. QuikChange cloning allowed all constructs to
be made without introducing cloning artifacts while maintaining the correct coiled-coil registration between
the folding domains and the target gene fragment. The wild-type EGFP and mCherry myosin rod constructs
were created by fusing each fluorescent reporter gene at amino acid 841 of the rat B-cardiac myosin gene as

previously described [2]. All the myosin mutants were generated by inverse PCR [3].
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C.2.2 Protein Expression, Purification

Myosin fusions were expressed in an E. coli BL21-CodonPlus (DE3)-RIL cell line (Stratagene). Cells
were grown in lysogeny broth (LB) medium under appropriate antibiotic selection at 37 °C with shaking to
an optical density of ~1.0 and then cooled on ice for 15 min. 1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) was then added and the cells were grown for an additional 16 h at 16 °C before harvesting them by cen-
trifugation. Cells were washed with 50 mM HEPES pH 7.6, 50 mM NaCl, ImM ethylenediaminetetraacetic
acid (EDTA) at a ratio of 1 L of buffer per 6 L of culture prior to flash-freezing in liquid nitrogen and storage
at -80 °C. Selenomethionine derivatives were prepared as previously described [4].

All purification steps were carried out at 4 °C. 10 g of cells were lysed by sonication in 100 mL of
lysis buffer containing 50mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.6, 50 mM
NaCl, 20 mM imidazole, 0.5 mg/mL lysozyme, 1 mM PMSF, 50 nM Leupeptin (Peptide International), 70 nM
E-65 (Peptide International), 2 nM Aprotinin (ProSpec), and 2 mM AEBSF (Gold BioTechnology). Lysate
was clarified by centrifugation at 125,000 g for 30 min at 4 °C in a Beckman Ti-45 rotor. The supernatant
was loaded onto a 5 mL nickel-nitrilotriacetic acid (NiNTA) column (QIAGEN) by gravity and washed with
25 column volumes of buffer A (25 mM HEPES pH 7.6, 300 mM NacCl, 20 mM imidazole). The column
was then washed with 5 column volumes buffer A containing 40 mM imidazole. Protein was eluted in four
column volumes of buffer A with 200 mM imidazole. 1mM B-mercaptoethanol was added to all buffers for
purification of constructs containing cysteine residues. The His-tag was removed by incubation with a 1:40
molar ratio of rTEV protease/myosin fusion protein at 4 °C in 25 mM HEPES pH 7.6, 100 mM NacCl, 0.1
mM EDTA, 0.5 mM tris(2-carboxyethyl)phosphine. NaCl concentration was increased to 300 mM and the
cleaved protein was then loaded onto a 2 mL NiNTA column equilibrated in buffer A without imidazole.
Myosin constructs were eluted with four column volumes of buffer A. Fusion proteins were concentrated in
an Amicon Ultra-15 centrifugal filter 30 kDa cutoff (Millipore) to 10-25 mg/mL ofprior to overnight dialysis
into storage buffer (10 mM HEPES pH 7.6, 100 mM NaCl). The proteins were flash-frozen in 30 uL droplets

in liquid nitrogen and stored at -80 °C.

C.2.3 Crystallization

Crystals of Gp7-K1173-11238-Eb1 (Skip 1) were grown by vapor diffusion at room temperature (RT)

from a 1:1 mixture of protein at 10 mg/mL and 20% (w/v) polyethylene glycol methyl ether 2000, 20 mM
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SrCl2, 100 mM HEPES pH 7.6, 5% pentaerythritol ethoxylate (17/8 PO/OH) 797, 0.5% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). The crystals were transferred stepwise into a solution of
25% (w/v) polyethylene glycol methyl ether 2000, 20 mM SrCI2, 100 mM HEPES pH 7.6, 10% (w/v) pen-
taerythritol ethoxylate (17/8 PO/OH) 797, 0.5% (CHAPS), and 150 mM NaCl. They were then flash-frozen
in liquid nitrogen.

Crystals of Gp7-L1361-11425-Ebl (Skip 2) were grown by vapor diffusion at room temperature from
a 1:1 mixture of protein at 10 mg/mL and 4.5% (w/v) polyethylene glycol 8000, 100 mM sodium acetate pH
5.0, 50 mM CaCl2, and 2.5% (w/v) 3-methoxy-3-methyl-1-butanol. The crystals were transferred stepwise
into a solution of 4.5% polyethylene glycol 8000, 100 mM sodium acetate pH 4.5, 50 mM CaCl2, 2.5% 3-
methoxy-3-methyl-1-butanol, 100 mM NaCl, and 20% (w/v) ethylene glycol. They were then flash-frozen in
liquid nitrogen.

Crystals of Xrcc4-L1551-N1609 (Skip 3) were grown by vapor diffusion at room temperature from
a 1:1 mixture of protein at 10 mg/mL 30% (w/v) polyethylene glycol 1500, 250 mM tetramethylammonium
chloride, and 100 mM 3-[4-(2-Hydroxyethyl)-1-piperazinyl]propanesulfonic acid (HEPPS) pH 8.5. The crys-
tals were transferred stepwise into 30% (w/v) polyethylene glycol 1500, 250 mM tetramethylammonium chlo-
ride, and 100 mM HEPPS pH 8.5, and 10% glycerol. They were then flash-frozen in liquid nitrogen.

