Chapter 6

Flagelliﬁ refolding before assémbly

6.1 How does flagellin refold in the “chamber”?

In the T3SS needle complex of a pathogenic bacterium, effector proteins unfolded for
translocation through the hollow needle to the host cell are refolded in the cytoplasm
of the host cell [Galan and Wolf-Watz, 2006]. Any misfolded proteins could be repaired
or degraded by the host cell’s machinery. In contrast, unfolded flagellin might have to
complete refolding within a small space below the filament cap (HAP2) measuring 70
A deep by about 40 A across that is surrounded by domain D1 of the uppermost turn
of assembled flagellin [Yonekura et al., 2000]. Any misfolded flagellin might stall the self-
assembly process. The HAP2 chaperone “leg domains” recognize folded D1 [Maki-Yonekura
et al., 2003], whose proper folding depends on that of the HVR domains [Honda et al.,
1999]. But the “refolding chamber” is probably too small to contain any chaperones that
might help refold any misfolded flagellin molecules. Could flagellin refold via a mechanism
that reduces the chance of misfolding?

In this chapter, I present results from thermal unfolding simulations of flagellin monomers.
I aim to understand the refolding mechanism of flagellin inside the “chamber”. A similar
order of unfolding as in thermal denaturation experiment was found. I also found contacts
within three-stranded (3-sheets remaining for long periods of simulation times in the ther-
mally denatured HVR domains, suggestive of folding nucleation sites that would assist in
the refolding of flagellin. The simulation results are used to interpret sdme of the findings
in the thermal denaturation experiment [Honda et al., 1999] and in a mutagenesis study
on flagellin mechanical stability [Malapaka et al., 2007].

Note: Contents in this chapter has been published in the May 2008 issue of the Bio-
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Figure 6.1: The tertiary structure of flagellin monomer in solution obtained from
MD simulation (starting from polymeric flagellin structure in 1UCU.PDB) showing DSSP-
assigned a-helices and 3-strands. Each (sub)domain is colored differently and labeled, with
linkers colored gray. N-terminus (blue) and C-terminus (red) helices are disordered in the
monomer. | have neglected the very small S-turn from residues 130 to 135 in my labeling
scheme. Segment Dyl of D1 is in black, with the remaining portion in magenta. Figure
rendered with PyMOL [DeLano, 2002].

physical Journal [Chng and Kitao, 2008|. Permission has been granted by the Biophysical

Society for use of text, figures and tables from my paper.

6.2 Methods

I have carried out MD simulation in aqueous solvent at 300 K (control) and five runs each
at 400, 500 and 600 K to partially and fully denature the flagellin monomer. Simulation
details are laid out below. For convenience of discussion, a more detailed model of the
flagellin monomer is presented in Fig. 6.1. References to the following subdomains will be
made in the text: N-terminal of DO (ND0O) and CD0 are made up of a; and a7, respectively;

ND1 includes ag, a3, 31 and 82 wherease CD1 consists of ag only.
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6.2.1 HT-MD simulation setup

The equilibrated monomeric flagellin (plus a 5 A shell of surface water molecules) was
re-immersed into a wider rectangular box with at least 10 A between the protein+surface-
water “molecule” and simulation box edges. The new simulation box becomes 216 A x 105
A x 84 A and contains 159,162 atoms. The atoms were then reassigned velocities at 300
K and the system temperature increased to 600 K in stages, following the equilibration
protocol as mentioned above. By setting different initial velocities, five independent sets
of simulations were set up at 400 K, 500 K and 600 K and monitored for equilibrium in
temperature and pressure. After this has been achieved, temperature and pressure controls
are turned off so as not to affect energy conservation. The unfolding process at 400 K, 500
K and 600 K were then monitored for 8-ns, 6-ns and 2-ns respectively with a 1-fs time-step.
It has been demonstrated that a small set of five to ten simulations are sufficient to capture
the average properties and pathway during unfolding [Day and Daggett, 2005]. The 8-ns
simulation at SOOvK with a 2-fs time-step (with bonds involving H atom constrained) served
as the control. I carried out these simulations with the PMEMD module of AMBER 8 on
Itanium-2 computer clusters, taking 33 hrs/ns on 16 CPUs. Trajectory frames were saved

every (.5-ps but resampled to 2-ps interval for analysis.

6.3 Results

6.3.1 Order of domain unfolding

For temperatures above 300 K, unfolding of flagellin monomer was observed. ASAView [Ah-
mad et al., 2004] plots, which arrange residues on a spiral according to their relative Solvent
Accessibility Surface Area (SASA), is an easy way to visualize the effect __of thermal denat-
uration on a protein/domain (see Fig. 6.2). For instance, a narrow thread of hydrophobic
residues from the center of HVR. domain D3 remains visible at 400 K but disappeared at
500 X, indicating loss of its hydrophobic core.

Time-averaged persistent contact maps from the first set of simulations indicated that
pairs of -strands in domains D2 and D3 remained for varying simulation lengths depending
on the temperature (Fig. 6.3 A). Corresponding secondary structure changes in Fig. 6.3
B also revealed persistent f-strands in D2 and D3 while a-helices in DO and D1 became
denatured.

The fraction of persistent native contacts (defined in Chapter 4) that has been retained
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Figure 6.2: Solvent exposure during folding. Denaturation of globular flagellin domain
D3 (a) and subdomain D2b (b) as visualized by ASAView spiral plots. Color code: gray
(hydrophobic), red (negative charged), blue (positive charged) and green (neutral polar).
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Figure 6.3: Structural changes during denaturation. (A4) Changes to persistent con-
tact maps from the first set of simulations. Here, only persistent contacts within each
time window of 2-ns (400 K), 0.5-ns (500 K) or 0.2-ns (600 K) are plotted. (B) Changes
to DSSP assigned secondary structures from the same simulation set (black=(3-strand:
gray=a-helix), with plot for 300 K shown as inset to Fig. 4.2. Note that simulation
lengths differ: 8-ns (400 K), 6-ns (500 K) and 2-ns (600 K).

under thermal denaturing conditions is a crude indicator of the unfolding order. Fig. 6.4
shows data from the first set of simulations under each temperature, which indicated that
DO helices denatured very easily. D¢1 and D2b were the first structured domains to be
denatured. In contrast, for D2 (made up of D2a and D2b) and D3 the fraction remained
above 0.1 under 500 K (the value reached by CDO0 under 400 K, taken to indicate complete
unfolding). Despite a similar decay trend between D2 and D3, D2a contacts were found to
be generally better maintained than those of D3.

