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Abstract The folding properties of wild type and mutants
of domain C5 from cardiac myosin binding protein C have
been investigated via molecular dynamics simulations
within the framework of a native-centric and coarse-
grained model. The relevance of a mutation has been
assessed through the shift in the unfolding temperature, the
change in the unfolding rate it determines and Phi-values
analysis. In a previous paper (Guardiani et al. Biophys J
94:1403-1411, 2008), we performed Kinetic simulations
on native contact formation revealing an entropy-driven
folding pathway originating near the FG and DE loops.
This folding mechanism allowed also a possible interpre-
tation of the molecular impact of the three mutations,
Argl4His, Arg28His and Asnl15Lys involved in the
Familial Hypertrophic Cardiomyopathy. Here we extend
that analysis by enriching the mutant pool and we identify a
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correlation between unfolding rates and the number of
native contacts retained in the transition state.

Introduction

The C5 domain from the cardiac Myosin Binding Protein C
(MyBP-C) is a Ig-like domain with the typical ff-sandwich
topology characterized by two f§ sheets BDE and CFGA'
closely packed against each other (Fig. 1). The structural
and thermodynamical properties of the molecule have been
experimentally studied by Idowu et al. 2003. The impor-
tance of MyBP-C relies on the fact that it is a target of
mutations related to familial hypertrophic cardiomyopathy
(FHC) (Chung et al. 2003; Richard et al. 2003), a disease
impairing the physiologic function of this protein as a
potential regulator for cardiac muscular contraction
(Charron et al. 1998; Winegrad 2000; Flashman et al.
2004). Genetic analysis on FHC patients (Niimura et al.
1998; Moolman-Smook et al. 2002) revealed the mild form
of the disease to be determined by nonsense mutations
(premature termination of translation) whereas a more
severe variant is related to missense mutations (amino-acid
replacements). The C5 domain is known to develop three
missense FHC mutations Argl4His, Arg28His, Asnl115Lys
whose role on stability and folding will be investigated
through molecular dynamics simulations within the
framework of a native centric coarse-grained approach
based on a Go-like model (Go and Scheraga 1976). Go-
models have the valuable property to correctly embody the
native state topology that in many cases is the key deter-
minant of the folding process (Chiti et al. 1999; Riddle
et al. 1999; Cecconi et al. 2001; Micheletti et al. 2002).
The study of Clarke et al. (1999) on the Ig-superfamily
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indicates the native-centric approach as the natural
framework to investigate the folding properties of the C5
Ig-like domain. Indeed according to Clarke et al. 1999, Ig-
superfamily members, having transition and native states
both stabilized by the same interactions dictated by protein
topology, share similar folding pathways mainly deter-
mined by a common geometry.

Since we address the problem of resolving the effects of
mutations, we also introduced some amount of heteroge-
neity in the energetic couplings of the G0 force field. This
approach is necessary to discriminate mutations modeled
through the removal of the same number of native contacts.
The relevance of the energetic heterogeneity to a reliable
mutation analysis was suggested in papers (Matysiak and
Clementi 2004; Plotkin and Onuchic 2002; Tiana et al.
2006; Gutin et al. 1995).

Methods

The coarse-grained description of the C5 domain takes into
account only the backbone formed by the Co carbons
including side-chain interaction only through effective
Lennard—Jones like potentials. The Go-model force field
minimizes the frustration by promoting the native inter-
actions so that, the energy reduction is always accompanied

Fig. 1 Secondary structure elements of the C5-domain (PDB iden-
tifier IGXE) drawn using the VMD software (Humphrey et al. 1996)
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by an increase in the similarity to the native structure. We

refer to the force field introduced by Clementi et al. (2000),

including also angular terms in the energy function Viy to
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The contact matrix entries are A; = 1 if residues i and j
have at least a pair of heavy atoms closer than a distance
cutoff R. =5 A (native contact), otherwise A; = 0. The
cutoff choice identifies on the native structure (pdb id
1GXE) 277 native contacts. In formula (1), r;; indicates the
distance between residues i and j, 0; is the bending angle
identified by the three consecutive C,’s i—1, i, i + 1, ¢, is
the dihedral angle defined by the two planes formed by four
consecutive C,’s i—2, i—1, i, i + 1. The symbols with the
superscript O are the corresponding quantities in the native
conformation. The energy parameters are proportional to
the energy scale ¢y = 0.3 Kcal/mol such that: k;, = 1,000¢y/
13, (ro = 3.8 A), kg = 2080, k)’ = & and kP = 0.5¢.