Gp7-A1776-T1854-Eb1 (Skip 4) was methylated to obtain suitably diffracting crystals with formalde-
hyde and dimethylamine borane complex [5]. The reaction was quenched by addition of Tris-HCI buffer (pH
7.5) to a final concentration of 200 mM, and the protein was dialyzed overnight against 2 L of 50 mM Hepes
buffer pH 7.6, 100 mM NaCl, 5 mM DTT. The protein concentration was then adjusted to 20 mg/mL followed
by dialysis into 10 mM Hepes pH 7.6, 100 mM NaCl overnight at 4 °C. After the final dialysis, the protein
was drop-frozen in liquid nitrogen. Crystals of Gp7-A1776-T1854-Ebl were grown by vapor diffusion at
room temperature from a 1:1 mixture of protein at 20 mg/mL and 18% (w/v) polyethylene glycol 2000 methy]
ether and 100 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) pH 6.4. The crystals were transferred
directly to a solution A of 16% (w/v) polyethylene glycol methyl ether 2000, 100 mM PIPES pH 6.4, and 200
mM NaCl and then transferred again stepwise over the course of an hour and twenty minutes into solution
B composed of 10% (w/v) polyethylene glycol 2000 methyl ether, 15% (w/v) polyethylene glycol 8000, 200

mM NacCl, and 100 mM PIPES pH 6.4. The crystals were then moved from room temperature to 4 °C to soak
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for twelve hours in solution B. The crystals were then transferred stepwise over the course of forty minutes
from solution B into a cryo mixture of solution B plus 10% (w/v) ethylene glycol and flash-frozen in liquid

nitrogen.

C.2.4 Data Collection and Structure Determination

Data were collected at 100 K for Gp7-K1173-11238-Eb1, Gp7-L1361-11425-Ebl, and Xrcc4-L1551-
N1609 at the SBC Beamline 19-ID (Advanced Photon Source, Argonne National Laboratory, Argonne, IL)
at a wavelength of 0.9792 And, 0.9790 A and 0.9794 A respectively. Data were collected at 100 K for Gp7-
A1776-T1854-Ebl at the SBC Beamline 19-BM (Advanced Photon Source, Argonne National Laboratory,
Argonne, IL) at a wavelength of 0.9791 AA Gp7-A1776-T1854-Eb1 selenomethionine derivative crystal pro-
duced the highest quality diffraction data and was used in final data refinement. Diffraction data were indexed,
integrated, and scaled with HKL.3000 [6]. Data collected for Gp7-L1361-11425-Eb1 were highly anisotropic
so that ellipsoidal truncation and anisotropic scaling was performed [7] (services.mbi.ucla.edu/anisoscale/).
The following reciprocal space resolutions cutoffs were applied 3.3 A 2.5 A and 2.6 A for a*, b*, and c*
respectively. Initial solutions were obtained by molecular replacement using PHASER with the appropriate
fusion protein as a search model (PDB 1NO4, 1IK9, or 1YIB) [8]. Initial positions of the search models
were optimized by rigid body refinement in Phenix Refine [9]. Structure building was done both manually in
COQOT through iterative cycles and with Phenix Autobuild. Phenix refine was used for refinement. 21 TLS
groups were used in refinement of Gp7-A1776-T1854-Ebl1 as defined by the Gp7 and Ebl folding domains
and break in the myosin coiled-coil [10]. Model quality was assessed by use of the Molprobity server [11].
The Ramachandran statistics show greater than 98% of the residues in allowed regions and less than 2% in
disallowed regions for all structures. All structures have a protein geometry MolProbity score of the 97th

percentile or greater. Pymol (http://www.pymol.org/) was used to generate images of the molecular models.

C.2.5 NRVM Preparation, Culturing Transfection and Immunostaining

Neonatal rat ventricular myocytes (NRVMs) were prepared as previously described [12]. Cells were
electroporated using the Rat Cardiomyocyte-Neonatal Nucleofector Kit (Lonza) according to the manufac-
turer’s protocol and plated onto 1% gelatin coated Glass Bottom Microwell Dishes (MatTeK). Following

overnight recovery, cells were washed and then treated with 15 mM L-phenylephrine. Live cell imaging was
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carried out at the time points specified in the figure legends. Detection of the endogenous myosin with the
anti-sarcomeric myosin heavy chain monoclonal F59 was carried out as follows: NRVMs were rinsed twice
with PBS, fixed with 2% paraformaldehyde (PFA) for 5 min and permeabilized with 0.1% Triton X-100 for 5
min. After 3 PBS washes, cells were blocked with 1% BSA, 10% goat serum, and 0.1% Triton X-100 at room
temperature for 30 min and then incubated with the F59 antibody (1:10 dilution) at room temperature for 1 h.
After 3 PBS washes, cells were incubated with the secondary antibody (Alexa Fluor 568 goat anti-mouse IgG)
at room temperature for 1 h. After final washes with PBS, cells were rinsed in distilled water and mounted in

FluoromountTM.

C.2.6 Confocal Microscopy

NRVMs were analyzed using the Nikon Eclipse TE 2000-U microscope coupled with an electron-
multiplying charge-coupled device camera (Cascade II; Photometrics) and a Yokogawa spinning disc confocal
system (CSU-Xm2; Nikon). Images were taken with the 100x Nikon Plan Apo VC NA 1.4 oil objective.

MetaMorph software was used for image acquisition; image analysis was performed with ImageJ [13].