Although Dy1 remained stable under the control simulation at physiological tempera-
ture of 300 K, it became unfolded under “mild” denaturation temperature of 400 K (Fig.
6.4 B). Looking at the fractional contacts between Ds1 and D2a/b among the other four
sets of 400 K simulation trajectories (Fig. 6.4 E), I noticed that D2a fractional contacts
remained above or about 0.7 while that for D;1 dropped to around 0.4 and all plots seem
to follow the profiles for D2b that is also marginally stable. Among these trajectories, hy-
drophobic side-chains of residues on the D1-D2 linker loop remain well packed in the D1
core and Dyl helices suffered minimal distortions. The D2a (1203 hairpin and NDla-

ND1b helix-turn-helix segment are displaced relative to each other in some trajectories
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Figure 6.4: Domain-level fractional contacts. (A to D) Change of normalized frac-
tional contacts of (sub)domains with simulation time, taken from the first set of simulations.
Only contacts present in the starting structure were monitored and resulting fractional con-
tacts normalized for better comparison between subdomains: D1 (thick continuous line),
D2 (open diamonds), D2a (dashed line), D2b (dot-dashed line), D3 (hatched squares), NDO
(filled circles) and CDO (open circles). Note that DO fractional contacts are shown only
for 300 and 400 K. Fractional contacts for D1 excluding D1 segment are shown only for
300 K (open triangles). (E) Plots from the remaining four 400 K trajectories of 8-ns each,
showing only fractional contacts for Ds1, D2a and D2b. Note that abscissa and ordinate
for all four plots are the same. In (A to E), data points for Ds1, D2a, D2b have been
resampled at 40-ps interval with a 20-ps window running-average applied for smoothing;
for the rest, resampling interval is 100-ps with a 10-ps running-averaging.
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(thus breaking the D1-D2 interfacial H-bonds) but maintained in others. The further de-
crease of D2a fractional contacts after 6-ns during the first 400 X trajectory (Fig. 6.4 B)
could have destabilized D1 by further extracting the D1-D2 linker from the hydrophobic
core: an increase in SASA for L167 and L169 occurred around 6-ns but L159 remained
buried throughout (data not shown). There was also increased distortions to Dy1 helices
with loss of regular secondary structures corresponding to the drop of native fractional
contacts to a lower value of 0.2.

The sole use of fractional contacts to determine if a (sub)domain is denatured do not
work well for D2b as the value can remain higher than 0.1 while loss of secondary structures
continues (data not shown). The situation is reversed for Dy1. To capture both aspects of
denaturation, I used a hybrid metric: the square-root of the product of fractional native
contacts and fractional secondary structure content. When the 200-ps running average
of this metric first dropped below 0.2, a value somewhat arbitrarily assigned, I say that
the (sub)domain has denatured. Using this criteria to assign the global unfolding events
and other criteria for the local unfolding events, I constructed a “state-diagram" for all
the simulations as shown in Fig. 6.5. I noticed a general conservation of global unfolding

events, such as D2b and D2a being the first and last to denature, respectively.

6.3.2 Partial unfolding/refolding of subdomain D2b

The D2b subdomain has a three-stranded §-sheet and only a weak hydrophobic core com-
posed of residues V373, A385 and T347, according to ASAView (Fig. 6.2). Threonine
actually has a small hydropathy of —0.7 according to the Kyté & Doolittle scale, just
below that of Ala and Gly. This weak core remains stable under control conditions. The
surface-exposed aromatic cluster (Y349, Y380, F390) was found to be even less stable
against thermal denaturation than the weak hydrophobic core. The functional role of this
cluster is as yet unknown. v

- From the first 400 K simulation trajectory, I found that the Ry increased gradually
from 11 A and suddenly jumped to 16 A around 4-ns before dropping back to around
12 A (Fig. 6.6 B). This spike could be due to the partial unfolding and refoldirig of the
hydrophobic core region, with T347 separated from the A385-V373 pair. The “opening-up”
of D2b is illustrated in Fig. 6.7 via simulation snapshots. Combined SASAs of selected
core residues from all simulations are shown in Fig. 6.8. A threshold of 80 A? was adopted

from the averaged SASA of polar residues reported in an early MD study [Zheng et al.,
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Figure 6.5: Unfolding events. A symbolic representation of major events in the thermal
unfolding of flagellin from all simulations conducted in this study. The criteria used were as
follows. States 1 to 4: when the 200-ps running average of the contact metric (see text for
definition) first dropped below the 0.2 threshold. Fractional secondary structure content at
time £ in a trajectory is defined as the number of residues assigned as helix (Dy1) or strand
(D2a, D2b, D3) divided by the maximum number from the whole trajectory. State a: when
the maximum instantaneous residue SASA among the D2b hydrophobic core residues first
exceeded 30 A2, which is the maximum observed during the control simulation. State b:
similar to state a, but only one residue is considered and threshold is 25 A2. State c: when
minimum heavy atom separation of Y190 and F222 first exceeded the contact threshold
without subsequent fluctuations about the threshold. States d and e: when the 200-ps
running averaged fractional native contact dropped below 0.2.
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1990]. Fluctuations of D2b SASA at 400 K are large compared to those in the control or
to those of D3 which remain folded. The above observations indicate that D2b has very

low stability and would become folded only after D2a and D3.

6.3.3 Unfolding pathway of domain D3

From the thermal unfolding simulations, I identified key events during the unfolding of
domain D3. In the “state-diagram” (Fig. 6.5), I present the order of these events (local
events b to d) as observed from each simulation. Conformation snapshots of D3 unfolding
are presented in reversed time order in Fig. 6.9.

Event b is the displacement of F202 from the hydrophobic core of D3, the precursor
to solvent exposure of other core residues. Event c is the detachment of terminal anti-
parallel B-sheet from the rest of D3 “body”, marked by separation of Y190 on the sheet
from F222 on Fsf7 hairpin. This separation allows extension of the B-sheet which then
acts as a linker between D3 and D2 which allowed for relative rotations of the domains as
observed from my simulations (data not shown). Y190 and F222 side-chains form favorable
CH. -7 interactions [Hunter and Sanders, 1990], which together with F229 makes up a
surface aromatic cluster. Such clusters have been found to increase thermal stability of
thermophiles [Kannan and Vishveshwara, 2000]. The Y190-F222-F229 aromatic cluster
might have also protected the linker backbone hydrogen-bonds from solvent attacks which
would weaken the linker especially when mechanical stresses are applied to the linker region
such as during rotation of the flagellum. Role of mechanical force has been attributed to
destabilizing H-bonds to allow for replacement with residue-solvent ones [Pabon and Amzel,
2006]. Lastly, event d marks the detachment of the “arch-loop” connecting Gy with f19 and
that wraps over the S-folium sheet, through monitoring the separation between Proline
(on the loop)-Tyrosine residue pairs (see Fig. 6.12). Subsequent unfolding reduces the size
of the S-folium sheet. The consensus order of these events during folding might be: d to
c to b. This order suggests that completidn of the hydrophobic core is the finishing touch
and not the crucial phase in the folding of D3 (Fig. 6.9).

