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Abstract

Recombinant WT human cardiac actin (WT actin) was expressed using the baculovirus/insect cell
expression system, purified, and used to reconstitute the thin-filament of bovine cardiac muscle
fibers, together with bovine cardiac tropomyosin (Tm) and troponin (Tn). Effects of [Ca2*],
[ATP], [phosphate] and [ADP] on tension and tension transients were studied at 25°C by using
sinusoidal analysis, and the results were compared with those of native fibers and fibers
reconstituted with purified bovine cardiac actin (BVC actin). In actin filament reconstituted fibers
(without Tm/Tn), those reconstituted with WT actin showed exactly the same active tension as
those reconstituted with purified BVC actin (WT: 0.75+0.06 Ty, N=11; BVC: 0.73+0.07 T,
N=12, where Ty is tension of original fibers before extraction). After Tm/Tn reconstitution, fibers
reconstituted with WT actin generated 0.85+0.06 Ty (N=11) compared to 0.98+0.04 Ty (N=12)
recovered by those reconstituted with BVC actin. In the presence of Tm/Tn, WT actin
reconstituted fibers showed exactly the same Ca?* sensitivity as those of the native fibers and
BVC actin reconstituted fibers (pCasg: native fibers: 5.69+0.01, N=10; WT: 5.69+0.02, N=11,
BVC: 5.68+0.02, N=12). Sinusoidal analysis showed that the cross-bridge kinetics were the same
among native fibers, BVC actin reconstituted fibers, and WT actin reconstituted fibers, followed
by reconstitution of Tm/Tn. These results demonstrate that baculovirus/insect cell expressed actin
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has no significant differences from tissue purified actin and can be used for thin-filament
reconstitution assays. One hypertrophic cardiomyopathy (HCM) causing actin mutant A331P actin
was also expressed and studied similarly, and the results were compared to those of the WT actin.
In the reconstituted fibers, A331P significantly decreased the tension both in the absence of
Tm/Tn (0.55+0.03 Ty, N=13) and in their presence (0.65+0.02 Ty, N=13) compared to those of the
WT (0.75£0.06 T and 0.85+0.06 Ty, respectively, N=11). A331P also showed decreased pCasg
(5.57+0.03, N=13) compared to that of WT (5.69+0.02, N=11). The cross-bridge kinetics and its
distribution were similar between WT and A331P actin reconstituted fibers, indicating that force/
cross-bridge was decreased by A331P. In conclusion, A331P causes a weakened cross-bridge
force, which leads to a decreased active tension, reduces left-ventricular ejection fraction, and
eventually results in the HCM phenotype.
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In adult human heart, a-cardiac actin (hereafter, abbreviated as actin) accounts for more than
80% of the total actin and is critical for maintaining normal structure and function of the
sarcomere [1]. Mutations of actin have been found in patients suffering from hypertrophic
cardiomyopathy (HCM), a serious heart disease characterized by abnormal thickening of the
left ventricle and/or inter ventricular septum, affects 1:500 individuals, and results in sudden
cardiac death (1-2%) in young adults [2]. So far, 11 missense mutations in actin (H88Y,
R95C, E99K, P164A, Y166C, A230V, S271F, A295S, M305L, R312C, and A331P) have
been indentified to cause HCM [3-10], and two (R312H and A361G) to cause dilated
cardiomyopathy (DCM) [11] in humans. Fig. 1 shows an actin dimer structure in F-form
along one strand of the two stranded F-actin helix. The position of the HCM-causing
mutation A331P, which is addressed in this report is also denoted in the figure. Despite the
vital importance of actin in the heart muscle, the relationship between actin mutation and
HCM disease phenotype remains to be investigated.

The functional consequences of human actin mutations were seldom studied because of the
difficulties involved in expressing recombinant actin. Actin expressed in E. coli could not
fold properly and only formed inclusion bodies [12]. Yeast actin has 86% amino acid
sequence identity with human cardiac actin, hence is not an excellent model, because actin is
an extremely conserved protein. An in vitro transcription/translation system was also used
for actin expression, but the yield was too low (only at the picogram level) to carry out
functional analysis [13]. During the past few years, the baculovirus infected insect cell
expression system has been used to generate recombinant human actin protein for research.
With this system G-actin (all a, B, and v isoforms) folds correctly, and readily polymerizes
to form F-actin [14-16]. In this study, a new improved method was used to ensure the robust
expression and specific purification of un-tagged recombinant actin [17]. The most notable
improvements included the using of P10 promoter and DNase-I column plus
polymerization/de-polymerization purification [17]. Previous studies using polyhedrin
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promoter generally had lower yield than those using P10 promoter [14, 18]. Compared to
previously used Q-sepharose columns [19], DNase-I columns specifically bind with actin
monomer and further improve the yield and purity of the recombinant actin. Using this
improved method, the yield of recombinant actin would be satisfactory for functional
analysis in the reconstituted fibers.

Several actin mutants expressed using baculovirus/insect system have been characterized
[15, 19-21]. Transgenic (Tg) mouse models for actin mutations E99K and E361G have been
generated and myocardium and single myofibrils from the transgenic models were used to
test the functional consequences of these mutations [22-25]. Actin was also purified from
the transgenic models and applied to in vitro motility analysis [22, 23]. However, for the
HCM-causing actin mutants, a comprehensive functional analysis including cross-bridge
kinetics in a muscle fiber environment has not been performed. As the backbone of both
contraction and its regulatory processes, as well as a key structural element in the sarcomere,
actin interacts with many other sarcomeric proteins. These interactions are essential for
sarcomere functions. A single molecule approach (in vitro motility assay) cannot
characterize all these interactions. It also has a problem of requiring low ionic strength (~50
mM), which is not physiological (~200 mM). Therefore, it is of vital importance that the
effect of disease causing actin mutations be evaluated in the muscle fiber system under the
physiological conditions.