C.3 Additional Data

The results from the explicit solvent simulations support the implicit solvent results. The RMSF is
higher for the AS3-R model than the Skip 3 WT simulation, as observed in implicit solvent simulation (Fig.
5.3). DCOM results show similar trends for Skip 3 and AS3-R, implying similar degree of coiling as observed
in the implicit solvent simulation (Fig. 5.3). Upon k-means clustering, AS3-R has more clusters than Skip
3 simulation, similar to the implicit solvent simulations (Fig. 5.3). On the right hand side, representative
structures of the most populates clusters are shown. AS3-R has remained recoiled even and Skip 3 simulation
resulted in a relaxed super helical pitch, leading to the so-called parallel conformation. Additionally, Skip
3 remains within 1.2 A Ca-RMSD with respect to the crystal structure. The most populated structures are
within <1.0 A Ca-RMSD with the corresponding structures from implicit solvent simulations. Regardless, of
the solvation approach, a similar ensemble of conformations is achieved; hence the implicit solvent approach
can be used instead of the explicit solvent for this system to improve speed and achieve longer time-scales.

The most populated structures shown on the right hand side of the page are within 2 A Ca-RMSD of

the crystal structure. Moreover, regardless of the presence of a folding domain or the starting structure, the
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representative members of the most populated cluster are within < 1.0 A Ca-RMSD with the correspond-
ing structures from implicit (Fig. C4) and explicit solvent simulations (Fig. 5.3). In addition the RMSF and
DCOM results are consistent with the explicit and implicit solvent results; thus the addition of folding domains
during the crystallization procedure or simulation without the folding domains does not alter the conforma-
tions. The simulations converge into recoiled or uncoiled conformations regardless of the initial structure used

in the simulations.



Table C1: Crystallographic Constructs.
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Gp7 - K1173 - 11238 — Ebl1 (Skip 1)
MGSSHHHHHHHHDYDIPTSENLYFQGAS - Gp7(1 —49) — Myh7(1173 — 1237) — Eb1(211 - 251)

Gp7 — L1361 — 11425 — Eb1 (Skip 2)
MGSSHHHHHHHHDYDIPTSENLYFQGAS — Gp7(1 — 49) — Myh7(1361 — 1425) — Eb1(215 — 251)

Xrecd — L1551 — N1609 (Skip 3)
MSYYHHHHHHDYDIPTSENLYFQGGSG — Xrcc4(2 — 147) — Myh7(1551 — 1609)

Gp7 - A1776 — T1854 — Ebl (Skip 4)
MGSSHHHHHHHHDYDIPTSENLYFQGAS - Gp7(1 — 50) — Myh7(1776 — 1854) — Eb1(208 — 251)
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Figure C1: Stereo image of the omit electron density for each of the skip residues. Omit electron density for
the residues surrounding (A) Skip 1 (T1188) H1186-A1191, (B) Skip 2 (E1385) (C) Skip 3 (E1582), and (D)
Skip 4 (G1807) 1803-1812. In all cases the indicated amino acids were removed from the model and subject

to cycles of refinement. The maps were contoured at 2.0 G.
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Figure C2: Sequence logos of the flanking regions of sarcomeric and non sarcomeric myosin skip residues.
The sequence of 30 amino acids surrounding each skip residues is shown with the nominal heptad repeat
positions reported at the top whereas the observed designation for human cardiac MyH?7 Skip 3 is shown
above that alignment. Skip residues are identified by an asterisk symbol. Amino acids in single letter code
are color-coded according to the following scheme: polar, green; neutral, purple; basic, blue; acidic, red; and
hydrophobic, black. For each skip residue, the top and bottom sequences correspond to the sarcomeric and
non-sarcomeric (MYH9, MYH10, MYH11 and MYH14) myosin regions respectively. The lack of Skip 2

residue in non-sarcomeric myosins is indicated by a gap in the sequence.



233

30

1 1

LIBEAT LofBATAAA L ABsvAlL
TRYETBA | ol [BE L BEA LAQELQBA
AE LA MiEQ AKRINE LBV vBls L

*

1 15
1
Skip 1 M
Skip 2 W
skip 3 |

Skip1

Skip2

Figure C3: Sequence alignment and electrostatic surfaces for Skip 1, 2, and 3. The sequence is shown for two
heptads on either side of the nominal skip residues which is depicted in blue and marked with an asterisk on
the ribbon representation. The surface potential colored in blue and red for positively and negatively charged

regions and was calculated with the program APBS in Pymol [14-16]
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Figure C4: Implicit solvent simulations lead to similar results as explicit solvent simulations. The RMSF
and DCOM analysis of the simulations of Skip 3 and recoiled Skip 3 deletion AS3-R with explicit solvent
calculation are shown in panels (A) and (B), where Skip 3 is depicted in black and AS3-R is depicted in blue.
Clustering analyses of the same simulations of Skip 3 and the recoiled Skip 3 deletion, AS3-R are shown in
panels (C) and (D) where the color code differentiates between distinct clusters. The representative member
of the most populated cluster is shown on the right hand side (blue), aligned on the Skip 3 crystal structure
(grey). The RMSD of the representative members with respect to the crystal structure are shown underneath

the structures along with their percentages in the population.