To further analyze the unfolding pathway, I performed property space Principal Com-
ponent Analysis (PCA) on all five trajectories under 400 to 600 K based on the following
six properties: fraction of native contacts, native backbone Hvbonds, B-sheet, content, Rg,
SASA and SASA (hydrophobic) [Kazmirski et al., 1999]. This procedure allows us to
assess which physical property changes the most during unfolding, judged by the size of
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Figure 6.6: Radius of gyration of (4) subdomain D2a, (B) subdomain D2b and (C)
domain D3 under different temperatures from the first set of simulations: control (bold
continuous), 400 K (dashed), 500 K (continuous) and 600 K (dot-dashed line with filled
circles). Data points have been re-sampled at an interval of 20-ps.
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Figure 6.7: D2b unfolding. Snapshots taken from the first 400 K simulation showing
partial unfolding/refolding of D2b with D2a remaining intact. Weak hydrophobic core
residues are shown as sticks colored by element. Residues with low SASA as suggested
by ASAView are shown as gray (hydrophobic) and blue (polar) thin sticks. Rendered by
Tachyon ray-tracer [Stone, 1998] within VMD.
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Figure 6.8: Solvent exposure of D2b and D3 hydrophobic cores. Total SASA from
selected hydrophobic core residues in flagellin D2b and D3 (those with SASA below 80
A? during control simulation). Data from all five simulations are presented as scatterplots
(20 ps intervals), with values from control shown as a bold line in the 400 K plots. D2b
core residues appeared much perturbed at 400 K compared to D3. For 500 K and 600 K
plots, combined thresholds are indicated as dotted lines. Here, the bulk of points passed
the threshold later for D3 than D2b under 500 K but around the same time under 600 K.
D2b core: T347, V373, A385; D3 core: F202, V233, V247, A231. Note the different scales

on the y-axis for the 400 K plots.
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Figure 6.9: D3 unfolding sequence, reversed. Representative trajectory snapshots
taken from the first 500 K thermal unfolding simulation (after RMS fitting on D3 residues)
presented in reversed time order to show folding of domain D3. The N and C termini are
labeled. Folding starts from stabilization of the arch-loop conformation by proline-aromatic
interactions between pairs P265-Y245 (magenta sticks) and P271-Y230 (blue sticks) with
prolines on the loop and tyrosines on the 3-folium sheet, denoting event d in Fig. 6.5.
Aromatic-aromatic interaction between F222 and Y190 (on terminal S-sheet which is also
the D2-D3 linker) shown here as orange sticks helps to “bind" the terminal sheet against
the rest of the domain (event ¢). The tight packing of F202 in the hydrophobic core
(F202, V233 and V247 shown as green sticks) takes the longest time (event b). Note the
formation of the terminal F-sheet after F222-Y190 interaction becomes stable. Molecular
scenes rendered by Tachyon ray tracer [Stone, 1998] within VMD.
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Figure 6.10: Principal component analysis in property space. (Left) Projections of
property-space trajectories from the five simulations (colored lines) onto their first three
principal component eigenvectors following [Kazmirski et al., 1999], with the sign of PC1
inverted (two orthogonal views are shown for each temperature). (Right) Time-series of the
first three principal components used for phase-space plots on Left. The trajectories appear
clustered before 2 ns (500 K) and 0.5 ns (600 K) and diverged thereafter, passing over the
folding transition state as suggested by [Kazmirski et al., 1999]. Similar clustering across
simulations were also observed in time-series of R, and SASA under each temperature.

the principal eigenvector components (Table 6.1). Loss of native backbone H-bonds and
increase in R, dominates the second and third principal components under 500 K and 600
K. By projecting the property-space trajectories onto the first three principal eigenvectors,
I observed divergence of the trajectories after 2 ns (500 K) and 0.5-ns (600 K) (Fig. 6.10),
indicative of a passage through the transition state. Hence, trajectories after these two
time-points can be considered to be sampling the denatured ensemble. In some of the

trajectories, native secondary structures are observed to be persistent.

6.3.4 Persistent structures in HVR domains D3 and D2a

HVR domains in S. typhimurium contain high proportions of #-strands with a unique -
folium fold [Samatey et al., 2001]. D3 and D2a contained similar amounts of 3-strands,
found to be persistent during thermal denaturation (Fig. 6.3 B). The three G-strands in

D2b, on the other hand, “dissolved” rapidly (data not shown).
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Figure 6.11: Persistence of 3-strand pairs in HVR domains. Fractional contacts of
B-stranded contact clusters, based on the first set of simulation data. There are four sets
of multi-plots under each of the columns for each flagellin subdomain, each representing a
different temperature. From the top of each multi-plot, the change of fractional contacts
with time for contact clusters are listed in the following order: F19513, 813514, F14515 and
BiaPrs in D2a; Bigf1r and Pi7Prg in D2b; BeB7, G708, PeBo, fsPr and BsBro in D3. Note
that fractional contacts for 300 K were computed with respect to the equilibrated structure
while values for 400 K and above were based on persistent native contacts obtained from
360 K trajectory.
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Eigenvalue | Contacts H-bonds [-content R, SASA (all) SASA (hp)
PC1 3.00 —0.48 —-0.25 0.45 0.53 0.47
PC2 1.02 0.25 0.84 0.39 0.03 0.29
PC3 0.52 ~0.55 0.32 —-0.63 —0.18 0.42
PCI 4.54 —0.44 -0.33 —0.42 0.40 0.42 0.42
PC2 0.64 0.03 0.81 0.18 0.40 0.37 0.10
PC3 0.35 0.37 —0.42 0.31  0.62 0.20 -0.41
PC1 4.33 —0.46 -0.37 -0.40 0.36 0.44 0.42
PC2 0.64 0.18 0.37 040 0.74 0.34 —-0.10
PC3 0.47 0.17 —0.80 0.17 0.24 0.08 —0.49

Table 6.1: Property space PCA.. Contributions of each physical property to the first
three property-space principal components (as elements in the principal eigenvectors) dur-
ing denaturation of domain D3 under 400 K (top block of three rows), 500 K (middle
block) and 600 X (lower block). Covariance matrix was formed using scaled properties
as in [Kazmirski et al., 1999]. The sign of PCI components has been inverted for better
comparison with reported values for small proteins. “Contacts” means fraction of native
contacts. Only selected native backbone H-bonds are monitored here (except for 400 K
which showed insignificant changes). Almost equal contributions to the PCI eigenvector
from the properties indicate that an overall expansion is the dominant unfolding mode
for D3. In PC/ (not shown), S-strand content (“B-content”) and SASA of hydrophobic
residues (“SASA (hp)”) dominates for 500 K and 600 K. I did not separate trajectories
into unfolding and denatured phases as in [Kazmirski et al., 1999] but noted that little
unfolding occurred under 400 K while denatured states were quickly attained under 600
K. Largest absolute values under PC2 and PC8 are highlighted in bold.