Skinned (permeabilized) papillary muscle fibers from transgenic (Tg) mouse models with
HCM mutations in sarcomeric proteins have been used to study the pCa-tension relationship
[23, 24]. However, myocardium from Tg models are affected by adaptive responses that
include interstitial fibrosis and sarcomere disarray [22, 23], as well as post-translational
modifications, notably phosphorylation. These secondary effects also affect contractile and
regulatory properties, making it difficult to isolate the immediate effect of the mutation that
triggers the downstream events and finally lead to a cardiomyopathy phenotype. To address
this problem in a real muscle fiber system and avoid the difficulties with transgenic models,
we applied the thin-filament extraction/reconstitution technique to create cardiac muscle
fibers containing HCM-causing actin mutants without changing other factors which may
interfere with muscle function [26, 27]. Thus, any measured abnormality in the reconstituted
cardiac fibers is the immediate effect of the mutation. In the past, such a thin-filament
extraction/reconstitution technique has been successfully employed to study the functional
consequences of Tm and TnT mutations that cause HCM or DCM [28-30]. The
reconstituted fibers is also very stable, making it possible for us to apply prolonged
activations to enable sinusoidal analysis and to characterize the elementary steps of the
cross-bridge cycle [26].

In this study, we demonstrate that 1) reconstituted fibers using recombinant WT actin
possess the same contractile and regulatory functions as those of native fibers and fibers
reconstituted with BVC actin; 2) an actin mutant A331P decreases tension of reconstituted
fibers in the presence/absence of Tm/Tn; 3) A331P shows a decreased CaZ* sensitivity
compared to that of WT. These results are discussed in the context of the actin-Tm-myosin
interaction and the early molecular pathogenesis of HCM.
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2. Material and Methods

2.1. Experimental Material and the Thin-Filament Extraction and Reconstitution Technique

Bundles of trabecular muscles were collected from fresh cow hearts, skinned
(permeabilized) and further dissected to thin fibers (~2 mm long and 90-110 um thick;
sometimes called ‘strips’) as described previously [26]. The thin-filament extraction/
reconstitution technique was performed as described previously [26, 28, 31].

2.2. WT and mutant actin expression and purification from sf-21 cells

Recombinant baculovirus containing human WT and mutant actin cDNA sequence were
constructed as described previously [17]. In short, human cardiac actin cDNA sequence was
cloned into pAcUW2Bmod and cotransfected into sf-21 cells with Bsu36I-digested
BacPAKG viral DNA (Clontech) to generate recombinant baculovirus. The insertion of WT
and mutant actin sequence into pAcUW2Bmod was confirmed by direct sequencing.

Low passage Sf-21 cells (Invitrogen) cultured in SF900 111 medium (Invitrogen) with 1%
penicillin/streptomycin were infected with the recombinant virus (MOI=2). 2 liters of Sf-21
cells (~ 4x10°9 cells) were harvested 72 h after infection by centrifuging the medium at 3000
rpm for 15 min. Purification of actin using DNase | and DE-52 columns was performed as
described [14, 16, 17]. In short, the cells were lysed by sonication in cell-lysis buffer,
consisting of 1 M Tris-HCI, pH 7.5, 0.5 mM MgCly, 0.5 mM ATP, 4% Triton X-100, 1
mg/ml Tween 20, 1 mm DTT, and a protease inhibitor mixture (lima bean protease inhibitor,
leupeptin, aprotinin, antipain, TLCK, TPCK, E-64, each at 1.25 pg/ml). The cell lysate was
cleared by centrifugation at 50,000 rpm for 80 min at 2°C. The cell lysate was then applied
to a DNase-I column. After loading the lysate, G-buffer (10 mM Tris-HCI, pH 7.5, 0.2 mM
CaCly, and 0.2 mM ATP and a protease inhibitor mixture of pepstatin, chymostatin, BAEE,
leupeptin, aprotinin, antipain, TLCK, TPCK, each at 0.5 ug/ml and PMSF at 0.625 mM) was
used to thoroughly wash the column. 1.0 M of NaCl in G-buffer was then used to wash out
cofilin from the DNase-1 column. Actin was eluted from the DNase-I column to a connected
DE-52 column using 50% formamide in G buffer. After thoroughly washing the DE-52
column with G-buffer, actin was finally eluted using 0.3 M KCI in G-buffer. Eluted actin
was then dialyzed against G-buffer (4 liter) overnight to remove excess KCI.

The following morning, actin was concentrated to less than 1 ml in volume by using Dextran
T150 (average MW=150,000). An additional polymerization/de-polymerization cycle was
applied to the concentrated actin as the last step of purification. The quality of purified actin
was examined by SDS-PAGE (Fig. 2A). Purified G-actin (in solution form) was stored on
ice in a refrigerator (4°C). To ensure the freshness of actin, the purified recombinant actin
was used within 4 days.

2.3. Other proteins and solutions

Bovine cardiac actin, Tm and Tn were purified from bovine hearts as described [32, 33]. For
muscle fiber studies, the standard activating solution (5S8P) contained (mM:) 6

K,CaEGTA, 5.8 NapMgATP, 1.36 Na,K,ATP, 15 NayCP (creatine phosphate), 4 KHoPOy,
4 KoHPOQy, 0.7 NaAc (Ac=acetate), 73 KAc, 10 NaN3, 10 MOPS, 160 U/ml creatine kinase,
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and pH adjusted to 7.00. The ionic strength of this solution was 200 mM, pCa 4.66, [Mg?*]
1 mM, [MgATP27] 5 mM, and [Pi] 8 mM, where Pi=phosphate. All the other experimental
solutions were prepared as described in Table S2 in Ref. [28].