235

100 200 300 400 500 600
B time (ns)
A10 T T T T T T
<
a - Xeasd: $— —s ; <
4
0 L ! L L L L 1.8A, 58 %
100 200 300 400 500 600 700
time (ns)
C 10 D 12
l'l||l|
8 11 ||I|“:‘|‘,,
25 < | Py
L =10
%]
z S
2 9
0 8l .
20 40 60 80 100 10 20 30 40

Residue number Residue number

Figure C5: Folding domains do not influence the outcome of the simulations. The RMSD results for Skip
3 (black, simulation started from a uncoiled conformation rather than coiled-coil model) and Xrcc4 - Skip
3 (blue) with implicit solvent are represented in panels (A) and (B) and the color code represents different
clusters. The representative member of the most populated cluster is shown on the right hand side (blue),
aligned on the Skip 3 crystal structure (grey). The RMSD of the representative members with respect to the
crystal structure are shown underneath the structures along with their percentages in the population. RMSF

and DCOM results are shown in panels (C) and (D), respectively.
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Figure C6: Analysis of the molecular dynamics simulations for Skip 1 and 2. Clustering analysis of the
simulations for Skip 1, AS1, Skip 2, AS2 is shown in (A)-(D) respectively. DCOM, average distance between
the center of masses of the two o-helices for Skip 1 and Skip 2 are shown in (E) and (F). The RMSF are
displayed in (G) and (H) for Skip 1 (Left) and Skip 2 (Right). The wild-type and AS constructs in panels (E) -

(H) are depicted in black and red, respectively.
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Figure C7 (previous page): Effects of skip residue deletions/recoiling and mutant overexpression on myosin
incorporation into sarcomeres. (A) Structure of a cytoplasmic aggregate imaged from cardiomyocytes trans-
fected with the AS3 construct; bar, 2 um. (B) GFP-tagged skip residue deletion constructs were transfected
into cardiomyocytes using double the amount of plasmid DNA (4 ug); bar, 10 um (C) Colocalization of skip
residue deletion constructs and WT myosin. Cardiomyocytes were co-transfected with mutant GFP- and WT
mCherry-tagged myosin constructs as indicated; bar, 5 um (D) The top panel shows the amino acid surround-
ing the four skip residues (colored in blue), the canonical a and d position of the heptad repeat, and the amino
acid changes introduced in the recoiled constructs (colored in red). Bottom panel: imaging of cardiomy-
ocytes transfected with 2 ug (AS3-R HMV) or 4 ug (AS1-R, AS2-R, AS3-R, AS4-R) of GFP-tagged recoiling
constructs ; AS3-R HMV bar, 2.5 um; HMV: high magnification view; AS4-R bar, 10 um. (E) Imaging of

cardiomyocytes transfected with the S3-R GFP-tagged construct; bar, 10 ym.
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mCherry Merge

Figure C8: Colocalization of skip residue recoiling mutants and WT myosin. Cardiomyocytes were co-
transfected with mutant GFP- and WT mCherry-tagged myosin constructs as indicated. Cells were imaged by

confocal microscopy 96 h later.
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A B
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Figure C9: Mutagenesis of the titin binding site. Top: alignment the WT (TBS) and mutated (TBSm) titin
binding sites. Amino acids changes are shown in red. The a and d positions of the heptad repeat are shown.
(A) Cardiomyocytes were transfected with TBSm GFP-tagged myosin rod; (B) Cardiomyocytes were co-
transfected with TBSm GFP- and WT mCherry-tagged myosin rod constructs. Cells in both panels were

imaged by confocal microscopy 96 h after transfection. Bar, 5 ym.
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Figure C10: Simulations of disease-causing mutations surrounding Skip 3 relative to the WT. (A) Each simu-

lation is clustered individually via k-means methods using 6 A Ca-RMSD as the threshold and the results are

shown in individual panels. Blue and Red represent different clusters formed. (B) Ca-RMSF is displayed for

WT (black), E1573K (blue), R1588P (Green) and L1591P (Red), respectively. (C) Distance between center

of masses of each helix (DCOM) is calculated as a moving average over Co atoms of 7 consecutive residues

for WT (black), E1573K (blue), R1588P (Green) and L1591P (Red), respectively. (D) The representative

structures of each most populated cluster (WT: black), E1573K: blue, R1588P: Green) and L1591P: Red) , is

aligned on the crystal structure (grey). The percentage of population that each is cluster spans and the Ca-

RMSD with respect to the crystal structure is shown. The skip residue is (E1582) is colored in green, whereas

the location of the mutation is shown by dark blue.
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Appendix D

Supporting Information for Composite Approach Towards

a Complete Model of the Myosin Rod

D.1 Accession Codes

Atomic coordinates have been deposited in the Protein Data Bank under accession codes 5CJ1, 5CJ4,
5CHX, and 5CJO corresponding to Gp7-1525-1571, Xrcc4-1562-1622, Xrcc4-1590-1657, and Xrcc4-1629-

1692 respectively.

D.2 Additional Data
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Figure D1: Distribution of clusters among three independent trajectories where each panel constitutes the

conformations from a different simulation.
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Figure D2: DCOM for the three independent simulations of the composite model. See Figure 6.8 for average

over conformations from all 3 simulations.
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Figure D3: Super helical pitch for the three independent simulations of the composite model. These were
calculated and averaged over the conformations of each individual simulation. See Figure 6.8 for average over

conformations from all three simulations.
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Table D1: Potential charged interactions within the rod

Residue number Residue number  Distance (A)

and Type and Type

Between helices 1536 E (g) 1537 K (a) 40+0.8
1537 K (a) 1536 E (g) 40=£09
1579 K (a) 1580 D (b) 44409
1580 D (b) 1579 K (a) 44+1.0
1604 E (d) 1608 R (a) 40+03
1608 R (a) 1604 E (d) 40+04

Within 1st helix 1602 D (b) 1606 R () 48+ 1.1
1615 K (a) 1619 E (e) 50+ 1.5

Within 2nd helix 1602 D (b) 1606 R (f) 48+ 1.1
1615 K (a) 1619 E (e) 50£1.5

Residue pairs that are within 4.5 A according to the average distance between the center of mass of nitrogen atoms (NH1, NH2) of
Arginine, nitrogen atom (NZ) of Lysine and center of mass of oxygen atoms from Glutamate (OE1, OE2) and Aspartate (OD1, OD2) are

listed. The distances are averaged over a combined trajectory of three independent simulations.