The strength of the repulsive Lennard Jones terms
between nonnative contacts are chosen as: o = 5.0 A
&, = 2/3gy. To incorporate topology and some specific
chemical features as well as the effect of the steric hin-
drance of side chains, an heavy-map GO model
representation was considered. Within this framework, the
strength of attractive native interactions is weighted
according to the number of atomic contacts: ¢; = &
(I + v;;) where v;; is the number of atomic contacts between
residues i and j in the native state normalized to the maxi-
mum. This approach is supported by both experimental
findings (Serrano et al. 1992) and theoretical arguments
(Kurochkina and Lee 1995; Zhou and Zhou 2004).

We performed Langevin MD simulations within Leap-
Frog integration scheme with time step 2= 5 x 1077 and
a friction coefficient y = 0.051_1, where the time unit 1 =
ov/M/ey = 4.67ps (M is the average mass of an amino-
acid residue estimated to 110 Da).

In the present paper we run unfolding rather than folding
simulations to avoid kinetic trapping related to the residual
energetic and topological frustration of the force field.
Under the assumption that, in the same equilibrium con-
ditions, the direct and reverse reaction must follow the
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same pathway, the use of unfolding simulations is con-
sidered a viable strategy to gain information also on the
folding process (Cieplak and Sulkowska 2005; Caflish and
Karplus 1994). For this reason, thermodynamics was
obtained by a very slow heating process of the system in
Npn = 50 temperature steps from 7 =225 to T =375 K.
Moreover, in order to ensure that Kinetic simulations were
not performed in strongly denaturing conditions incom-
patible with folding, care was also paid in the temperature-
jump simulations, by driving the system to a temperature
just little above the unfolding point of the WT.

The thermodynamic properties of the unfolding transi-
tion were computed using the weighted histogram analysis
method (WHAM) (Ferrenberg and Swendsen 1989).
According to WHAM, a two-dimensional histogram
h(E,Q) of energy and overlap Q (fraction of native con-
tacts) has been collected in the rth run at temperature 7,,
with r = 1,...,N,. The histograms have been combined so
as to yield the density of states via formula
PEQ) = R (2)

Zl:ll Nle BI(E-F)
where f5; = 1/(RT) (R =1.987 x 107> Kcal K~' mol™!
gas constant), &V, is the number of measurements in the /-th
histogram and F; is the free-energy such that

e M =" p(E, Q) PE (3)
E,Q

Equations 2 and 3 have to be solved self-consistently in the
set {Fi,...Fnn} and p(E,Q). From the knowledge of
po(E,Q), we obtain the thermal behavior of any observable
that can be expressed as function of E and Q, A = A(E,Q)

(), = ﬁz p(E. Q)A(E, Q) 1
E,Q

where Z(f) is the partition function. In the following, we
apply the above formula with A = E to compute the thermal

capacity
C, =R ((E%) — (E)?)

The density of states can be used to evaluate the probability
1
Pr(Q) =)  p(E, Q)e"
707 %

for the protein to have a specific value Q at temperature 7.
It is then possible to derive the free energy as a function of
Q via the expression

Gr(Q) = —RT log[Pr(Q)]

The advantage of the WHAM is twofold: on the one hand,
it allows a better sampling of the conformation space than
ordinary methods, on the other, it enables interpolation and
smoothing of thermodynamic data.

