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Troponin Regulatory Function and Dynamics Revealed by H/D Exchange-
Mass Spectrometry

Devanand Kowlessur, Larry S. Tobacman.

University of Illinois at Chicago, Chicago, IL, USA.

Troponin is the thin filament protein that confers tight, Ca*"-dependent control
over muscle contraction. The mechanism of this regulation was investigated by
detailed mapping of the dynamic properties of cardiac troponin, using amide
hydrogen exchange-mass spectrometry, in the presence of either saturation or
non-saturation of the regulatory Ca*>" binding site in the NH,-domain of sub-
unit TnC. Troponin was found to be highly dynamic, with 60% of amides ex-
changing H for D within seconds of exposure to D,O. In contrast, portions of
the TnT-Tnl coiled-coil exhibited high protection from exchange, more than
six hours, identifying the most stable portion of the trimeric troponin complex.
Regulatory site Ca®" binding altered dynamic properties (i.e., H/D exchange
protection) locally, near the binding site and in the Tnl switch helix that at-
taches to the Ca>"-saturated TnC NH,-domain. More notably, Ca’* also al-
tered the dynamic properties of other parts of troponin: the Tnl inhibitory pep-
tide region that binds to actin, the TnT-Tnl coiled-coil, and the TnC COOH-
domain that contains the regulatory Ca®" sites in many invertebrate as opposed
to vertebrate troponins. Mapping of these affected regions onto troponin’s
highly extended structure indicates contacts important in conformational
change: in the low Ca’" state the Tnl region that effects inhibition bends
back and interacts with the end of the TnT-Tnl coiled-coil, as previously
suggested by intermediate resolution X-ray data of skeletal muscle troponin.
Thus, troponin-mediated Ca®' sensitive regulation of muscle contraction
consists of Ca®"-triggered switching between alternative sets of intra-troponin
interactions.
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Magnesium Stabilizes the Closed Conformation of the C-Domain of Tropo-
nin C

Sarah S. Learman, Rishabh Khandelwal, Franklin Fuchs, Zenon Grabarek.
Boston Biomedical Research Institute, Watertown, MA, USA.

Activation of the thin filament in striated muscles requires both the binding of
Ca*" to the N-domain of troponin C (TnC) and the binding of myosin cross-
bridges to actin, which has been shown to alter the C-domain conformation.
Here we have evaluated the structural and functional consequences of divalent
cation exchange in skeletal and cardiac TnC (sTnC and ¢TnC). We have used
intrinsic tyrosine fluorescence, circular dichrosim (CD), and the fluorescent
nonspecific hydrophobic probe bis-ANS to monitor changes in domain confor-
mation in response to Ca®>" and Mg?" binding in the sTnC, ¢TnC, and in
a ¢TnC mutant in which the invariant Glu residue at the 12th position of the
calcium binding loops III and IV were substituted with Asp (cTnCDD).
Ca" binding causes an increase in Tyr fluorescence and o-helical content in
sTnC and ¢TnC, but not in cTnCDD. Ca** induced C-domain opening charac-
teristic of sTnC and ¢TnC was also greatly reduced in cTnCDD, as measured
by bis-ANS fluorescence. Thus the Asp to Glu substitutions appear to prevent
the C-domain from opening. Bis-ANS Ca®" titrations also showed that high
Ca*>" concentrations may be sufficient to open the N-domain of ¢TnC, which
was reported to remain in the closed conformation in the Ca**-bound state.
Lastly, bis-ANS Mg?" titrations indicate that Mg®" does not cause domain
opening in either cTnC or ¢TnCDD. The closed conformation of the Mg**-
bound C-domain of TnC implies a different mechanism of interaction with
Tnl than that in the presence of Ca’" and suggests that the Mg®'-
Ca’*exchange in TnC may contribute to the thin filament activation of muscle
contraction. This conclusion is consistent with our observation that physiolog-
ical concentrations of Mg?" significantly lower the Ca*"-sensitivity of recon-
stituted cardiac thin filaments.
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Phosphomimetic Substitutions in One or Both Ser43/45 Residues of Car-
diac Troponin I Produces Comparable Changes in Contractile Perfor-
mance

Tamara Stevenson, Sarah Kampert, Justin Steggerda, Gail Romanchuk,
Margaret Westfall.

University of Michigan, Ann Arbor, MI, USA.