Table D2: Potential charged interactions within the rod

Residue number Residue number Distance (A)
and Type and Type

1527 E (e) 1530 E (e) 452 +22
1529 V (g) 1530 V (g) 2.60 +0.3
1530 R (a) 1527 R (a) 476 + 2.1
1530 R (a) 1529 R (a) 2.60 £0.3
1530 R (a) 1530 R (a) 354+0.6
1530 R (a) 1533 R (a) 2.89 £0.5
1533 L (d) 1530 L (d) 294 4+0.5
1533 L (d) 1533 L (d) 2.324+£0.2
1533 L (d) 1534 L (d) 2914+0.5
1533 L (d) 1537 L (d) 273 +04
1534 E (e) 1533 E (e) 2.87 £04
1536 E (g) 1537 E (g) 2.16 £ 0.6
1537 K (a) 1533 K (a) 2.78 £04
1537 K (a) 1536 K (a) 2.17£0.6
1537 K (a) 1537 K (a) 375+£0.7
1537 K (a) 1540 K (a) 2.56 £0.3
1540 L (d) 1537 L (d) 2.56 £0.3
1540 L (d) 1540 L (d) 2434+0.3
1540 L (d) 1541 L (d) 271+ 04
1540 L (d) 1544 L (d) 2.58 £0.3
1541 Q (e) 1540 Q (e) 273 +04
1543 A (g) 1544 A (g) 273 +04
1544 L (a) 1540 L (a) 259403
1544 L (a) 1543 L (a) 2.84 +£0.5
1544 L (a) 1544 L (a) 2.73+0.3
1544 L (a) 1547 L (a) 324405
1547 A (d) 1544 A (d) 328 +£0.5
1547 A (d) 1547 A (d) 290+ 0.5
1547 A (d) 1548 A (d) 4.60 + 0.7
1547 A (d) 1551 A (d) 3.97 £ 0.8
1548 E (e) 1547 E (e) 4.69 + 0.7
1550 S (g) 1551 S (g) 290 £ 0.6
1551 L (a) 1547 L (a) 4.03 +0.9
1551 L (a) 1550 L (a) 295 +0.7
1551 L (a) 1551 L (a) 2.66 £ 0.4
1551 L (a) 1554 L (a) 295 +0.7
1554 E (d) 1551 E (d) 495+ 4.1
1557 K (g) 1558 K (g) 418+ 1.5
1558 1 (a) 15541 (a) 359+13
1558 1 (a) 15571 (a) 428+ 14
1558 1 (a) 1558 1 (a) 240403
15581 (a) 15611 (a) 4.80 + 2.1
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1561 A (d)
1561 A (d)
1562 Q (e)
1565 F (a)

1565 F (a)

1565 F (a)

1565 F (a)

1568 1 (d)

1568 I (d)

1569 K (e)
1569 K (e)
1569 K (e)
15721 (a)

15721 (a)

15721 (a)

15721 (a)

1573 E (b)
1575 K (d)
1576 L (e)
1576 L (e)
1576 L (e)
1576 L (e)
1579 K (a)
1579 K (a)
1579 K (a)
1579 K (a)
1580 D (b)
1582 E (c)
1583 M (d)
1583 M (d)
1583 M (d)
1583 M (d)
1586 A (2)
1586 A (g)
1587 K (a)
1587 K (a)
1590 H (d)
1590 H (d)
1590 H (d)
1593 V (g)
1594 V (a)
1594 V (a)
1594 V (a)
1594 V (a)
1597 L (d)
1597 L (d)
1597 L (d)

1558 A (d)
1562 A (d)
1561 Q (e)
1561 F (a)
1562 F (a)
1565 F (a)
1568 F (a)
15651 (d)
1569 1 (d)
1565 K (e)
1568 K (e)
1572 K (e)
15691 (a)
15721 (a)
15731 (a)
1576 1 (a)
1572 E (b)
1576 K (d)
1572 L (e)
1575 L (e)
1576 L (e)
1579 L (e)
1576 K (a)
1579 K (a)
1580 K (a)
1583 K (a)
1579 D (b)
1583 E (c)
1579 M (d)
1582 M (d)
1583 M (d)
1586 M (d)
1583 A (g)
1587 A ()
1586 K (a)
1590 K (a)
1587 H (d)
1590 H (d)
1594 H (d)
1594 V (g)
1590 V (a)
1593 V (a)
1594 V (a)
1597 V (a)
1594 L (d)
1597 L (d)
1598 L (d)