Changes in fraction of persistent native contacts for D2a, D2b and D3 under each
denaturing temperature from the first set of simulations are presented in Fig. 6.11. For
D2a at 500 K, although (1416 is most persistent in this simulation, the top spot is taken
by f13814 among the other 500 K simulations and also in the first 600 K trajectory. The
key stabilizing residue on 314 is Y332, which formed aromatic-aliphatic interactions with
V325 on Bi3. The persistent contacts could have restricted the increase in R4 for D2a as
compared to D2b at 500 K (Fig. 6.6). In the case of D3, though Bs87 is the most persistent
at 500 K, (70 is also persistent at 600 K. Residues F222 and Y229 in 887 form favorable
interaction with their side-chain aromatic rings tilted at a mean angle of 57 degrees (from
control simulation). Moreover, the lower Rg at 500 K relative to 600 K could be a result
of compact region formation in the denatured state, involving hydrophobic residues 245,
247 and 229 to 231.

To identify which residues are involved in the thermal residual structures, lists of D2 and
D3 residues in persistent contacts (>70% occurrence) during each of the 500 K simulations
were compared and those residue pairs appearing in at least two of the five lists are selected

and shown in Figure 6.12. Of particular mention are the pairs V325-Y332 and D223-K228
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Figure 6.12: Potential HVR folding cores. The residues in the HVR domains (D2
and D3) forming persistent pairs of residue contacts in at least two of the five 500 K
simulations are shown as sticks and colored by chemical element: carbon (green), oxygen
(red) and nitrogen (blue). Some of these residues are labeled in bold. Other labeled
residues shown in blue, brown or dark-green sticks are mentioned in the text. The 3-sheets

Bs7s and B12513314 might form folding cores. Molecular structures are rendered with
PyMOL [DeLano, 2002].

which appeared in four and five lists, respectively. The latter pair formed a salt-bridge after
~300-ps into two of the simulations, as determined by the VMD [Humphrey et al., 1996]
Salt-Bridge plugin. Although there is an abundance of Tyrosine residues in the persistent

contacts, Tyr do not appear to be conserved among flagellin homologs” HVR sequences.

6.3.5 Volume of denatured flagellin

By calculating the principal moments of inertia of flagellin molecules and approximating
the molecules as ellipsoids, I ca,n. get estimates for the dimensions (semi-major radius R1,
and semi-minor radii B2 and R3) of the equivalent ellipsoids. From the radii, | can get
rough estimates for the molecular volume.

The top panel of Table 6.2 shows my estimate of the refolding chamber volume by
representing it as a combination of two cylinders. The main panel of the table presents
estimated volumes for whole flagellin and its molecular fragments. Twice of the semi-major
and semi-minor axes radii are reported for better comparison with chamber dimensions.
Both the ellipsoidal approximations of polymeric (1UCU) and monomeric flagellin (starting
structure for the denaturing simulations) are too large for the chamber, though their D0-
D1 and D2-D3 fragments might fit. The volumes occupied by whole denatured flagellin are
also computed. From conformation snapshots taken from the last 1-ns of 500 K and last

0.5-ns of 600 K simulations, I found broad and multi-modal distributions for the volume
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Cylindr. approx CL!1 2CR!I CL2 2CR2 Vol. (x1000 A®)
Chamber* 55 40 15 60 112
Ellipsoid. approx 2RI 2R2 2R§ Vol (x1000 A%)
Polymeric-flagellin (1UCU) 204 74 29 234
D0-D1 fragment 172 28 25 61
D2-D3 fragment 98 42 23 50
Monomeric-flagellin (Sim) 200 70 38 280
DO-D1 fragment 163 34 27 78
D2-D3 fragment 96 41 26 54
DO-D1 (av. 500 K sim) 74 (5) 40 (6) 53 (3) 82 (7)
D2-D3 (av. 500 K sim) 77 (18) 37 (5) 49 (4) 73 (12)

Table 6.2: Chamber and flagellin volumes. Estimates of refolding chamber and flagellin
volumes. Numbers in brackets denote the standard deviations of the ellipsoidal radii and
volume distributions obtained from the combined data set of five 500 K MD trajectories.
*The refolding chamber volume is approximated by the sum of the volumes of two cylinders
with length(radius) given as CLI{CR1) and CL2{CR2).

with values ranging from 140,000 to 250,000 A3, much larger than the estimated chamber
volume. The ellipsoids representing denatured flagellin are about 120 A along the “polar”
axis and 40 to 54 A at the “equator”, too long for the chamber. Together, the results
suggest that maybe half of flagellin might fit inside the chamber.

Physical extents and volumes of denatured flagellin fragments are estimated using 2-ps
snapshots taken from the last 1-ns of the five 500 K trajectories. The D0-D1 and D2-D3
fragments are still spatially ;eparable despite being denatured. I present the average and
standard deviation (in brackets) of the combined data sets in the lower panel of Table
6.2. The histograms of the fragment volume distributions from all simulations can be
found in Fig. 6.13. The results suggest that denatured DO-D1 and D2-D3 fragments could
individually fit inside the refolding chamber but not whole flagellin.

6.4 Discussion

6.4.1 Comparison with experimental denaturation study

The folding energetics of flagellin has been investigated by Namba and co-workers by
means of analyzing Differential Scanning Calorimetry experiments with a theoretical model
formulated for multi-state unfolding transitions [Honda et al., 1999]. They determined from
the melting temperatures that the unfolding of (sub)domains follows this order: Dyl to

D2 to D3. From my thermal unfolding simulations of flagellin, T found a similar consensus
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Figure 6.13: Distributions of flagellin fragment volumes. Histograms showing the
estimated volumes of flagellin molecular fragments based on 2-ps snapshots taken from
the last nanosecond of denaturing simulations at 500 K. All volume data are pooled for
the histogram under the heading “Combined”. All the fragment volumes are below the
estimated chamber volume at 111,560 A3.
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order of unfolding where fragment D1 and subdomain D2b unfolded before subdomain
'D2a and domain D3. The lower thermal stability of subdomain D2b (denaturing under 400
K) observed in my atomistic simulation corroborated that domain D2 should have a lower
melting temperature as compared to D3. I have to employ much higher temperatures than
used in experiments in order to observe significant changes in the protein over atomistic
simulation time-scales of nanoseconds.