2.4. Actin polymerization assay

Polymerization of G-actin was induced by adding 6 ul of 20x F-salt (10 mM Tris, 40 mM
MgCl,, 1 M KCI, 0.1 mM DTT and 0.1 mM CacCls) into 114 pl 0.2 mg/ml G-actin under
25°C. Polymerization was measured by following the increase in light scattering of the
sample in a FluoroMax-3 fluorescence spectrometer (HORIBA Jobin Yvon Inc). Both the
excitation and emission wavelengths were set to 360 nm with the slit widths set at 1 nm.

2.5. pCa-Tension study

After Tm/Tn reconstitution, pCa-tension studies were performed as described [30] with pCa
ranging from 8.0 to 4.66. The tension at pCa 8.0 was called low Ca2* tension (T c), and the
tension at pCa 4.66 was called high Ca2* tension (Twc). Tact is the Ca2* activatable tension
(Tact=Thuc-TLc), and Casg represents the Ca2* concentration at half-maximum tension (0.5
Tact)- PCasp (= —logyoCasp) represents Ca?*-sensitivity, and ny (Hill factor) represents the
cooperativity. These are defined in Eq. S1 (Supplementary Materials). Tension baseline was
defined as that measured in the relaxing solution, which contains 6 mM EGTA, no added
Ca, 40 mM BDM, and at 0°C. There are no detectable actively cycling cross-bridges under
these conditions. All tension measurement was performed at 25°C as an increment from this
baseline tension.

2.6. Sinusoidal analysis

3. Results

The elementary steps of the cross-bridge cycle based on six states (Scheme S1 in Supporting
Materials) were characterized by sinusoidal analysis performed as described [28, 34, 35].
This method yielded the complex modulus data Y(f), which is a frequency response function.
Y(f) was fitted to Eq. S2 (Supporting Materials) which contains two exponential processes,
and their apparent rate constants 2nb (medium speed) and 2nc (fast speed) were derived
[36]. The effects of [ATP], [ADP], and phosphate (Pi) on 2nb and 2nc were studied, the
results were fitted to Eqs. S3 and S4, and the kinetic constants that characterize elementary
steps of the cross-bridge cycle consisting of six states were derived [34].

3.1. Purification and polymerization of the recombinant actin

The purity of recombinant actin was examined by SDS-PAGE and is shown in Fig. 2A.
Purified BVC actin (Lane 2) was used as the control. WT actin (Lane 3) and A331P actin
(Lane 4) are also shown. The typical yield of recombinant actin reached 0.6-0.7 mg per liter
of cells. The N-terminus of the recombinant actin in this study was not tagged to ensure the
proper folding of actin.

The ability for actin to polymerize is critical for cardiac actin function and the reconstitution
of the thin-filament. To determine if the recombinant actin polymerized normally, light
scattering was performed and the results are shown in Fig. 2B. Purified BVC actin was used
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as the control (—@—). Fig. 2B shows that WT actin (--l--) has slightly faster
polymerization kinetics than that of BVC actin. The HCM causing mutant A331P actin (--
O--) polymerized even faster than BVC actin or WT actin. The maximal light scattering
signal was almost identical between WT actin and A331P actin, but slightly lower in BVC
actin (Fig. 2B). These results demonstrate that the recombinant actin proteins retained the
ability to polymerize; hence they can be used for the thin-filament reconstitution assays.

3.2. Tension generation and kinetic analysis of purified insect actin reconstituted fibers

A previous study has demonstrated that endogenous insect actin accounted for a small
fraction of purified actin [19]. To examine the effect of insect actin, purified insect actin was
used to reconstitute the actin filament of the cardiac fibers, followed by reconstitution with
BVC Tm/Tn. The results are summarized in Table 1. In the absence of Tm/Tn, insect actin
generated 0.52+0.05 T (N=6), which compares to 0.73+£0.07 Ty (N=12) of BVC actin
reconstituted fibers. In the presence of Tm/Tn at pCa 4.66, tension decreased to 0.39+0.05
To (N=6) in insect actin, which compares to 0.98+0.04 T (N=12) of BVC actin. Thus,
tension generated by actomyosin interaction is significantly diminished in insect actin. The
allosteric tension caused by Tm/Tn and Ca2* is negative, showing the negative allosteric
effect, implying a mismatch between actin and Tm. Many kinetic constants (Ko, k—4, K4, Ks,
and some more) are significantly and distinctively different from three other actin
reconstituted fibers. In particular, the Pi association constant (Ks) was by far the largest of
all the fibers used for experiments. Consequently, it can be said that the insect actin behaved
very differently from other actins (BVC, WT, A331P) in the reconstituted fibers, and that
contaminating insect actin (if any) does not alter the results obtained from the recombinant
actin reconstituted fibers.