396 £ 1.4
4.85+1.0
491 £ 1.1
495+2.1
4.60+2.1
2.81+£03
479 £2.2
432+ 2.1
325+0.8
449 + 1.8
3.15£0.7
361 1.1
331+09
234+£02
392£1.0
345+ 1.1
378 £0.9
267+04
317+ 1.0
2.66 £04
271£03
2.88£0.5
2.83+05
2.85+0.6
243 £0.8
338£0.6
2.39+0.8
2.86 £ 0.7
3.36+0.7
2.89 £0.7
258 £0.3
324+0.8
3.17+0.8
4.67 £0.8
4.66 £ 0.8
416 +2.1
411+£19
263 +03
4.14£09
274+£04
4.01 £0.9
2.69+04
277+0.5
265+04
262+04
232£0.2
2.87+0.5
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1597 L (d)
1598 Q (e)
1600 S (g)
1601 L (a)
1601 L (a)
1601 L (a)
1601 L (a)
1604 E (d)
1604 E (d)
1604 E (d)
1604 E (d)
1605 T (e)
1607 S ()
1608 R (a)
1608 R (a)
1608 R (a)
1608 R (a)
1611 A (d)
1611 A (d)
1611 A (d)
1611 A (d)
1612 L (e)
1614V (g)
1615K (a)
1615 K (a)
1615K (a)
1615K (a)
1618 M (d)
1618 M (d)
1618 M (d)
1618 M (d)
1619 E (e)
1621 D (g)
1622 L (a)
1622 L (a)
1622 L (a)
1622 L (a)
1625 M (d)
1625 M (d)
1625 M (d)
1625 M (d)
1626 E (e)
1628 Q (g)
1629 L (a)
1629 L (a)
1629 L (a)
1629 L (a)

1601 L (d)
1597 Q (e)
1601 S (g)
1597 L (a)
1600 L (a)
1601 L (a)
1604 L (a)
1601 E (d)
1604 E (d)
1605 E (d)
1608 E (d)
1604 T (e)
1608 S (g)
1604 R (a)
1607 R (a)
1608 R ()
1611 R (a)
1608 A (d)
1611 A (d)
1612 A (d)
1615 A (d)
1611L (e)
1615 V (2)
1611 K (a)
1614 K (a)
1615K (a)
1618 K (a)
1615 M (d)
1618 M (d)
1619 M (d)
1622 M (d)
1618 E (e)
1622 D (g)
1618 L (a)
1621 L (a)
1622 L (a)
1625 L (a)
1622 M (d)
1625 M (d)
1626 M (d)
1629 M (d)
1625E (e)
1629 Q (g)
1625 L (a)
1628 L (a)
1629 L (a)
1632 L (a)

280+04
2.83£0.5
275+04
273+04
267+04
2.83£0.3
270+ 04
2.68 £0.3
236+0.2
273 £0.5
1.81 £ 0.1
2.83£0.5
268 +04
1.82 £ 0.1
2.62+0.3
250£0.3
3.87£0.7
348 £0.7
2.89 £ 0.5
3.87+09
472+ 1.1
3.94+09
2.62+0.5
430+ 1.1
2.64£0.5
412+12
3.12+0.8
3.02+0.7
264+04
3.00+£0.8
2.89 £0.6
297+0.8
3.37+0.7
2.89 +0.6
335+0.7
256 £04
278 £ 0.5
279 +£0.5
257+04
3.05+0.8
2.67+04
3.02+0.8
267+04
270+ 0.5
26704
275+£04
323+0.6
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1632 A (d)
1632 A (d)
1632 A (d)
1632 A (d)
1633 N (e)
1635 M (g)
1635 M (g)
1636 A (a)
1636 A (a)
1636 A (a)
1639 A (d)
1639 A (d)
1639 A (d)
1640 Q (e)
1640 Q (e)
1642 Q (2)
1643 V (a)
1643 V (a)
1643 V (a)
1643 V (a)
1646 L (d)
1646 L (d)
1646 L (d)
1646 L (d)
1647 Q (e)
1649 L (g)
1650 L (a)
1650 L (a)
1650 L (a)
1650 L (a)
1653 T (d)
1653 T (d)
1653 T (d)
1653 T (d)
1654 Q (e)
1656 Q (2)
1657 L (a)
1657 L (a)
1657 L (a)
1657 L (a)
1660 A (d)
1660 A (d)
1660 A (d)
1660 A (d)
1661 V (e)
1663 A (g)
1664 N (a)

1629 A (d)
1632 A (d)
1633 A (d)
1636 A (d)
1632 N (e)
1636 M (g)
1640 M (g)
1632 A (a)
1635 A (a)
1636 A (a)
1639 A (d)
1640 A (d)
1643 A (d)
1635 Q (e)
1639 Q (e)
1643 Q (2)
1639 V (a)
1642 V (a)
1643 V (a)
1646 V (a)
1643 L (d)
1646 L (d)
1647 L (d)
1650 L (d)
1646 Q (e)
1650 L (g)
1646 L (a)
1649 L (a)
1650 L (a)
1653 L (a)
1650 T (d)
1653 T (d)
1654 T (d)
1657 T (d)
1653 Q (e)
1657 Q (2)
1653 L (a)
1656 L (a)
1657 L (a)
1660 L (a)
1657 A (d)
1660 A (d)
1661 A (d)
1664 A (d)
1660 V (e)
1664 A (g)
1660 N (a)