The experimental study found an asymmetric DSC curve for Dyl with steeper slope
after the melting temperature as compared to theoretical curve assuming no inter-domain
interactions. This steeper drop lead the authors to suggest that unfolding of D2 sped up
that of Dyl [Honda et al.,, 1999]. They also made the suggestion that Dyl is marginally
stable even under physiological conditions [Honda et al., 1999]. With the flagellin 3D
structure (PDB code 1101) obtained after the DSC study, we know that (N-terminal)
D1-D2 linker is a long backbone segment devoid of any secondary structures that runs
under the hydrophobic core of D1 and residues L159 (most buried), 1162, L.167, L169 and
1,172 on the linker contribute side-chains to the core. This linker is contiguous with 3 in
D2a and has D2b packed beneath it (Fig. 6.1). There is almost no contact region in the
interface of D2b-Dy1 and that of D2a-D¢1 was found to be a weak one that is formed by
solvent-mediated H-bonds between (B12/513 hairpin turn in D2a and the turn across asos
in ND1, as found from the control simulation at 300 K. Hence, stabilization of Ds1 by D2
does seem to be non-enthalpic as suggested |{Honda et al., 1999].

From my thermal unfolding simulations at 400 X, I found that in cases where the D1
fractional contacts dropped to and sta,bilized.around 0.4 (Fig. 6.4 E), the maintenance of
the native D2a-ND1 interface is not common to all. This finding supports the suggestion
that the stabilization of Ds1 by D2 is not enthalpic. An indication that unfolding of
D2a might cause further unfolding of Dyl is shown in Fig. 6.4 B. However, D2b might
have a larger influence on D1 due to the seeming correlation in the fractional contact
profiles, with those of the latter lagging behind the former (Fig. 6.4 E). If the correlations
are teal and assuming that the unfolding pathway is conserved [Day et al., 2002], D2
unfolding might indeed hasten D1 unfolding as suggested by experiment [Honda et al.,
1999], through the D1-D2 linker. A possible way to assess the role of the linker is to
constrain its conformational flexibility in further thermal unfolding simulations.

It was also demonstrated in the denaturation study that D2 and Dv3 interact both

enthalpically and entropically to stabilize each other [Honda et al., 1999]. The unfolding
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as monitored by fractional contacts do indicate similar profiles for the two domains among
400 K trajectories (da.{_;a not shown) but the similarity alone might not be a convincing
indicator of unfolding cooperativity.

To determine melting temperatures of individual domains and domain-domain folding
cooperativity from simulation, we need to monitor changes in contacts over a wide range
of temperatures and also increase the temperature within a simulation to mimic DSC
experiments. The all-atom nature of my models limited temperature-scan types of equi-
librium simulations to only a few selected temperatures due to the high computation cost.
Temperature-ramp MD simulations might also be very time-consuming due to the need to
increase the temperature in small steps and with sufficient equilibrium at each step in order
to keep the system at quasi-equilibrium for proper simulation behavior. A simplified or
coarse-grained model is thus desirable with the advantage of lower computation cost due
to faster dynamics which allows much longer simulations into micro-seconds, the realm
of biological processes [Ding and Dokholyan, 2005]. Such an approach was employed by
Chen and Dokholyan, who performed temperature-scan and temperature-ramp simulations
to look at domain interactions and unfolding kinetics of vinculin [Chen and Dok_hoiya.n,
2008].

6.4.2 HVR domains fold via nucleation?

Persistent secondary structures were detected in the denatured states of flagellin from my
simulations at 500-600 K: 85 to fs in D3 and fis to Bi4 in D2a. These ﬁ-sheéts might
account for the relatively high melting temperatures of D2 and D3 found in experiment
[Honda et al., 1999]. Residue-residue contacts persistent under unfolding were identified
using all five sets of 500 K trajectories and involved the following residues: 217, 220-223,
228-232, 245 in D3 and 305-309, 321-326, 331-332 and 334 in D2a. These residues are
located in the persistent (-sheets mentioned above (Fig. 6.12).

The K-Fold server, which uses a machine-learning algorithm trained on 63 proteins
with known folding characteristics, predicts both folding rate and kinetics of proteins given
the 3D structure [Capriotti and Casadio, 2007]. The residues in the persistent secondary
structures were found to be major contributors to the total contact order (data riot shown).
Bahar and co-workers [Demirel et al., 1998] have suggested that strong dynamic coupling
(high contact order) to all other residues implies that such residues are hubs in the intra-

protein network. Such hubs have been associated with the folding nucleus in a theoretical
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study on the small-world nature of protein structures [Vendruscolo et al., 2002].

I thus propose that the persistent three-stranded anti-parallel S-sheets observed in
D2 and D3 might form early in the (re)folding process, serving as spatially-diffused fold-
ing nucleation sites or cores to promote folding of the rest of the domains, following the
nucleation-condensation model proposed by Alan Fersht [Fersht, 1997]. Folding cores are
like the foundation pillars of a building, which needs to be present before the rest of the
building can come together. They also define the shape of the building. Similar suggestions
of persistent three-stranded sheets being folding cores have been made by other researchers
via thermal unfolding simulations [Akanuma and Yamagishi, 2005,Sham et al., 2002]. Due
to their local nature, such folding cores might even be formed during the flagellin transport
phase. Sato and Raleigh reported the detection of significant backbone hydrogen bonds in
the transition state of the ribosomal protein L9 N-terminal domain by means of amide H/D
isotope exchange experiment [Sato and Raleigh, 2007]. Their work showed the existence
of secondary structures in the transition/denatured state of proteins.