Cardiac troponin I (cTnl) is phosphorylated on three clusters of residues in re-
sponse to protein kinase C (PKC) activation. Previously, studies on the
cTnlSer43/45 cluster showed phosphomimetic Asp substitution reduced peak
shortening and accelerated re-lengthening in adult cardiac myocytes. The
goal of the present study is to determine whether one or both Ser residues con-
tribute to the functional response observed with cTnlSer43/45Asp. We studied
adult rat cardiac myocytes 2 and 4 days after viral-mediated gene transfer of

cTnIFLAG, cTnlSer43Asp or cTnlSer45Asp (+FLAG). Western analysis indi-
cated similar levels of ¢Tnl replacement developed for all groups, and exten-
sive replacement with cTnIFLAG (71 £ 9%, n= 6), and FLAG-tagged epitopes
of ¢TnIS43D (72 + 3%, n=8) and cTnIS45D (70 + 5%, n=8) within 4 days. Fur-
ther analysis showed no significant change in cTnl stoichiometry and confocal
analysis confirmed a sarcomeric incorporation pattern for each mutant. In func-
tional studies, shortening amplitude decreased significantly in chronically
paced myocytes expressing non-tagged Ser43Asp and/or Ser45Asp compared
to controls (Control = 0.149+0.008 pm, n=36; cTnlSer43/45Asp =
0.110%+0.006 pm; n=32%*; cTnlISer43Asp = 0.095+0.007, n=44%*; cTnlSer45-
Asp = 0.108£0.007*, n=50; *p<0.05 vs control) 4 days after gene
transfer. An accelerated re-lengthening accompanied this reduced shortening
(Time to 75% relaxation = TTRyse, (ms): Control = 79+4; cTnlSer43/
45Asp = 62+4%*;, cTnlSerd3Asp = 63*=4*, cTnlSerd5SAsp = 65+3%;
*p<0.05 vs control). Interestingly, each single mutant also accelerated the
time to peak shortening (TTP (ms): Control = 83=+5; cTnlSerd3Asp =
68 =3%; cTnlSerd5SAsp = 67 £2%*; *p<0.05 vs control) while cTnISer43/
45Asp did not (84 = 5). These initial results provide evidence that each Ser res-
idue in the Ser43/45 cluster is capable of altering ¢Tnl function in response to
phosphorylation by PKC, yet phosphorylation of both residues does not pro-
duce an additive response.
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Effect of Troponin Ca>" Binding Properties on the Kinetics of Myofibril
Force Initiation and Relaxation

Nicoletta Piroddi', Kareen L. Kreutziger2, Beatrice Scellini!, Scott Lundy?2,
Cecilia Ferrantini!, Chiara Tesi!, Michael Regnier?, Corrado Poggesi!.
'"Universita di Firenze, Firenze, Italy, 2University of Washington, Seattle,
WA, USA.

We have engineered the Ca>" binding properties of troponin C (TnC) to study
the role of increased (160Q sTnC) and decreased (M80Q sTnCF"™WV) Ca®* dis-
sociation rate (ko) on activation and relaxation of skeletal muscle. Previously
we reported that myofibril force development kinetics (kacr) are not influenced
by decreasing k¢ from Tn, but are slowed by an increase in kog (Kreutziger
et al. 2008 JPhsiol. 586;3683-3700) at low [P;] (5 um). The time to initiation
of force (kalag) following a rapid (~10ms) switch from pCa 9.0 to pCa 3.5 pro-
vides information about thin filament activation rate and our preliminary data
suggest this rate may also be sensitive to k,g In rabbit psoas myofibrils
(15°C) kAlagF (~20 ms for native or WT sTnC) is almost eliminated for
M80Q sTnC™"%V and increased by 160Q sTnC (~40-50 ms). Additionally,
though kacr is similar for force increases from either full or partial activation
to full activation, kxlag disappears when starting from partial activation. We
have also reported that fast and slow phase rates of relaxation are not affected
by kofr, but that duration of the slow phase is affected in skeletal myofibrils.
Here we report that lag prior to initiation of the slow phase (krlag) may be
also influenced by k. Opposite to kalag, krlag (~20 ms for WT or native
sTnC) was increased (~40-50 ms) by decreased kogr (M80Q sTnC**”V) and al-
most eliminated by increased ko (I60QsTnC). These experiments demonstrate
a potential approach to study thin filament activation/deactivation kinetics
without the need for fluorescent probes attached to thin filament proteins that
can affect their function. Supported by Telethon GGP07133, MIUR (CP,
CT), NIH-HL65497 (MR).
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Nebulin Alters Crossbridge Cycling Kineticis and Increases Thin Filament
Activation - a Novel Mechanism for Increasing Tension and Reducing
Tension Cost
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Alan Beggs®, Henk Granzier3.
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Nebulin is a giant filamentous F-actin binding protein that binds along the thin
filament of the skeletal muscle sarcomere. Although nebulin is usually viewed
as a structural protein, here we investigated whether nebulin plays a role in
muscle contraction by using skinned muscle fiber bundles from a nebulin
knockout (NEB KO) mouse model. We measured force-pCa and force-ATPase
relations, as well as the rate of tension redevelopment (k) in tibialis cranialis
fibers. To rule out any alterations in troponin (Tn) isoform expression and/or
status of Tn phosphorylation, we studied fibers that had been reconstituted
with fast skeletal muscle recombinant Tn. We also performed a detailed
analysis of myosin heavy chain, myosin light chain (MLC) and MLC2
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