3.3. Tension generation of BVC actin, WT actin, and A331P actin reconstituted fibers

The recombinant actin proteins were used to reconstitute the thin filament as described in
the Methods. Isometric tension was measured with the standard activating solution. The pCa
of this solution was 4.66, and all experiments were performed at 25°C. Ty (active tension of
native fibers before extraction) averaged 26.9+1.1 kPa (N=41). The results of the tension
study are summarized in Fig. 3A and B. In the absence of Tm/Tn, tension of actin-filament
reconstituted fibers (T,) was similar between BVC actin (0.73+£0.07 Ty, N=12) and WT
actin (0.75+0.06 Tg, N=11) (Fig. 3A) [26]. After Tm and Tn reconstitution (Fig. 3B), the
tension of BVC actin reconstituted fibers (Tyc) reached 0.98+0.04 Ty (N=12), and that of
WT actin reconstituted fibers reached 0.85+0.06 Ty (N=11). The increase of active tension
due to the reconstitution of Tm/Tn is called positive allostery. The results from BVC actin
and WT actin reconstituted fibers are not significantly different. A331P actin reconstituted
fibers showed significantly decreased tension both in the absence of Tm/Tn (T,=0.55+0.03
T, N=13) and in their presence (Tpc=0.65+0.03 T, N=13). In the presence of Tm/Tn, the
stiffness (Y o, defined after Eq. S2 in Supporting Materials) of the reconstituted fibers during
activation (Ync) was also measured and shown in Fig. 3C, which exhibited a similar trend
with The. Rigor was induced by washing out ATP from the Ca2* activated preparations
using the rigor solution (Table S2, Ref [28]), stiffness was measured at 100 Hz, and plotted
in Fig. 3C. There was no significant difference in rigor stiffness among native fibers, BVC
actin, and WT actin reconstituted fibers, but A331P actin reconstituted fibers showed
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significantly decreased rigor stiffness compared with that of WT actin reconstituted fibers
(Fig. 3C).

Our previous investigations have demonstrated that there are some actively cycling cross-
bridges during relaxation (at pCa 8.0) in cardiac muscle fibers; their number increases with
HCM mutants of Tm [28], and decreases with DCM mutants of Tm [29]. Therefore, tension
(TLc) and stiffness (Y| ¢) at pCa 8.0 were measured to evaluate the effect of recombinant
actins. WT actin reconstituted fibers showed the same T ¢ (0.08+0.01 Ty, N=11) as that of
the BVC actin reconstituted fibers (0.08+£0.02 Tg, N=12) and native fibers (0.06+0.01 Ty,
N=10). A331P actin reconstituted fibers showed significantly reduced T, ¢ (0.05+0.01 T,
N=13) compared to that of WT (Fig. 3B). The same trend was observed with Y ¢ (Fig. 3C).
Tact Was defined as Tc—T| ¢, which is Ca2* activatable tension. A331P caused a significant
decrease in T, compared to that of WT. The relaxed stiffness (Y| ¢) remained unchanged
among native fibers, BVC actin, and WT actin reconstituted fibers (Fig. 3C). A331P actin
reconstituted fibers showed significantly decreased Y ¢ compared to that of WT (Fig. 3C).

3.4. pCa-tension study

To determine the effect of recombinant actins (WT and A331P) on Ca2*-sensitivity (pCasg)
and cooperativity (ny), tension of the thin filament-reconstituted fibers was studied as a
function of [Ca2*]. pCa-tension plots comparing native fibers, those reconstituted with BVC
actin, WT actin, and A331P actin are shown in Fig. 4. The curves in this Fig. 4 are the
results of fitting the data to Eq. S1 in Supporting Materials. Native fibers, BVC actin
reconstituted fibers, and WT actin reconstituted fibers exhibited almost the same pCa-
tension relationship as shown in Fig. 4A. The Ca?* sensitivity of fibers reconstituted with
WT actin (5.692+0.02, N=11) was exactly the same as that of the native fibers (5.69+0.01,
N=10) and BVC actin reconstituted fibers (5.68+0.02, N=12) (Fig. 4C). Cooperativity (ny)
was also calculated by averaging the ny of individual curves (Fig. 4D). Cooperativity of the
WT actin (2.6£0.3, N=11) and BVC actin (2.7£0.2, N=12) were slightly less than that of the
native fibers (3.2+0.2, N=10), but without significance. The HCM causing mutant A331P
shifted the pCa-tension curve towards the right and decreased pCasgg (5.57+£0.03, N=13)
compared to that of WT actin (Fig. 4B and C). Cooperativity of A331P (2.3+0.3, N=13)
remained unchanged compared to that of WT actin (2.6£0.3, N=11) (Fig. 4D).

3.5. Sinusoidal analysis and cross-bridge kinetics in the presence of Tm/Tn

Sinusoidal analysis was performed to characterize the cross-bridge kinetics and the
elementary steps of the cross-bridge cycle [28, 34, 35]. Fig. 5 shows the complex modulus
data of native fibers, and reconstituted fibers with BVC actin, WT actin, and A331P actin,
followed by the reconstitution with Tm/Tn, and the data were collected in the standard
activating solution at 25°C. Also plotted are the baseline records collected at 0°C in the
relaxing solution that contained 40 mM BDM. Two apparent rate constants (2rth and 27c)
and their magnitudes (B and C) were deduced from the complex modulus data and shown in
Fig. 6. There were no significant differences in either 2ntb or 2rc among native fibers, BVC
actin reconstituted fibers, and WT actin reconstituted fibers (Fig. 6A). A331P caused a
significantly slower 2rc compared to that of the WT (Fig. 6A). The magnitude B was
similar among native fibers, and BVC, WT, and A331P actin reconstituted fibers (Fig. 6B).
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The magnitude C decreased in A331P, but without significance (Fig. 6B). 2rth and 2nc were
studied as functions of [MgATP] and [Pi], and the results are plotted in Fig. 7. It can be seen
that these rate constants from native fibers, BVC actin reconstituted fibers, and WT actin
reconstituted fibers showed almost the same dependence on [ATP] and [Pi], and the fitted
curves overlapped with each other (Fig. 7 A and C). A331P showed small changes from
WT, but these changes were not significant (Fig. 7B and D).