It has been deduced that new flagellin is added to the grbwing filament every sec-
ond [Ikeda et al., 1993], implying that flagellin has one second to refold if the chamber is
always occupied. According to a linear regression relationship between logarithm of experi-
mental folding rate and Absolute Contact Order (ACO, a measure of topological complexity
defined for native structure) established for two- and multi-state folders {Ivankov et al.,
2003}, the ACO of a domain should be less than about 20 for a folding time of less than
one second. Based on the experimental structure of flagellin (PDB code 1UCU), helical
domains D0 and D1 have ACO around 3 while D2 has a value close to 10. The globular
domain D3 has the largest value of about 15, meaning that it could be the rate-limiting
step in the refolding process. The numbers also suggests that D2-D3 might either fold
cooperatively or fold independently but simultaneously and then “dock” together to reduce
folding time. The presence of folding cores in HVR domains deduced from my simulations
would enable fast folding of D2-D3 followed by “docking” of folded D1-DO domains. Such
a mechanism could help flagellin to complete refolding within a second, overcoming the
limitation of high topological complexity.

A study comparing folding mecha.niéms of Immunoglobulin(Ig)-like B-sandwich proteins
from diverse families found that interactions defining the structural topology also guided
folding {Clarke et al., 1999]. Clarke and co-workers have also found that the folding nucleus

can be significantly deformed to preserve the same folding mechanism despite sequence
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variation in Ig-like domains [Geierhaas et al., 2004]. I suspect that HVR domains are under
evolutionary pressure to adopt structurally stable folds despite sequence divergence. Alas,
to-date we only have the structures from S. typhimurium in the PDBL. It is interesting to
see if HVR domains from diverse flagellin species adopt similar folds. If so, HVR domains

from other flagellin might also harbor folding cores.

6.4.3 Importance of folding cores to flagellin stability

In a mutagenesis study [Malapaka et al., 2007] screening for functional (retention of mobil-
ity) deletion flagellin mutants, I found that the three deletion mutants showing the same
mechanical stability as wild-type retained residues I have identified to be in the folding
cores (except for Y245 that is absent in one of the mutants). Also, the folding and me-
chanical stability of mutants were not affected if residues 250 to around 290 are missing:
starting from the S-turn of f3fg, through the “arching-loop” to £1¢ and reaching the a-helix
in D2a. These residues are not part of the D2 or D3 folding cores.

For mutants with more brittle filaments, they either have a reduced D2a or in the case
of “C11” in the paper, missing residues A231 and K232 from the potential folding cores
and V233 from the native hydrophobic core. This mutant flagellin highlighted the greater
importance of retaining folding core residues (especially the salt-bridge D223-K228) over
residues in the hydrophobic core. This observation also indicated that the salt-bridge is
not an artifact of simulating at elevated temperatures, since salt-bridges become more
important at higher temperatures and confer thermo-stability to thermophilic proteins
[Missimer et al., 2007]. Interestingly, in the native state under physiological conditions
K228 forms a salt-bridge with E246 on 8g instead of D223 on fs, which suggests a switch in
partner after the folding core has been formed and more extensive interactions are desired to
form the rest of D3 (note: potential folding core ends at Y245). Lastly, functional mutants
which could not swim but showed swarming after 12-16 hours of growth were missing all
of the folding core residues or all of D2 [Malapaka et al., 2007], affecting the formation
of the native HVR domains. This mutagenesis study thus highlighted the existence and
importance of the folding cores to flagellin mechanical stability.

With the identification of potential folding cores, amino-acid substitution experiments

1The terminal-truncated structure of a flagellin homolog with a very small HVR domain (about 100
residues) was published in Feb 2008 [Maruyama et al., 2008], after our paper became accepted in Jan 2008.
The HVR domain contains 3-sheets but with different folds.
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can now be directed at replacing D223 (breaking only the folding core salt-bridge) or V233
to investigate their effects on D3 folding and stability. In the case of D2a, Valine pair -
306-325 and the Tyrosine pair 331-332 in the folding core might be good candidates for
stability studies. Destabilization of the D2a folding-core might be a way to test if folding
of Dy1 is indeed dependent on that of D2 as suggested in [Honda et al., 1999]. The effect
would be manifested as a slow down or abolishment of filament growth since natively folded

D1 domains are needed to build the outer tube of the filament.

6.4.4 Refolding of flagellin may happen in stages

Flagellin is likely to be substantially unfolded in order to be exported by the apparatus
located at the entrance to the filament channel (Fig. 1.6). I can also assume that unfolded
flagellin molecules travel in single-file along the filament channel, as used in a mathematical
» model of filament growth [Keener, 2006]. At the end of the channél under the filament cap
(formed by HAP?2 chaperone) is a cylindrical space surrounded by D1 domains from the
last round of polymerized flagellin [Yonekura et al., 2000], in which refolding of flagellin is
believed to occur. The depth of the “chamber” at about 70 A is close to the span of the
longest D1 helices. Because D1 of flagellin is conserved across bacterial species [Beatson
et al., 2006], the chamber size might also be conserved and independent of HVR domain
sizes. Whether flagellin enters the chamber as a linear chain or as a loop (half-folded chain)
remains unknown. Investigation into the mechanical forces needed to generate these two
transport states/forms have been performed and reported in Chapter 5.

Based on estimates of denatured flagellin volumes from my simulations and comparing
with an estimated chamber volume, I suggest that only fragments D2-D3 or D0-D1 can be
accommodated but not the whole molecule. Yonekura has commented that the chamber is
large enough for at most one molecule [Yonekura et al., 2000]. The refolding process may
therefore be a two-stage one: chamber occupancy and folding of HVR (D2-D3) domains
precedes the filament-core (D0-D1) domains (the more likely scenario). Furthermore, HVR
domains have been suggested to fold cooperatively from DSC experiment [Honda et al.,
1999] and might fold rapidly with the help of the folding cores I have identified, before
being extruded to the filament exterior through the HAP2 gap [Yonekura et al., 2000, Maki-
Yonekura et al., 2003]. As D2b was found to fold late, it could still be rather “fluid” and
makes flagellin extrusion easier. After filament-core domains become folded, “docking” of

Dy1 to folded D2 would complete the refolding process for flagellin. In bacterial species
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with short or negligible HVR segment, refolding of filament-core domains would be the

only step.

6.5 Conclusion: flagellin refolds from HVR domain nucle-

ation sites?

Persistent native structures (three-stranded Z-like 8-sheets) detected in the thermally de-
natured ensemble of multi-domain S. typhimurium flagellin from simulation suggest that
they might constitute folding initiation sites or folding cores. The Z-like J-sheets is one
of the known folding nuclei motifs [Garbuzynskiy and Kondratova, 2008]. Interestingly,
the fastest folding protein is also made up of a three-stranded anti-parallel J-sheet, with
a folding time of about 140-ns at 308 K [Xu et al., 2006]. Proper folding of HVR do-
mains would lead to proper folding of filament-core domain D1 which is recognized by the
assembly chaperone HAP2 [Maki-Yonekura et al., 2003|.