An indicator of the native-likeness of residues in the
transition state (TS) is represented by the ®-value (Fersht
et al. 1992): a value ®~ 1, characterizes residues estab-
lishing native-like interactions already in the TS, whereas a
value close to zero is typical of residues involved into a
disordered conformation in the TS. We apply the free
energy perturbation technique (FEP) (Clementi et al. 2000)
to evaluate the ®-values from our MD simulations. In the
framework of FEP, a mutation is seen as a small pertur-
bation of the wild type protein (wt) force field. As a
consequence, it is possible to obtain free-energy difference
between mutants and wt as

Ginut — Gwr = —RT log(e 7E )y 1 (4)

where JFE is the amount of perturbation energy induced by
a mutation on the wt system and the thermal average is
over wt equilibrium conformations only. According to
Eq. 4, the FEP ®-value computation entails a long
simulation at the unfolding temperature T,, during which
wt conformations are sampled in three windows of the
coordinate Q, corresponding to the folded (F), transition
state (TS) and Denaturated (D) ensembles. Mutations are
then implemented and ®-values are computed through
Eq. 4

ﬂsE/RT)T 7¢3E/RT>D

log(e s — log(e
D= - - 5
log(e 9E/RT) . log(e 9E/RT) (5)

where the Boltzmann factors depend on the energy dif-
ference between the mutant and the wt, and the averages
are restricted to wt-conformations of the folded (F), tran-
sition state (T'S) and denaturated (D) ensembles.

Equation 5 requires some remarks as it entails the cor-
rect sampling of conformations belonging to the TSE, an
extremely delicate issue of a long-standing debate still
dividing the scientific community. Some authors believe
(Shakhnovich 2006) that structural parameters like Q are
not sensitive enough to identify TSE structures and that a
meaningful TSE sampling could only be accomplished
through the P, q parameter, i.e. the probability that a given
structure will reach a decidedly folded state before reach-
ing the unfolded state. The P,y approach was recently
used in a work on simple protein model amenable to
exhaustive enumeration (Chang et al. 2004), where a par-
tial disagreement was found between the TS structures
identified using Py, 4 and Q. Other researchers (Cho et al.
2006) conversely have argued that Pg,q analysis is
computationally too demanding, requiring hundreds of
simulations for each putative TS structure and thus
applicable only to very small sets of conformations. Fur-
thermore, Py, 4 cannot be measured experimentally, so that
the simulation results could not be directly checked against
experimental data. On the basis of the energy landscape
theory, these authors suggest, that at least in case of
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moderate frustration, Pg,q may be replaced by a structur-
ally defined reaction coordinate such as the fraction of
native contacts Q. We believe that in G6 model approa-
ches, the Q-based TS-sampling technique, despite its
limitations (Chang et al. 2004), can be used to gather
coarse-grained information on the regions of the protein
more sensitive to mutations. The data produced in this way
then serve as a starting point for further analysis and
validation.

The C5 domain of MyBP-C is experimentally known to
fold/unfold in an all-or-none process without populating
partly structured intermediates (Idowu et al. 2003).
Therefore, the kinetics of the denaturation reaction should
be characterized by an exponential decay of the probability
to remain folded at time ¢
ky ky

Pi(t) = —
= R 1k,

e—(k/'+k,,)l (6)

where k; and k, are the folding and unfolding rates
respectively. The time behavior of P, was obtained by
averaging in a series of 10° independent temperature-jump
simulations starting from low temperature conformations
equilibrated at T = 225 K for a period of 10°t and then
heated at temperature 7 = 332 K just above the transition
point of wt and mutants. Equation 6 when fitted to simu-
lation data yields estimates of the rates ks k, enabling a
direct comparison between the kinetics of wt and mutants.
During the simulated T-jump experiments, also the prob-
ability of any single native contact being intact can be
monitored, for details see (Guardiani et al. 2008). As the
simulations were performed at a temperature just little
higher than the transition point, it is reasonable to assume
that the folding pathway is well described by the reverse of
the sequence of contact breakdown.

Simulation results

The thermal denaturation of the C5 domain wt and mutants
has been simulated by gradually heating the protein from
temperature 7y = 225 K to T, = 375 K through a sequence
of 50 consecutive runs, each performed at constant tem-
perature T, = T + n AT, n = 0,...,49, with AT = (T,—T,)/
49 =3 K. At each temperature, data were collected in a
production stage of 5 x 10® time steps, after an equili-
bration of 5 x 10° time steps. The very small temperature
increase AT, together with the fact that final state (positions
and momenta) of the 7, run is used as the input for the next
run at T, = T, + AT, also ensures an efficient thermali-
zation of the whole denaturation scheduling.