The rate and association constants (collectively referred to as “kinetic constants”) of the
elementary steps as defined in Scheme S1 in Supporting Materials were deduced by fitting
the ligand concentration dependences ([Pi], [MgATP], and [MgADP]) on the apparent rate
constants [34] and plotted in Fig. 8. Compared to those of the native fibers, both BVC and
WT actin reconstituted fibers exhibited significant increases (p<0.05) in Ky and K; (See
Table 1 for details). Compared with those of the BVC actin reconstituted fibers, WT actin
showed no significant difference in the kinetic constants, except for ~50% decrease in Kq
and a ~55% decrease in ky (p<0.05). Compared to those of the WT actin, A331P showed no
significant difference in the equilibrium constants, except a ~70% increase in ks (p<0.05).

3.6. Cross-bridge distribution and force per cross-bridge in the presence of Tm/Tn

Actin directly interacts with myosin and is one of the key molecules for force generation.
Mutations in actin, especially those at residues directly involved in the AM interface, are
likely to affect AM binding. Altered AM binding may either change the number of force
generating cross-bridges, or the force generated by each cross-bridge. To discriminate
between these possibilities, we calculated the distribution of cross-bridges in each state (Fig.
9) under the standard activating conditions (5 MM MgATP, 8 mM Pi, 0.02 mM MgADP)
and as described [37]. This requires mainly equilibrium constants shown in Fig. 7A [38].
The distributions of cross-bridges were just about the same among all preparations tested,
except that the AM state (Scheme S1 in Supplementary Material) of native fibers was larger
than those of exogenous actin reconstituted fibers. Att indicates the sum of all strongly
attached (force generating) cross-bridges: Att=AMD+AM+AM*S+AM*DP+AM*D. The
percentage of the Att state was similar among all preparations (native fibers: 73+1.9%; BVC
actin reconstituted fibers: 76x+1.7%; WT actin reconstituted fibers: 75£1.6%; A331P actin
reconstituted fibers: 77+£1.5%), indicating the number of force generating cross-bridges was
not changed significantly by the reconstitution process (BVC actin reconstituted fibers vs.
native fibers), recombinant actin (WT vs. BCV), or the mutation (A331P vs. WT).
Consequently, it can be concluded that in the presence of Tm and Tn, A331P decreased
tension per cross-bridge (=THc/Xatt) by 25+7% (£ with error propagation) compared to that
of WT actin. The simultaneous decrease in stiffness during standard activation and during
rigor induction (Fig. 3C) also indicates that the cross-bridge force was weakened with the
mutant actin A331P.

4. Discussion

4.1. Using baculovirus/insect cell expressed actin for thin-filament reconstitution

G-actin generated by the baculovirus/Sf-21 cell expression system polymerizes to F-actin
[14] (see also Fig. 2B) and interacts normally with myosin in vitro [19]. Before using the
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recombinant actin for thin-filament reconstitution and study the effect of actin mutation on
real muscle fibers, we have to demonstrate that recombinant WT actin works in the same
way as does purified BVC actin, and that the reconstituted fibers (together with Tm/Tn)
possess the same contractile and regulatory properties as those of native fibers. As we have
shown, recombinant WT actin was fully functional in a real muscle fiber system, and that
the WT actin reconstituted fibers showed no major differences in both contraction and
regulation when compared with both native fibers and BVC actin reconstituted fibers (Table
1, Figs. 3-9).

One HCM causing actin mutant, A331P, was also synthesized to study the mutation’s effect
on contraction and regulation. Because A331P lies in a polymerization interface that leads in
one direction to the nucleotide binding cleft, and in the other direction to the barbed end of
the monomer (Fig. 1), it is necessary to assess its polymerization kinetics to examine any
defects. In the light scattering assay, the increase of signal strength indicates the formation
of F-actin. As shown in Fig. 2B, the signal strength of A331P and WT was almost the same
when the polymerization curve reached the plateau in 2800 sec, indicating that A331P
polymerized to the same extent as WT actin did. This result demonstrates that A331P actin
polymerized to form F-actin, as WT and BVC actins did when human cardiac actin sequence
was used. This result is at variance from that using yeast actin containing A331P mutation,
in which a serious polymerization defect was reported [39]. Apparently, the difference must
reside in the difference in the sequence between yeast actin and cardiac actin.

Reconstitution of the thin filament by using insect actin demonstrates that insect actin
behaved very differently from purified BVC actin and recombinant WT actin, as described
in section 3.2 and Table 1. The results of BVC actin and WT actin as shown in Figs. 3-7 are
not significantly different, whereas active tension was significantly decreased with insect
actin, indicating that the effect of contaminating insect actin (if any) in the WT actin
preparation is negligible in our thin filament reconstituted fibers. Similarly, the kinetic
analysis shows that many of the kinetic constants (K, k4, K4, and Ks in particular) are very
different from WT actin reconstituted fibers, whereas they are similar among BVC actin,
WT actin, and A331P actin reconstituted fibers. Furthermore, K5 (Pi association constant) is
largest in insect actin (1.06+0.34), smallest in A331P actin (0.17+0.04), and in between in
BVC actin (0.19+0.05) and WT actin (0.22+0.04), indicating that the data on A331P actin is
not a combined effect of insect actin and BVC (or WT) actin. These results demonstrate that
the contaminating insect actin in the recombinant actin preparations is negligible; Trybus
and her colleagues used a specific monoclonal antibody for 3-cytoplasmic actin to detect the
insect actin and showed there was only a small carryover of the insect actin [19].
Consequently, we conclude that the effects observed with A331P actin reconstituted fibers
(lower Ty, Tact, THe, Yact, and Yyc) are the true effects of A331P actin, and not those of
insect actin. All of these results demonstrate that contaminating insect actin (if any) does not
interfere with our functional studies.
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4.2. A331P leads to HCM phenotype through decreasing the contractility of the affected
myocardium