If each HVR domain fold via the nucleation-condensation mechanism for small globular
proteins, formation of the folding nucleus would mean that the correct folding transition
state has been reached and refolding then proceeds “downhill” in free energy from that
point: a signature of efficient two-state (Denatured to Native) folding (Section 3.3.1).
Explicit identification of the transition state ensemble was not carried out in this study
due to the need for a large number of simulation trajectories. In fact, detection of two-
state folding kinetics for domain D3 in experiments would lend support to the nucleat_;ion—
condensation mechanism. This has indeed been suggested in a folding study of isolated
domain D3, showing that it could fold stably (presence of a well-formed hydrophobic core)

and reversibly via an all-or-none transition [Sebestyén et al., 2008].



Chapter 7

Conclusions and Outlook

7.1 Insights into flagellin unfolding/refolding for transport

In this thesis, I have used molecular dynamics simulations to investigate the unfolding
and refolding processes that enable bacterial flagellar filament protein (flagellin) to be
transported from within the bacterium to the assembly site at the filament tip. The
main findings are summarized below in response to the aims of the thesis set out in the

Introduction:
1. What is the transport form of flagellin?

e Two forms (wire and hairpin) has been proposed and the mechanical cost to
obtain them has been computed and compared via mechanical unfolding simu-
lations that pulled a flagellin monomer along two different directions. Results
suggest that the wire form would require lower peak forces but would require
higher mechanical work (consume more ATP molecules, say). This is suitable
for a steady, low-powered unfolding machinery as are most ATP-powered un-

foldases.
2. How flagellin spontaneously refold in the cavity under the filament cap?

o Multiple thermal unfolding simulations at different denaturing temperatures
were conducted to probe the folding process in reverse. Domain-ie\}el unfolding
sequence reflects thermal resistance indicated by experiment. Lower thermal
stability of a subdomain D2b can help to explain why D2 unfolded earlier than

D3 despite similar stability between D2a and D3.
94
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e Residual native-like interactions found in the denatured sequence-variable HVR
domains D2 and D3 indicate possible folding initiation sites (Z-like B-sheet).
These domains might fold via the nucleation-condensation mechanism (see sec-
tion 3.3.1) which could reduce the chance of misfolding due to concurrent for-

mation of secondary and tertiary interactions.

s Volume estimates suggest that refolding in the filament chamber has to occur in
two-stages, since there is sufficient space only for either denatured HVR domains
(D2-D3) or denatured filament-core domains (D1-D0). Radial arrangement of
flagellin in the filament requires HVR domains to be extruded to the filament

surface first, hence they should refold before the filament-core domains.

3. Can we generalize the findings to other flagellin homologs and other flagellar export

proteins?

¢ Secondary structure predictions on the putative HVR domains of flagellin ho-
mologs indicate high S-sheet contents. Large HVR domains in flagellin ho-
mologs might contain folding nuclei though the motif may not be Z-like B-sheet
but dictated by the structural topology. '

¢ Several other export proteins (HAP2, hook) also have adjacent termini. Unrav-
elling them from the N-terminal might also require less mechanical effort rather

than pulling both their termini into the channel.

7.2 Tentative model of flagellin export

Based on current understanding in the literature and from the findings presented in this
thesis, we have the following tentative model of flagellin export:

At the export gate in the flagellar basal body under the inner membrane, flagellin
is recognized by the export and sorting signals at its unstructured N-terminal [Stafford
et al., 2007]. A mechanical force generated from an as-yet unclear mechanism would pull
flagellin into the channel from its N-terminal, unraveling -sheets by “lateral shearing” and
bréaking salt-bridge interactions in domains D1 and D3 in the creation of a wire flagellin.
Upon entering the filament channel, the negatively charged flagellin (charge of —12 at pH
of 7 to 9, according to titration curve from the H++ webserver |Gordon et al., 2005))

would travel through the channel via diffusion. The electric potential set up by the Proton
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Motive Force might further assist in the transport (or might even drive the entire export
process as suggested by [Minamino and Namba, 2008, Paul et al., 2008]) and would also
prevent back-slippage of the translocating molecule [Schiebel et al., 1991]. Upon arrival at
the distal “refolding chamber”, the formation and growth of the folding nuclei in D2 and
D3 (in the form of three-stranded S-sheets) coupled with formation of native salt-bridges
guides the refolding process. Folded D2-D3 exits the “chamber” through the gap formed by
a symmetry mismatch between HAP2 filament cap and the tip of the filament [Yonekura
et al., 2000]. Folding of D1-DO0 next commences. Folded D1 is then recognized by the tail
domains of HAP2 filament cap protein which assists in the polymerization of the newly

arrived flagellin into the filament [Maki-Yonekura et al., 2003].

7.3 Outlook

Molecular simulations and experiments should be viewed as complementary tools to gain
insights into biological processes. I hope that experimental work would be carried out in
the near future to determine if flagellin indeed (re)fold via the nucleation-condensation
mechanism.

The mechanical unfolding simulations performed in this study are to mimic two-way
pulling in AFM experiments. However, the pulling mode for the unfoldase might be one-
way. The hexameric ATPase Flil (sharing structural similarity with rotary motor Fj-
ATPase) could be the unfoldase in the flagellar export system, whose monomer has been
solved [Imada et al., 2007]. It would be interesting to compare the threading of the flag-
ellin terminal/termini into the ATPase pore with two-way AFM-like unfolding reported
in this thesis. However, a realistic model of flagellar protein unfolding for transport can
be constructed only after a complete understanding of the workings of the type III ex-
port apparatus (common to the flagellum and needle complex) has been gleaned from
experiments.

Lastly, it is tempting to propose that the particular topology of G-sheets in the HVR do-
mains of S. typhimurium flagellin have been evolutionally tuned for easy unraveling from
the terminal region: strands in B-sheets get detached one-by-one via low effort ‘lateral
shear’. Optimally oriented fB-sheets that could also be folding nuclei might be a general
‘design principle’ to allow flagellar export proteins to meet the dual requirements of me-
chanical stability and ease of mechanical unfolding for transport. It would be interesting to

test if the above ‘principle’ applies to the unfolding/refolding of a flagellin homolog whose



7.3. Outlook . o 97

‘3D structure has recently been solved [Maruyama et al., 2008]. Because Z-like S-sheets are
~ absent in the single HVR domain, any folding nucleus if present might take on a different
form. Other flagellar export proteins with high resolution 3D structures {(e.g. the hook
subunit) are also interesting subjects in future studies to gain further insights into the

fascinating flagellar protein transport system.