A residue mutation is implemented in the Go-model by
turning all the native contacts in which the site is involved,
into non-native ones. The role of the amino-terminal region
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Fig. 2 Thermal behavior of heat capacity of the WT C5 domain, the
missense mutants deprived of the native contacts of Argl4, Arg28 and
Asnl15, and the deletion mutant lacking the 1-7 subsequence.
Computations have been performed processing with the weighted
histogram method the data collected during folding simulations

Table 1 Experimental Ty, and simulated 7, unfolding temperatures
of the WT domain C5 of MyBP-C and its mutants

Species Texp (K) T, (K)

WT 322.06 £ 0.75 322+£3
Mutl4 318.46 + 1.44 318 £ 3
Mut28 NA 318+ 3
Mutl 15 309.36 £ 0.41 313 £3
A1-7 NA 305 £ 4

NA not available data

of the protein was also investigated through unfolding
simulations of a deletion mutant where the first 7 residues
of the C5 domain were removed. The presence of a single
sharp peak in the thermograms of both wt and mutants
(Fig. 2) suggests a two-state unfolding mechanism.

With reference to Fig. 2 and Table 1, mutations on
Argl4 and Arg28 appear to cause just a moderate desta-
bilization of the protein as they determine a little shift of
the unfolding temperature 7, to lower values. The mutation
of Asnl15, on the other hand, results in a more pronounced
decrease of the transition temperature suggesting a more
destabilizing effect in agreement with experimental data.
The NMR spectra recorded by Idowu et al. 2003, in fact,
show that the Asnl15Lys mutant is unstable and largely
unfolded as compared to the wild-type C5 motif. The NMR
spectrum of the A 1-7 deletion mutant also lacks the peak
dispersion typical of folded proteins and the molecule
appears to be unstructured. This finding is consistent with
our thermograms showing that the amino-truncated protein
is characterized by the largest shift in 7, thus resulting the
most destabilized mutant.
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Fig. 3 Simulated (solid line) and experimental (dashed line) average
RMSD along the 1-52 and 76—130 subsequences outside the CD loop.
In order to stress the consistency between the positions of the peaks,
the theoretical B-factors have been shifted down by an offset 6 = 3
and then rescaled by a factor p = 0.45

To validate the Go-model approach with the heteroge-
neous coupling, we checked the consistency of the
unfolding temperatures of the mutants with the corre-
sponding experimental temperatures, once the model
energy scale g is tuned such that the wt simulated T,
matches the experimental one. Table 1 indicates that the
model reproduces the ranking of the transition tempera-
tures within statistical errors. A further validation of the
model comes from computation of the RMSD of the C,-
atoms from their positions in the native structure after the
structural alignment through Kabsch algorithm (Kabsch
1976). The simulated RMSD profile at 293 K in Fig. 3
reproduces the expected feature of the C5 domain, with
loops showing higher mobility than f-strands. The results
are also in qualitative agreement with the average RMSD
measurement by Idowu and coworkers (Idowu et al. 2003)
for their best ten NMR structures resolved at the same
temperature of our simulations.

Phi-value analysis allows a characterization of the effect
of the three FHC-related mutations. Formula (5) requires a
sampling of the folded (F), denaturated (D) and transition
state (TS) conformations during a run at the transition
temperature 7,, = 322 K. The ensembles of structures, F, D,
TS are identified through three windows in the double-well
plot of the wt free energy as a function of the overlap Q
(fraction of native contacts) at transition temperature T,
= 322 K. Domain C5 is characterized by an asymmetric
distribution of perturbative ®-values with the CFGA’ sheet
featuring higher values of this parameter as compared to
the BDE sheet (Fig. 4).