A331P is located within a highly conserved loop region of actin, which contains both
hydrophobic and ionic residues (326-336: KIKIIAPPERK) [40]. Within this region, a yeast
actin mutant P332A (next to A331P, but carrying the reverse mutation seen with A331P)
was shown to increase filament stability without changing the polymerization kinetics [41,
42]. P332A in y-non-muscle actin was shown to cause early onset of deafness in humans
[43]. In the absence of Ca?* in the blocked-state, this region was shown to be critical for
actin-Tm binding [44]. In F-actin, two clusters of charged residues (K326, K328 and R147
as well as D25, R28 and E334) located in subdomain 1 were shown to directly interact with
Tm [45]. Point mutations, K326A, K328A, and E334A were individually shown to eliminate
actin’s ability to bind to Tm in vitro [44], which further provided evidence that the binding
force between actin and Tm is primarily electrostatic [46]. Actin residues D25, R28, and
P333 also form a bulge which defines the azimuthal edge of blocked-state Tm on actin, and
P333 was shown to be at the high radius of the bulge [47]. During Ca2* activation process,
Tm has to slide over P333 in order to reach the closed-state position [47]. It is very likely
that the A331P mutation may change the surface topology of this region by introducing an
extra kink. P333 may be pushed even further away from the actin surface in order to
accommodate the extra kink introduced by the A331P mutation, which may lead to a higher
bulge on the actin surface and make it more difficult for Tm to move from the blocked-state
position to the closed-state position. The topology change caused by the A331P mutation
may also shorten the distance between actin and Tm. The strength of the electrostatic
interaction between two charged residues is determined by their distance. If A331P mutation
shortens the distance between actin and Tm, it could cause an increased actin-Tm
interaction, and lead to an over-inhibition of Tm on the AM interaction. The over inhibition
will result in decreased Ca2* sensitivity and decreased relaxed tension (T c) as we have
observed (Figs. 3B and 4, Table 1). In the strongly bound state, this region of actin is known
to be a part of the actin-Tm-myosin interface [40], which directly interacts with myosin
segment R405-K415 through hydrophobic interaction, and at the same time, maintains
electrostatic interaction with both Tm and myosin [40, 48]. During the strongly bound state,
actin residues D311, K315, K328 and E334 (all of which surround A331) are known to be in
close proximity to E286 and R288 of myosin, and R178, E181 and R182 of Tm [40]. If the
A331P mutation favors the actin-Tm binding, it may well shift the loop region further away
from myosin and lead to a decreased AM interaction, which could result in a decreased
force/cross-bridge in A331P actin reconstituted fibers, as we have observed.

Based on a limited patient study, A331P was reported to be an HCM-causing mutation [3].
However, the functional consequences A331P has on reconstituted fibers appeared to be
very similar with those generally found in DCM causing mutations. There is a generally held
view that the Ca?* sensitivity change determines the disease phenotype: increased Ca2*
sensitivity and/or contractility in the myocardium results in HCM, and decreased Ca2*
sensitivity and/or contractility results in DCM [49-51]. Our finding on A331P is at variance
to this view. There may be three possibilities to account for this difference:
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1. A331P may not be an HCM causing mutation. There has been no large cohort of
patients or transgenic models to firmly prove that A331P leads to HCM. Therefore,
it is possible that A331P was actually a DCM-causing mutation, or not a disease
causing mutation at all. The HCM phenotype of the A331P mutation-bearing
patient may have been caused by other reasons, such as a mutation in another
sarcomeric gene(s). However, this possibility is unlikely for the following reasons.
First, the symptom of the proband was typical of HCM with a solid diagnosis [3],
and there has been no report of a DCM patient manifesting an HCM symptom.
Second, A331P caused a substantial decrease in Ca2* sensitivity and contractility
(~25%) in the reconstituted fibers (Figs. 3, 4B and 4C). It would be very unlikely
that there exist some other causes that could reverse these effects to result in an
increase in Ca2* sensitivity and hypercontractility. It has been reported that 3-5%
of HCM patients may carry double or compound mutations, either in the same gene
or different genes [52]. But these compound mutations appear to cause more severe
phenotypes, and do not correct to each other [52].

