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ABSTRACT: It has been proposed [Herzberg et al. (1986Biol. Chem. 2612638-2644], and confirmed

by structural studies [Gagne et al. (199t. Struct. Biol. 2784—789], that the binding of Ca to the
triggering sites in troponin-C (TnC) causes the opening of the N-terminal hydrophobic pocket bound by
the B, C, and D helices. This conformational change is believed to provide an additional binding site for
troponin-1 (Tnl) and to lead to further events in the?Caegulation process. To answer the guestion of
which part of Tnl interacts with this hydrophobic patch of TnC, we constructed two TnC mutants, each
with a single cysteine, one at residue 48 between helices B and C and the other at residue 82 on the D
helix. Each mutant was labeled with the photoactivatable cross-linker benzophenone-4-iodoacetamide,
followed by reconstitution and UV irradiation. Studies were made in the binary complex composed of
TnC and Tnl, the ternary complex composed of TnC, Tnl, and troponin-T (TnT), and the synthetic thin
filament composed of troponin, tropomyosin, and F-actin. FA@l photo-cross-linking was observed

for both mutants and for all three types of complexes. Although r’d @apendence in the photo-cross-
linking was observed on the binary and ternary complexes, the extent of cross-linking was reduced in the
absence vs the presence ofCan the thin filament. Tnl Met121, five residues from the C-terminus of

the inhibitory region, was identified as the cross-linking site for both TnC mutants using microsequencing
and mass spectrometry following proteolysis. These results, obtained with intacTAInEmplexes,
indicate that the Tnl segment containing Met121 is in close contact with the N-terminal hydrophobic
patch of TnC, and that in the thin filament the segment containing this residue moves away slightly from
the hydrophobic patch in the absence ofCaossibly triggering the translocation of the actin-binding
region(s) of Tnl toward actin.

The molecular basis for force generation in muscle is a The structure of TnC on the atomic level has been well
cyclic interaction between myosin heads on the thick characterized5—7). It consists of two globular domains
filaments and actin in the thin filaments, resulting in the connected by am-helix. The C-terminal domain contains
sliding of the two filaments with respect to each other. In the two high-affinity C&™-binding sites that also bind Mg
striated muscle this process is initiated by the binding of at lower affinity; the N-terminal domain contains the two
C&" to troponin C (TnC), the C&*-binding subunit of the  low-affinity Ca?"-specific sites that have been shown to be
troponin (Tn) complex in the thin filaments. This results in the physiologically relevant activation site8, (9). It was
a series of conformational changes in TnC as well as in Tnl
and TnT’ the inhibitory and tqupomyosw_]-anc.honng §ubun|ts, 1 Abbreviations: Tn, troponin; TnC, troponin-C; Tnl, troponin-I;
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noticed ) over a decade ago that although the two domains elicit photo-cross-linking. The site of cross-linking in Tnl
are highly similar in amino acid sequence and overall tertiary could be identified by microsequencing and mass spectro-
folding, the two differ in one important aspect: in the’Ga metric analysis of the cross-linking product.
bound C-terminal domain, helices E, F, and G form a Compared with other methods, this approach has the
hydrophobic surface that is relatively solvent-exposed; in advantage that intact proteins are used, which circumvents
contrast, in the Ca-free N-terminal domain, the pocket any ambiguity or artifact that might arise from the use of
formed by the equivalent helices B, C, and D is closed and peptides or fragments. Successful applications of this ap-
relatively inaccessible to the solvent. It was proposed by theseproach include the identification of photo-cross-linking
authors that, upon the binding of €do the activation sites,  between TnC residues 12 and 89 to Tnl residues-133
the N-terminal hydrophobic pocket opens via the movement and 108-113, respectively20), TnC residue 158 to Tnl
of the B and C helices away from the D helix, providing an residue 21 23), TnC residue 98 to Tnl residues 16310
additional interaction site for some segment of TH))( The (24), and TnC residue 57 to Tnl residues 1121 @5).
occurrence of this Ca-induced conformational change in The choices of residue 48 in the linker between helices B
the N-terminal domain of TnC was later confirmed by and C and residue 82 on helix D were governed by the
fluorescencel(l), NMR (12), and X-ray crystallographicl@, following considerations: From the crystal structure of TnC,
14) studies. That this opening is functionally important was it can be seen that these resides are located near the entrance
demonstrated earlier by mutagenesis studies, which showednd on the opposite sides of the hydrophobic pocket. Previous
that by inhibiting or preventing the opening, activation was studies on a TnC mutant containing both cysteines at these
impaired (L5) or lost (16). sites showed a remarkably high tendency to form a disulfide
In contrast to the wealth of information on TnC, much bond between these two cysteind$)( We reasoned that a
less is known about Tnl. Some notable features include thephoto-cross-linker that is attached at either site is likely to
following: (1) Tnl has an inhibitory region roughly in the point into the hydrophobic pocket and therefore has a high
middle of the molecule which is capable of binding to Tm  probability of forming a photo-cross-link with the Tnl
actin filaments and inhibiting actomyosin activity, as well segment interacting with the hydrophobic pocket.