It is interesting to analyze the role of the three FHC-
related mutations with respect to their position in the two
p-sheets of the C5 domain. In fact, Asn115 which lies on
the sheet characterized by the highest FEP ®-values, when

0 20 40 60 80 100 120
Residue Index

Fig. 4 Perturbative ®-values at unfolding temperature 7, = 322 K,
computed from structures sampled in three windows of overlap
corresponding to the unfolded (0 < Q < 0.15), Transition State
(0.30 < Q < 0.45) and folded state ensemble (0.75 < Q < 0.9)

mutated to Lys, is experimentally known (Idowu et al.
2003) to completely disrupt the native structure of this
protein. On the other hand, Argl4 and Arg28 are located on
the sheet with low FEP ®-values in agreement with the
experimental evidence that their mutation does not signif-
icantly affect the thermodynamic stability and the folding
kinetics.

Kinetic analysis

The early unfolding kinetics of the wt structure of domain
C5 was compared to that of the three missense and A 1-7
deletion mutants through 7-jump simulations. The proteins
were first equilibrated at very low temperature 7oy,
=225 K, for 2 x 10’ time steps, and then heated to the
temperature  Tpien, = 322 K, slightly higher than the
unfolding point of the wt. Temperature Ty, is sufficiently
destabilizing to promote the unfolding of both mutants and
wt. The molecules were kept at T = Ty;gp, for 6 x 10° time
steps and during this period the nativeness of the proteins
was checked every 10 time steps by monitoring the frac-
tion of contacts Q still formed. When Q fell below a
threshold Q, = 0.25, the protein was regarded as being
unfolded. The progress of the denaturation was measured
by tracking the fraction of folded trajectories as a function
of time, P(?), plotted in Fig. 5 for the wt and mutants
together with the free energy profiles at temperature 7T
= Thign (inset). Figure 5 shows that all the mutations speed
up the unfolding process which however retains a two state
character described by Eq. 6. The kinetic behavior is
consistent with the free energy profiles (inset of Fig. 5)
showing the mutations to reduce the unfolding barrier
while simultaneously increasing the folding one. The
importance of FHC mutations on the unfolding rate is
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Fig. 5 Comparison of unfolding kinetics of WT domain C5 with its
deletion and missense mutants through the evolution of the fraction of
folded trajectories P(1). Circles refer to WT, diamonds to Mutl4,
triangles to Mut28, squares to Mut115, and finally stars to the deletion
mutant. The solid lines represent the exponential fits according to
Eq. 6. Inset free energy profiles of WT and mutants at the temperature
of the T-jump simulations 7" = Ty, = 332 K as a function of the
fraction of native contacts Q. Time is in units T = 4.67 ps

quantified by the order: k,[WT] < k,[14] < k,[28] <
k,[115] < k,[A1-T].

Further understanding of the unfolding/folding mecha-
nism can be found in Guardiani et al. 2008, where the
analysis of the time evolution of native contact probabili-
ties shows the folding to proceed according to the
following stages

Stage 1: Formation of FG contacts in proximity of the
FG loop.

Stage 2: Appearance of DE hairpin.

Stage 3: Strand C joins the FG hairpin while strand B
moves close to the DE hairpin.

Stage 4: Stabilization of C-terminal ends of strands G
and A’ and A'B and EF loops in their native
conformation.

The folding mechanism of the C5 domain thus appears to
be mainly driven by conformational entropy. The short-
range contacts of the FG and DE hairpins (Fig. 1), in fact,
are the first to appear during refolding, as their formation is
accompanied with a modest loss in conformational entropy.
Of course, that an entropy decrease in the folding pathway
of proteins occurs is not surprising. However in the case of
C5 domain, following such entropy loss suggests a clear
way to rationalize the different impact of the FHC-causing
mutations. Residue 115 for example being located in the
FG loop, when mutated is likely to hinder the very first
events of folding. Residue 28 conversely, is located in the
BDE sheet but outside the crucial DE hairpin, and its
mutation is therefore expected to have influence only on
the structuring of the protein portion near the long A'B, CD
and EF loops, thus resulting in a mild phenotype.