327+0.6
276 £ 04
3.82+0.6
4.18 £ 0.9
3.83+0.6
2.80£0.5
373£1.2
4.22+09
2.80 £ 0.5
279£0.5
249+£03
4.10£ 1.0
370+ 1.0
376 £ 1.2
4.05+1.0
2.84£0.5
3.69+ 0.9
2.86 £ 0.5
248 +£0.3
270£04
2.68 +04
240102
2.85+0.5
263+03
2.88 £ 0.5
252+£03
261 £0.3
252+03
271+£03
298 £04
298 £04
249 +03
3.12+0.6
270+04
3.17£0.6
257+£0.3
272+04
257+£03
2.65+03
323+04
320+ 04
275+04
3.60 £ 0.6
3.96 +0.7
3.64+£0.6
3.12£0.6
3.94+0.7
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1664 N (a)
1664 N (a)
1664 N (a)
1667 L (d)
1667 L (d)
1667 L (d)
1667 L (d)
1668 K (e)
1670 N (g)
16711 (a)

16711 (a)

16711 (a)

16711 (a)

1674 V (d)
1674 V (d)
1674 V (d)
1674 V (d)
1675 E (e)
1677 R (g)
1677 R (g)
1678 N (a)
1678 N (a)
1678 N (a)
1678 N (a)
1681 L (d)
1681 L (d)
1681 L (d)
1681 L (d)
1682 Q ()
1682 Q (e)
1684 E (g)
1684 E (g)
1685 L (a)
1685 L (a)
1685 L (a)
1685 L (a)
1688 L (d)
1688 L (d)
1688 L (d)
1689 R (e)
1689 R (e)

1663 N (a)
1664 N (a)
1667 N (a)
1664 L (d)
1667 L (d)
1668 L (d)
1671 L (d)
1667 K (e)
1671 N ()
16671 (a)

16701 (a)

16711 (a)

16741 (a)

1671 V (d)
1674 V (d)
1675 V (d)
1678 V (d)
1674 E ()
1678 R (g)
1682 R (g)
1674 N (a)
1677 N (a)
1678 N (a)
1681 N (a)
1678 L (d)
1681 L (d)
1682 L (d)
1685 L (d)
1677 Q (e)
1681 Q (e)
1685 E (g)
1689 E (g)
1681 L (a)
1684 L (a)
1685 L (a)
1688 L (a)
1685 L (d)
1688 L (d)
1689 L (d)
1684 R (e)
1688 R (e)

3.13 £ 0.6
227+0.6
3.16 £ 0.6
312+ 0.6
239+£0.2
297+£0.5
2.64 +£0.5
3.00+ 0.6
3.11+£0.7
262+04
3.12£0.7
235+0.2
3.28+09
323+0.8
252+£03
3.67+£0.8
340+0.8
3.73+£0.8
3.16 £ 0.7
489+ 1.8
342 £0.8
322407
245+ 0.5
3.08 £0.5
3.08 £0.5
245+£03
279 £ 0.5
254+£03
4.96 £ 1.8
2.83+05
330£0.8
422+29
256+04
340+0.8
253+03
3.16 £0.8
3.12+0.7
255+04
398+1.5
435+29
397+ 1.5
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The hydrophobic interactions within the rod were evaluated by the average minimum distances between the side-chains from each helix.

The pairs of residues within 5 A are shown. The distances are averaged over a combined trajectory of three independent simulations.
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Table D3: SASA (A?) of hydrophobic residues that are solvent exposed, averaged over a combined trajectory

of three independent simulations.

Residue number SASA
and Type (A%
1526 L 114.5 +19.8
1538 M 127.4 £+ 12.1
1559 L 111.0 £ 13.9
1563 L 110.0 £ 9.5
1591 L 112.8 9.0
1612 L 985+ 11.0
16271 107.8 8.1
1635 M 974+ 17.4
1649 L 101.0 £ 6.3
16551 106.2 + 8.1
16731 99.7 £ 11.7
1680 L 113.6 & 10.0
1690 L 115.3 £20.5
1702 M 127.6 £ 12.0
1723 L 114.6 - 8.3
1727 L 111.24+9.2
1755 L 113.34+£9.2
1776 L 98.1 £ 11.1
17911 107.5 + 8.4
1799 M 985+17.4
1813 L 101.0 £ 6.3
18191 106.9 £ 7.9
18371 100.2 £ 11.7
1844 L 113.6 + 10.1
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Appendix E

Exploration of Martini Coarse-Grained Methods Using the
Ubiquitin Dimers, Trimers and the Myosin Thick Filament

as Benchmarks

E.1 Exploration of Martini Coarse-Grained Methods on Ubiquitin Dimers



Table E1: Lengths of Martini simulations for Ub2.

Dimer Structure

Martini Method  Length (us)

2KDF

2LVP

2LVQ

3AUL

3NS8

Clust 94

Clust 10¢

MP22
ELNEDYN
MP22
ELNEDYN
MP22
ELNEDYN
MP22
ELNEDYN
MP22
ELNEDYN
MP22
ELNEDYN
MP22
ELNEDYN

— = = e e e e e e e e e e

¢ Clusters obtained from 2KDF implicit solvent simulations.
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Figure E1: Ca-RMSD of the Ub2 after simulating with Martini force fields: (A) MP22 and (B) ELNEDYN

for comparison.
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Figure E2: Ca-RMSD of the first Ub monomer alone, isolated from K48-linked dimer simulations using two

protein Martini force fields: (A) MP22 and (B) ELNEDYN for comparison.
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Figure E3: Co-RMSD of the second Ub monomer alone, isolated from K48-linked dimer simulations using

two protein Martini force fields: (A) MP22 and (B) ELNEDYN for comparison.
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Figure E4: The radius of gyration R, trends for the Ub2 simulations using two protein Martini force fields:

(A) MP22 and (B) ELNEDYN for comparison.