as interacting with TnC in a Ca-dependent manned). We indeed found high yields of photo-cross-linking with
(2) In a low-resolution model based on low-angle X-ray and Tnl for both TnC mutants, in the TnTnl binary complex,
neutron scattering studiesl8), Tnl is pictured as an  the TnGTnl-TnT ternary complex, and the Thm-F-actin
elongated strand that coils over and between the two domaingreconstituted thin filaments. For the synthetic thin filaments,
of TnC. (3) Tnl interacts with TnC in an antiparallel manner; the extent of cross-linking was found to be significantly
i.e., its N-terminal region interacts with the C-terminal reduced in the absence vs the presence &f.Gor both
domain of TnC and vice versal9, 20. (4) A peptide mutants, the site of cross-linking in Tnl was identified to be
containing residues 128148 also binds to Tractin fila- Met121, five residues beyond the C-terminus of the inhibitory
ments and weakly inhibits actomyosin ATPase activity by segment of Tnl. The structural and functional implications
itself (22). (5) The region corresponding to residues 216 of these findings will be discussed in conjunction with
131 (adjacent to the inhibitory region) weakens the inhibition relevant findings by others.
of Tm—acto-S1 ATPase activity by the inhibitory region if
the peptide is not extended to residue 148. But it enhancesMATERIALS AND METHODS
the binding of the inhibitory region to TnC in a &a Chemicals All reagents were of the highest grade com-
dependent manner and is critical for the?Ga&nC-induced mercially available. Common reagents were from Sigma.
release of the inhibition of the activit2l). (6) NMR studies Reagents for reduction and alkylation were as follows:
on the N-terminal half of chicken skeletal TnC reveal that acrylamide from Bio-Rad (Hercules, CA), dithiothreitol from
the largest changes in chemical shifts induced by the additionCalbiochem (La Jolla, CA) or Sigma, urea from Pierce
of Tnl peptide 115131 are for residues located in the (Rockford, IL) or United States Biochemical (Cleveland,
N-terminal hydrophobic pocket of TnC, indicating that this OH), iodoacetamide from Sigma, and benzophenone-4-
peptide is able to interact with the hydrophobic poci22) ( iodoacetamide (BP-IA) from Molecular Probes (Eugene,
From the foregoing it seems clear that the primary OR). For digestions: CNBr was from Pierce, modified
conformational transition in TnC in response to?Ca trypsin from Promega (Madison, WI), and hydrogenated
activation is the opening of its N-terminal hydrophobic Triton X-100 from Calbiochem. The matrix-cyano-4-
pocket. The key question that remains is how this confor- hydroxycinnamic acid for MALDI-TOF mass spectrometry
mational transition in TnC is transmitted to Tnl, and what was from Sigma. All chemicals for automated Edman
changes occur in Tnl that lead to further events in the degradation sequencing were from Applied Biosystems/
regulatory process. Perkin-Elmer. Water and acetonitrile for HPLC separations
In this work we set out to identify, in the intact TrThI were from EM Science (Gibbstown, NJ).
complexes, the Tnl residue or segment interacting with the  Protein Preparations and Labelingkeletal Tn subunits
N-terminal hydrophobic pocket of TnC using photo-cross- (26) and Tm @7) were purified from rabbit skeletal muscle
linkers placed on Cys residues introduced into TnC by site- according to established methods. Rabbit skeletal F-&2&)n (
directed mutagenesis. We constructed two mutant TnC’s, and myosin 29) were prepared as described previously. The
each with a single cysteine at position 48 or 82. After latter was stored in 50% glycerol at20 °C. Chymotryptic
attachment of the bifunctional photoactivatable cross-linker S1 was prepared from purified myosin according to Weeds
benzophenone-4-iodoacetamide (BP-IA) at these engineeredand Taylor 80) and stored at-80 °C with 4 mg of sucrose/
cysteines, the labeled TnC’s were reconstituted with Tnl and mg of S1 following additional purification on a Sephadex
other thin filament proteins, followed by UV irradiation to  G-75 gel-filtration column.
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Single-cysteine TnC mutants, TnC48 and TnC82, were tubes for 25 min, unless otherwise indicated, the photo-cross-
constructed by converting Cys98 to Ser and GIn48 or GIn82 linking patterns were analyzed using SPBAGE (12.5%
to Cys using previously described expression and purification acrylamide). In the cases that quantitative analysis was
procedures3l). A single-cysteine Tnl mutant, Tnl133, was desired, the gels were scanned with a UMAX Super Vista
made as described previous32}. S-12 scanner and the intensities digitized with the program
The engineered cysteines on TnC48 and TnC82 wereNIH Image.