@ Springer

In order to test our explanation of the pathogenic role of
the mutations on residues 14, 28 and 115, we performed
temperature-jump simulations of 27 other mutants obtained
by changing the contact of mutated residues from native to
non-native. The results are summarized on Table 2 show-
ing that the most destabilizing mutations, characterized by
ku/k,,WT > 5, are located on strand F (Residues 111, 112,
113), on the FG-loop (Residues 115), on strand E (Residue
93), on the BC-loop (Residue 35) and on strand C (Residue
43). This distribution confirms the conclusions based on
folding mechanism of the wild type protein: the strand F
and the FG-loop are the most sensitive regions to muta-
tions, explaining the severe phenotype caused in FHC by
the mutation of residue 115. Our kinetic analysis also
underscores the relevance of strands E which is the central
element of the BDE sheet and acts as a bridge between
strands B and D. Table 2 indicates that mutations of several
residues such as 20, 21, 22 (strand A), 44, 46 (strand C) and
127, 128 (strand G) has only a moderate impact on the
unfolding rates. This is presumably a consequence of the
fact that, as shown in folding/unfolding pathway analysis
(Guardiani et al. 2008), these residues all belong to a late
folding region of wt, just like residue 28. This may explain
the mild clinical phenotype deriving from the mutation of
the latter residue.

The data in Table 2 provide the opportunity of a dis-
cussion about the way we implemented the mutations to
compute ®-values. We used a simple strategy to introduce
mutations within the framework of the Go-model by
turning the native contacts involving the mutated residue
into non-native ones. This approach, in which attractive
interactions always become repulsive, is clearly an extreme
simplification, as real mutations can both stabilize and
destabilize a protein. On the other hand, the simulation of
the realistic effect of a mutation requires the knowledge of
biological information. In the absence of specific indica-
tions, the simple replacement of native contacts with non-
native ones provides a more unbiased implementation of
mutations in the Go-model context. In this perspective, we
have to stress that the method we followed is more similar
to a measure of the susceptibility of protein sites to the
same kind of perturbations rather than a realistic charac-
terization of mutations. However the information we gain
is meaningful to assess the “comparative” physical effects
of mutations.

In Go-like models ®-values are related to the fraction of
native contacts that the ith residue is capable of forming in
the transition state which can be estimated as Nyg(i) = Ng(i)
@(7). If one or both the factors N(i), ®(i) gets a low value,
the kinetic effect of the mutation is small too. For example,
Res42 and Res44, despite their high ®-values (0.72 and
0.68, respectively), when mutated, result in low unfolding
rates (3.07 x 10™*and 3.01 x 107%, respectively) because
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Table 2 Kinetic simulations: ®-values, number of native contacts of
the mutated residue, number of contacts formed by the residue in the
transition state and unfolding rate normalized to the k,(WT) =

141 x 1074

Residue Strand @ Niat ®-Nyat ku k'™
Al =7 H - 41 - 15.93
12 H 0.48 1 0.48 1.12
14 A’ 0.61 3 1.83 1.60
20 A 0.36 5 1.82 2.96
21 A’ 0.32 7 2.23 2.92
22 A'B 0.33 3 1.00 1.43
28 A'B 0.43 3 1.30 2.18
31 B 0.47 7 3.29 472
35 BC 0.40 8 3.20 6.25
36 BC 0.43 4 1.71 2.50
42 C 0.72 4 2.90 2.18
43 C 0.54 11 5.95 8.23
44 C 0.68 4 273 2.13
46 C 0.64 4 2.55 1.16
86 D 0.32 6 1.95 1.52
88 D 0.35 2 0.70 1.38
90 D 0.33 3 0.99 1.37
91 DE 0.07 3 0.22 1.95
93 E 0.42 6 2.52 4.82
96 E 0.45 12 543 11.63
97 E 0.34 7 2.40 3.97
100 EF 0.25 4 1.00 1.36
104 EF 0.55 3 1.65 1.29
107 F 0.53 4 2.11 1.82
109 F 0.23 12 225 1.89
111 F 0.62 10 6.18 9.93
112 F 0.68 6 4.09 5.46
113 F 0.54 11 5.99 10.35
115 FG 0.53 10 5.30 7.45
118 FG 0.46 4 1.86 2.26
120 G 0.46 7 3.24 3.95
121 G 0.57 5 2.86 272
126 G 0.31 7 2.16 3.49
127 G 0.31 4 1.24 2.65
128 G 0.24 9 222 2.48