261

MP22
% ' ' — okdf
—~30 2hvp
< 2lvq
25 —3aul
% 20 ——3ns8
O ' i PSR G e VR ———Clust9
S 15 NPy AR — uustio
10 ! L 1 Py
0 200 400 600 800 1000
time (ns)
EMP22
o | ' ' ' —
—~ 30 ' N | — ohp
ol ML gl N | TN Y 2lvq
- Y P i i A b TE id “‘r';" ow i‘:“ Ay Ar
= 25 RO T e o e R —gﬁgg
8 20 i ———Clust9
Q15 | —Clust10
10 L L L !
0 200 400 600 800 1000
time (ns)

Figure ES: Distance between center of masses of the Ub monomer within Ub2 (DCOM) is calculated for

different Ub2 simulations with Martini force fields: (A) MP22 and (B) ELNEDYN for comparison.
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Figure E6: v, the torsional angle created by the center of masses of the Ub monomers and the hydrophobic
patches of the two subunits (residues L8, 144, H68 and V70) is calculated to quantify the degree of rotation of
the subunits with respect to each other. 7y is shown for different Ub2 simulations with Martini force fields: (A)

MP22 and (B) ELNEDYN for comparison.
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Figure E7: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K48-linked Ub2 simulated via Martini MP22 (B) Predicted conformational ensemble for K48-linked Ub2

based on Martini MP22 simulations.
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Table E2: Properties calculated over clusters obtained from K48-linked Ub2 simulations with Martini MP22

force field.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A)  K48-linked branched dimers.
1 18.60 14.65 22.27 0.00
2 17.12 1492 27.75 0.00
3 18.51 14.51 22.31 0.00
4 1736 14.67 22.55 0.00
5 17.91 14.35 23.03 0.00
6 17.83 1430 21.61 0.00
7 18.32 1456 21.74 0.00
8 17.60 15.13 26.66 0.00
9 20.12 1459 23.65 0.00
10  20.62 1453 2242 0.00
11 18.42 14.61 2391 0.00
12 14.84 15.75 30.96 0.00
13 17.29 14.67 24.04 0.00
14 17.27 14.51 22.17 0.00
15 18.12 14.62 21.09 0.00
16 8.37 20.30 31.55 0.00
17 18.61 15.19 25.70 0.18
18 17.14 15.02 23.99 0.00
19 1794 1452 2244 0.00
20 6.64 20.50 30.63 0.82
21 18.59 15.11 22.50 0.00
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Figure E8: (A) Comparison of experimental SAXS profile with the prediction from the MD ensemble for
the K48-linked Ub2 simulated via Martini ELNEDYN (B) Predicted conformational ensemble for K48-linked

Ub2 based on Martini ELNEDYN simulations.
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Table E3: Properties calculated over clusters obtained from K48-linked Ub2 simulations with Martini ELNE-

DYN force field.

Cluster RMSD R, Rinax Calculated Populations for
(A) (A) (A)  K48-linked branched dimers.
1 1990 1478 23.11 0.00
2 5.25 20.70 33.29 0.06
3 5.76 21.76  32.19 0.00
4 1875 14.89 25.48 0.00
5 10.83 17.67 28.47 0.00
6 11.03 17.57 29.26 0.00
7 10.93 17.77 28.75 0.00
8 8.59 18.93 31.05 0.00
9 11.14 17.70 29.20 0.00
10 10.87 17.65 28.82 0.72
11 11.17 17.80 30.14 0.22




Table E4: Simulations summarized in this section

Dimer Structure  Martini Method  Length (us)
Skip 3 Implicit solvent® 1
MP22 1
ELNEDYN 1
ASkip 3 Implicit solvent? 1
MP22 1
ELNEDYN 1
Skip 4 Implicit solvent® 1
MP22 1
ELNEDYN 1
H1526-R1689  Implicit solvent® 1
ELNEDYN 1
HI1331-E1935 Implicit solvent? 1

¢ Generalized Born method (gb8) is used .
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E.2 Exploration of Martini Coarse-Grained Methods on Segments of the Myosin Rod
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Figure E9: Co-RMSD of the Skip 3, ASkip 3 and Skip 4 after simulating with Martini force fields: (A) MP22

and (B) ELNEDYN for comparison.
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Figure E10: Distance between center of masses (DCOM) of the a-helices within Skip 3, ASkip 3 and Skip

4 is calculated asa a moving average of seven residues along the structures for simulation with Martini force

fields: (A) MP22 and (B) ELNEDYN for comparison.
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Figure E11: Representative structures for clusters obtained for Skip 3, ASkip 3 and Skip 4 simulations with
MP22 Martini force field. Clustering is carried out at 7 A threshold for the backbone RMSD using the kclust

command. The percentage of each cluster is listed below the structures along with RMSD to crystal structures

(PDB: 4XA4 and 4XA6).
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Figure E12: Representative structures for clusters obtained for Skip 3, ASkip 3 and Skip 4 simulations with

ELNEDYN Martini force field. Clustering is carried out at 7 A threshold for the backbone RMSD using the

kclust command. The percentage of each cluster is listed below the structures along with RMSD to crystal

structures (PDB: 4XA4 and 4XA6).
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