Appendix A

Use of implicit solvent model

A.1 The Generalized Born implicit solvent model

Here I wish to give a brief introduction to the Generalized Born implicit solvent model
which was used for the mechanical unfolding simulations. Part of the contents here are
based on the AMBERS manual. The a,dvanta.gé of GB method is a less costly way to
get the electrostatic part of the solvation free-energy than to solve the nonlinear Poission-
Boltzmann equation.

The idea stems from the Born model of ion solvation. The solvation free-energy (Born

equation) can be expressed as:

1 1 q?
AGCporn = —=[1- €
Corn 2 ( esot'uent) R

This is the work needed to transfer an ion of charge ¢ and radius R from vacuum
(dielectric constant of 1) to & solvent (€soment = 80 for water). The derivation can be
found on page 321 of the text Molecular Biophysics by Michel Daune published by Oxford
University Press (2004).

This model is extended to the case of a charged atom inside an arbitrarily-shapred
cavity, such as in a protein. Assuming that we can compute the associated solvation free
energy and equate the expression to the Born equation above, we can get the “effective Born
radius” . If the atom is exposed to solvent, & will be close to but larger than the van der

Waals radius !. For buried atoms, & can be quite large. We next consider the case of many

1The vdW radius of an atom can be determined from measuring atomic spacings between pairs of
unbonded atoms in crystals (from Wikipedia). Essentially, if we represent atoms as hard spheres, half the
interatomic separation between identical atoms can be taken as the vdW radius of the atom.

98
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charges inside an arbitrary cavity, where the electrostatic component of the total solvation
free-energy is expressed as a sum of the individual Born energies and contributions from

pair-wise interactions (Generalized-Born approximation [Still et al., 1990]):

MGuw ~ DGos= Y 0GH +2Y Y AGE"
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where r;; is the distance between atoms i and j.

A simple way to compute the effective Born radius for each atom is to invert the Born

equation:

1 -1
055,—1 = 2AGelecqi_2 ( - 1)

€solvent
which involves getting a good estimate of AGje. for each atom (self-energy). Classicial
electrostatics relates the self-energy to the volume integral of the electric displacement
vector D, which is ¢E for a linear dielectric medium where E is the electrostatic field. By
using the so-called Coulomb Field Approximation, we can write E using the coulomb field
and get D = (g;/r®)r. With this approximaff.ioﬁ, we can derive an approximation for the

effective Born radius as:

1 1 1 1
—_— = = / —4d7'3
Ce; Pi dr rop T

where p; is the vdW radius of the charge and the volume integral is taken over spatial
locations beyond the vdW radius but still within the solute (or protein in our case).

In the first GB model in AMBER, GB#CT by Hawkins, Cramer and Truhlar [Hawkins
et al., 1995], a set of vdW spheres are used to approximate the true molecular surface of
the solute for evaluating the 3D integral. This was found to underestimate the value for
o in the case of large molecules such as proteins because vacuum-filled cavities between
the vdW spheres of protein atoms are taken as solvent-filled (hence outside the solute). A
newer model GBPBC by Onufriev, Bashford and Case |[Onufriev et al., 2004] was proposed

to address this shortcoming.
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A.2 Checks on salt-bridge over-stabilization

Salt-bridges in implicit solvent MD simulations may be over-stabilized relative to its coun-
terparts in explicit solvent. Simmerling and co-workers found that among the GB implicit
solvent models in the AMBERS package, GBHCT over-estimated TIP3P salt-bridge sta-
bility by 4 keal/mol but the GB?5C model (used in our study) only over-estimated by 0.5
kcal/mol [Geney et al., 2006]. Hence salt-bridge over-stabilization might only be marginal
in our simulations.

In the 8-ns TIP3P simulation that served as the control for our thermal-unfolding study;,
salt-bridge Glu246-Lys228 in domain D3 remained stable as found by the VMD salt-bridge
plugin used with an additional cutoff of 4.0 A between side-chain centroids (see Fig. A.1).
Though Asp217-Lys232 in D3 was not as stable, it may be part of the D3 folding nucleus as
suggested by our thermal unfolding study (Chapter 6). To critically assess the contribution
of salt-bridges to mechanical resistance, we may create in silico mutants where the key salt-
bridges are replaced with residue pairs which can form side-chain H-bonds but are neutral
in charge, such as homo- or hetero- Asn/Gln pairs.

Alternatively, we could immerse the load-bearing elements into explicit solvent and
investigate their stability in the absence and presence of constant forces. This was in fact
performed for the non-native Argd31-Glul53 salt-bridge. A fragment (residues 137 to 162
in ND1 and 416 to 436 from CD1) from the_ UB1 trajectory snapshot with the non-native
salt-bridge was solvated with TIP3P waters in a 51 A x 44 A x 147 A simulation box.
Simulation at 300 K and 1 atm without external force showed that the salt-bridge is stable
in the presence of solvent molecules. Pulling CD1 helix in the Z-direction while restraining
ND1b hairpin at two different speeds resulted in restraint forces of around 400-pN before
the salt-bridge H-bond was replaced by H-bonds to solvent molecules. Forces drop to low
values when the salt-bridges are disrupted. See Fig. A.2.
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Figure A.1: Salt-bridges in flagellin HVR domains D2 and D3. Salt-bridges were
identified with VMD from an 8-ns explicit solvent MD simulation at 300 K that served as
the control in our previous thermal unfolding study (17). The center-of-mass separations
between oxygen and nitrogen atoms on side-chains of oppositely charged residues in D2a
and D3 are shown with the default cutoff of 3.2 A indicated by a dotted line. Three
time-segments are investigated: 0 to 1-ns, 3.3 to 4.3-ns and 7 to 8-ns. Salt-bridges found
are: D182-K326 (black), D217-K232 (red), E246-K228 (green), D277-K221 (blue), D219-
K279 (violet) and D213-K203 (turquoise). Only D182-K326 and E246-K228 satisfy the
criteria for salt-bridge during the last 1-ns. Separations between D330-K362 (at D2a-D2b
interface) undergo large fluctuations and are not shown. Pairs D219-K279 and D213-K203
which only appears during the middle time-segment are shown as sticks: red for acidic and
blue for basic residues. D223 which interacts with K228 in the thermally denatured state
is shown as orange stick. Cartoon representations of the structure at 0-ns are rendered by
VMD.
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Figure A.2: Immersing Ds1 non-native salt-bridge in solvent. A load-bearing salt-
bridge found from implicit solvent simulation is also stable in explicit solvent and produced
significant restraint forces against disruption, monitored using the separation between side-
chain oxygen on the Glu and side-chain NH on the Arg.
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