The most destabilizing point-like mutations are marked in bold. The
unfolding rates of the mutants correlate with the number of contacts
that the residue forms in the TS, and that are lost due to the mutation
(see Fig. 6)

they form four inter-residue contacts only. On the contrary,
Res128 is characterized by a higher contact number
Nnat(128) = 9 but a low @ (128) = 0.24. This residue thus
is important for the protein thermodynamic stability, but
has poor influence on kinetics. It seems that a mutation can
determine a high unfolding rate when the mutated residue
is characterized by both a large number of native contacts
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Fig. 6 Linear correlation plot between the number of native contacts
formed by a residue in the transition state and unfolding rate of the
corresponding mutant normalized to the WT rate. The horizontal line,
Y =1, indicates the WT unitary rate

and a large ®-value. Therefore, for the domain C5, a
suitable parameter for the prediction of the kinetic effect of
a mutation on site 7 is just the product Ntg(i) = Np(i)D(i)
which, in fact, shows a linear correlation coefficient
r = 0.89 with corresponding unfolding rates (Fig. 6).

Conclusion

The impact of three pathological mutations of domain C5
from MyBP-C related to FHC (Asnl15Lys, Argl4His and
Arg28His) has been studied through MD simulations. The
Ig-like C5 domain was modeled through a Go force field
as, according to Clarke et al. 1999, the members of the
Ig-superfamily tend to fold/unfold along a common
pathway dictated by the geometry of the common struc-
tural core. Thermodynamic and kinetic simulations on the
thermal denaturation of the wt and mutants indicate that
the most destabilizing mutations are those involving the
strand F, and the FG loop which includes the residue 115.
In particular Mutl15 causes a large decrease in the
transition temperature in agreement with the NMR
experiments (Idowu et al. 2003). The results of the
mutation of residues Argl4 and Arg28, on the other hand,
show a more limited shift on the transition temperature
suggesting a very little influence of the two residues on
protein stability. This potential role of the FHC-related
mutations is confirmed by the analysis of ®-values indi-
cating that the higher ®’s occur on the CFGA’ sheet
(including Asnl15) and lower values pertain to the BDE
sheet (hosting Arg28). The role of the N-terminal region
of the C5 domain has been also assessed by simulating a
deletion mutant where the first 7 residues had been
removed. The significant decrease in T, of the truncated
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protein suggests that the N-terminal region with its ten-
residue long insert typical of the cardiac isoform, is not
just a linker between the C4 and C5 domains, but it gives
an important contribution to stability.

The comparison of the fraction of folded trajectories
P(t) computed through unfolding kinetic (7-jump) simu-
lations for the wt and pathologic mutants shows that the
mutations determining the largest decrease in the unfolding
temperature also induce the highest speed-up of the
unfolding process. In particular, the mutants retain the two-
state unfolding mechanism but they tend to reduce the
unfolding barrier while simultaneously increasing the
folding one. In another work (Guardiani et al. 2008) we
have shown, that Go-model depicts the C5-domain folding
reaction as mainly entropy-driven process with a specific
directionality, starting from the formation of the FG and
DE hairpins and concluding to the region corresponding to
A’B, CD and EF loops. In that paper, the “folding propa-
gation front” was used to rationalize the impact of
pathogenic mutation. That conclusion has been confirmed,
here, by the kinetic analysis of a larger number of muta-
tions evenly distributed throughout the molecule, which
identified “key regions” overlapping with those found in
Ref Guardiani et al. 2008. The kinetic simulation on the C5
domain also revealed an interesting correlation between the
unfolding rates and the number of native contacts that a
residue forms in the transition state, estimated as the
product of the corresponding phi-values and the number of
contacts formed in the native states. We suggest that at
least in the case of the C5 domain this quantity is a indi-
cator of the kinetic effect of a mutation more reliable than
perturbative ®-values.
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