2. A331P is an HCM-causing exception to the above-mentioned hypothesis on Ca2*
sensitivity, joining a group of exceptions. Our previous studies showed that an
HCM causing Tm mutation D175N, DCM causing Tm mutations E40K and E54K,
and DCM causing TnT mutation AK210 did not change the Ca2* sensitivity of the
reconstituted fibers [27-30]. Similarly, two HCM causing Tm mutations, V95A
and D175N, have been shown to cause a decreased contractility (Tact) in the
reconstituted fibers [28]. Independent studies from other labs using different
approaches also reported exceptions to the above-mentioned view [53-55]. Our
current study demonstrates that in the thin-filament reconstituted fibers, A331P
caused significant decreases in Ca2* sensitivity and contractility (both Tyc and
Tact: ~25% decrease) compared to those of WT actin (Fig. 3 and 4), which further
adds to the existing list of exceptions. We believe this second possibility is very
likely to be the case, because theoretically it is possible that decreased Ca?*
sensitivity and contractility could lead to HCM. It has long been proposed that
HCM phenotype could be triggered by the decreased contractility as a
compensatory mechanism [56]. The most convincing evidence for compensatory
hypertrophy comes from the fact that the cardiac hypertrophy in HCM patients is
restricted to the left ventricle and interventricular septum, despite the ubiquitous
expression of the mutant protein in both ventricles. Studies of human HCM patients
also showed that decreased contractility may cause pressure overload on the
myocardium, thereby stimulating the expression of stress responsive trophic factors
in cardiomyocytes to lead into the compensatory hypertrophy [57-59]. The increase
of the myocardium mass in the left ventricle may in turn help compensate for the
loss of cardiac contractility in HCM patients. Decreased force generation (either
THc or Tact) has been observed in many DCM causing mutations. The reason why
decreased contractility doesn’t stimulate hypertrophy in DCM patients remains
unknown. It has been shown that insulin-like growth factor-1 (IGF-1), which is
associated with cardiac hypertrophy in HCM patients, relieves DCM symptoms in
animal models [60, 61].
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3. The Ca?* sensitivity change may not be the absolute measure to distinguish HCM
from DCM, as shown in our recent works [28, 29] as well as others [53-55].
Previous experiments that showed the characteristic Ca2* sensitivity shift [62, 63]
was generally carried out in 0 mM Pi and low ionic strength solutions (~150 mM),
but the shift disappeared when the experiments were carried out in physiological
ionic strength solutions (~200 mM) and Pi concentrations (8 mM) [29]. Thus, the
Ca?" sensitivity change observed under non-physiological conditions (0 mM Pi and
150 mM IS) may not occur under the physiological conditions (~ 6 mM Pi and ~
215 mM IS) [64-66]. The levels of phosphorylation change of Tnl and cMyBP-C
are also known to cause the shift [67, 68], but the phosphorylation level change in
transgenic mice may be secondary to the HCM or DCM development.

4.3. A331P decreases the cross-bridge force, but doesn’t change the cross-bridge kinetics

A six-state cross-bridge model (Scheme S1 in Supporting Materials) [38] was used to
characterize the elementary steps of the cross-bridge cycle [69]. Unlike previously
characterized Tm and TnT mutants, A331P doesn’t cause any significant changes in most of
the kinetic constants compared to WT (Fig. 8). There were no significant changes in ADP
dissociation, ATP binding, force generation, and Pi release steps. One exception was an
increase in k4 (Fig. 8B), but this was compensated by an increase in k4, giving rise to an
unchanged equilibrium constant K4 (Fig. 8A). The equilibrium constants approximately
determine the population of cross-bridges in each state, and thereby determine isometric
tension [38]. Unaltered equilibrium constants give rise to unaltered number of cross-bridges
in the strongly attached states (Fig. 9). Because T, of the mutant A331P was about 2/3 of
that of WT, it can be concluded that the cross-bridge force is also reduced to about 2/3 with
the actin mutant A331P. This is most likely caused by the weakened AM interaction by the
mutation, which is also consistent with the reduced active and rigor stiffness (Fig. 3C) in the
presence of regulatory proteins, and reduced active tension (T,) in the absence of regulatory
proteins (Fig. 3A). Another possibility is the weakened actin-actin interaction results in the
increased series compliance, hence less tension and stiffness. Because the step size is fixed
by the geometry of the cross-bridges, the unitary force becomes less with increased series
compliance. An argument against this possibility is that the light scattering kinetics (Fig. 2B)
was faster, but normal otherwise with A331P actin compared to WT actin. However, the
light scattering study was performed under the unloaded condition, and may not represent
the isometric condition.

The effect of the A331P mutation appears small and localized, and it does not induce any
major structural changes in either actin or myosin. Tm-actin binding in the absence of Ca*
appears to be affected by A331P mutation and leads to a decreased T ¢ (Fig. 3B) and Ca2*
sensitivity (Fig. 4C). In the presence of Ca2*, Tm may uncover a major AM binding region
that includes A331P, and shift actin to a position to interact with myosin. Therefore, the
channel for ATP entry, ADP dissociation, or Pi release in the actin-myosin complex is not
blocked by the mutated actin molecule, and every step of the cross-bridge cycle appears to
happen normally.
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It may be argued that the above conclusions are model dependent, because we used the six
state cross-bridge model shown in Scheme S1 (Supporting Materials). However, this is not
the case in the current analysis, because there are no big changes in equilibrium constants,
and major changes with A331P are the active tension (T,¢t) and stiffness (Yact). These
results can be used to arrive at the same conclusion that force/cross-bridge is reduced with
the actin mutation. The cross-bridge model similar to ours has been used by many
investigators for more than 30 years [70, 71], and the results based on our model [34]
generally agree with those obtained using caged ATP [72], caged Pi [73], pressure-release
experiments [74], and with the step that generate force [34, 73, 74].

5. Conclusion

The baculovirus/insect cell expressed actin was fully functional and can be used for thin-
filament reconstitution studies. Reconstituted fibers using WT actin possessed the same
contractile and regulatory properties as those of the native fibers and BVC actin
reconstituted fibers. HCM causing actin mutation A331P significantly decreased the
contractility and the Ca2* sensitivity of the reconstituted fibers. The HCM phenotype in
ACTC A331P bearing patients may be a compensatory effect for the decreased contractility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Actin dimer structure in F-form and the position of A331P mutation
The N and C terminus of each actin monomer are labeled. S1-S4 represent each subdomain

in the actin monomer. A331P mutation is marked in red in both actin monomers. Modified
from [40](PDB ID:4a7f)
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Figure 2. Purification and polymerization of recombinant actin
(A) SDS-PAGE of purified actins. Lane 1: Precision plus protein dual color standards (Bio-

rad); Lane 2: BVC actin; Lane 3: WT actin; Lane 4: A331P actin. (B) Polymerization of
0.2mg/ml G-actin, monitored as the increase of light scattering signal. All light scattering
signals were normalized to the saturation level (at ~2800 s) of WT actin.
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Figure 3. Summary of isometric tension and stiffness
(A) Active isometric tension of the actin-filament reconstituted cardiac muscle fibers in the

absence of Tm/Tn (T,). (B) Isometric tension of the reconstituted fibers in the presence of
Tm/Tn. In (A) and (B), tension was measured and normalized to T (initial tension of native
fibers before extraction, Tp=26.9+1.1 KPa, N=41). Tyc (high Ca%* tension at pCa 4.66) and
Tic (low Ca?* tension at pCa 8) were measured from the absolute baseline. Toe=Thc-TLc.
(C) Stiffness (YY) of the reconstituted fibers in the presence of Tm/Tn. Subscripts HC, LC,
and act corresponds to those of tension. Rigor was induced from fully reconstituted and
Ca?* activated fibers by washing out ATP, but Y| ¢ was not subtracted. Other than the
absolute baseline, all experiments were performed at 25°C. *Significantly different from
WT actin (p<0.05).
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Figure 4. pCa-tension study comparing native fibers, fibers reconstituted with three forms of
actin, followed by reconstitution of Tm/Tn

(A) pCa-tension plots comparing native fibers (A, N=10), and fibers reconstituted with BVC
actin (@, N=12) and WT actin (m, N=11). T| c was subtracted from tension and normalized
against T,et; (B) pCa-tension plots comparing fibers reconstituted with A331P actin (O,
N=13) and WT actin (M, N=11). In (A) and (B), symbols represent the mean + SE, and
continuous curves are the results of fitting the averaged data to Eq. 1 of Ref. [28]. Tension
was normalized against Ty (initial tension of native fibers before thin-filament extraction).
(C) Results of Ca?* sensitivity (pCasg), and (D) cooperativity (ny) are compared for native
fibers, BVC actin reconstituted fibers, WT actin reconstituted fibers, and A331P actin
reconstituted fibers. The value of the pCasg and ny were calculated by averaging the fitted
parameters of each curve. *Significantly different from WT actin reconstituted fibers
(p<0.05).
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Figure 5. The complex modulus data of native fibers, BVC actin reconstituted fibers, WT actin
reconstituted fibers, and A331P actin reconstituted fibers, followed by reconstitution of Tm/Tn

The complex modulus data were measured in the standard activation solution (5S8P) at pCa
4.66 and 25°C. (A)—(B): Dynamic modulus; (C)—(D): Phase shift; (E)—(F): Nyquist plots. In
(A)—(F), continuous curves are the results of fitting the data to Eq. 2 of Ref. [28] based on
two exponential processes. Baseline records were taken in the relaxing solution containing
40 mM BDM without added Ca?* at 0°C. a: Native fibers; @: BVC actin reconstituted
fibers; B: WT actin reconstituted fibers; O: A331P actin reconstituted fibers. Continuous
curves represent theoretical projections.
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Figure 6. (A) The apparent rate constants 2wa and 2rb, and (B) the magnitude parameters of
exponential processes B and C under the standard activating conditions

These data were deduced by fitting the complex modulus data to Eq. 2 in Ref [28]. Error
bars represent standard errors (SE). *Significantly different from WT actin reconstituted
fibers (p<0.05).
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Figure 7. Apparent rate constants of native fibers, BVC actin reconstituted fibers, WT actin
reconstituted fibers, and A331P actin reconstituted fibers followed by reconstitution with Tm/Tn

Two apparent rate constants, 2ntb and 2nc, are plotted against [Pi] and [MgATP]. Symbols

represent the mean £ SE. Continuous curves were generated by fitting the data to Eq. 3 (A-
B) or Eq. 4 (C-D) of ref [28]. A—B: 2nb is plotted against [Pi]. C-D: 2nc is plotted against

[MgATP]. (A: Native fibers; @: BVC actin reconstituted fibers; l: WT actin reconstituted

fibers; O: A331P actin reconstituted fibers; N=7-10).
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Figure 8. Kinetic constants of the native fibers, and reconstituted fibers with BVC actin, WT
actin, and A331P actin followed by reconstitution with Tm/Tn

The kinetic constants of the cross-bridge cycle (Scheme 1) are compared among native
fibers, WT and recombinant actin reconstituted fibers. (A) Equilibrium constants. Note that
Ko was divided by 20. (B) Rate constants. *Significantly different from WT actin
reconstituted fibers (p<0.05); #Significantly different from native fibers

(p<0.05); 8Significantly different from BVC actin reconstituted fibers (p<0.05).
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Figure 9. Calculated cross-bridge distributions based on equilibrium constants in Fig. 8A at the
standard activating condition

([Pi]=8 mM, [MgATP]=5 mM, [MgADP]=0.02 mM). All the cross-bridge states are defined
in Scheme S1 in Supporting Materials, where A=actin, M=myosin, S=ATP, D=ADP, and
P=phosphate. Det indicates the sum of weakly attached states (AMS, AMDP) and detached
states (MS, MDP). Att indicates the sum of all strongly attached (force generating) cross-
bridges: Att=AMD+AM+AM*S+AM*DP+AM*D. #Significantly different from native
fibers (p<0.05). The distribution was calculated on each fiber, and averaged among the
fibers.
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