alkylated with the bifunctional photoactivatable reagent BP-  Acto-S1 ATPase Assayi®rnary Tn complexes containing
IA using a previously described proceduBS) except that the appropriate subunits were reconstituted and exposed to
the buffer solution contained 10 mM HEPES, pH 7.5, 0.1 UV, if desired, as described above. At the time of assay, the
M NacCl, and 2 mM EDTA, the concentrations of ThC and ternary complexes were mixed with Tm and actin to final
BP-IA were about 40 and 4Q@M, respectively. To remove  concentrations of 0.6M Tn and Tm, 3.uM F-actin. The
excess BP-IA, the labeled TnC samples were dialyzed againsfinal salt concentration was about 20 mM NaCl. Ca(!.2
a solution containing 10 mM HEPES, 0.1 M NaCl, 1 mM mM), or EGTA (2 mM) plus MgC} (5 mM) was present in
DTT, and 0.2 mM CaGl(buffer C), and stored at20 °C the assays for the activated or the inhibited condition,
if not used immediately. Solutions were shielded from light respectively. The ATPase reactions were initiated by the
during the labeling and storage. The concentration of TnC addition of 1.5uM S1. Photometric determination of the
after labeling was determined using the BCA Protein Assay phosphate-release time course was carried out as described
Reagent (Pierce, Rockford, IL). The reagent was standardizedpreviously 83).
with unlabeled TnC whose concentration had been spectro- Purification of the Cross-Linking Product3he binary
photometrically determined. The typical efficiency of the complexes of BP-TnC4&nl and BP-TnC82I'nl were made
labeling was>90%. as described above. For the former, one portion was irradiated
The cysteine on Tnl133 was labeled with the fluorescence in the presence of Ca(in buffer C), the other in the absence
probe CP-Mal using a procedure described previou&d. ( of Ca* (buffer C plus 2 mM EGTA and 8 mM MgGg).
Labeling of actin with CP-Mal was carried out as follows. BP-TnC82Tnl was irradiated in the presence ofCanly.
Depolymerized actin;-30 uM, in G-actin buffer containing ~ The components of each sample were separated on an anion
2 mM Tris-HCI, pH 8.0, 0.2 mM CaG]J 0.2 mM ATP was exchange column, Mono Q HR 5/5 (Pharmacia), using a
incubated with 15@M CP-Mal overnight on ice. Following ~ Waters 650E FPLC system (Millipore). The column was
the removal of the undissolved probe by centrifugation, the equilibrated with a buffer containin6 M urea, 0.1 M NaCl,
actin solution was polymerized by the addition of 1 mM 20 mM Tris-HCI, pH 8.0, 2 mM DTT before the samples
MgCl, and 50 mM NaCl. The F-actin was pelleted by high- were loaded. The proteins were eluted with a salt gradient
speed centrifugation (Beckman TL100, 3009@&r 30 min), from 0.1 to 0.6 M NaCl in the same buffer with a flow rate
leaving the majority of the excess probe in the supernatant.of 0.7 mL/min. The eluate was monitored with a UV
The actin pellets were dissolved in G-actin buffer that was absorption detector at 280 nm. The peaks were identified
one-fourth of the original volume, and the solution was by SDS-PAGE. Free Tnl, cross-linked Tnl and TnC, and
dialyzed against 2L of G-actin buffer for-6L2 h. Following free TnC were eluted at 0.1, 0.33, and 0.35 M NaCl,
another high-speed centrifugation and before the final respectively. The fractions containing the cross-linking
polymerization, the concentrations of actin and the fluores- product were pooled and dialyzed against 2 mM,NBO;
cence probe were determined by the absorbances at 280 nnand lyophilized thereafter. The purified cross-linking products
[€280 = 1.09 (mg/mL)* cm™1] and 387 nm ¢3g; = 29 700 are referred to as BP-C48-l and BP-C82-1, respectively.
M~1 cm™1), respectively. The typical efficiency of labeling Alkylation of Tnl.Cysteine residues in Tnl were alkylated
was 80-90%. with acrylamide to form theSS-propionamide cysteine
Reconstitution of the Binary and Ternary Tn Complexes, derivative 89). Rabbit skeletal Tnl (50 nmol), BP-C82-I (10
and Regulated Thin Filamenf§he labeled TnC mutant, BP-  nmol), and BP-C48-1 (10 nmol) were dissolved in 100
TnC48 or BP-TnC82, was combined with skeletal Tnl of a solution containing 10 mM DTT, 0.25 M Tris-HCI, 1
(binary complex) or Tnl and TnT (ternary complex) in mM EDTA, 6 M urea and incubated at 6C for 30 min.
equimolar ratio in a denaturing solution containing 4 M The samples were incubated at ¥7 for 2 h following the
GdmCl, 10 mM HEPES, pH 7.5, 0.1 M NaCl, and 2 mM addition of 50uL of 6 M acrylamide, and were then directly
EDTA. The protein complexes were renatured by dialysis desalted on a 4.6 mm 25 cm Vydac (214TP54) £olumn
against buffer C. To reconstitute the regulated thin filament, using a Hewlett-Packard 1090 M HPLC system.
the reconstituted Tn complex was mixed with Tm and  BP-C48-I cross-linked in the absence of’Cavas alky-
F-actin; the final concentrations were( Tn and Tm, and lated with iodoacetamide by dissolving the sample intR5
42 uM F-actin. The mixtures were then dialyzed against of a solution containig 8 M urea and 100 mM NEHCOs,
F-actin buffer containing 2 mM Tris, pH 8.0, 50 mM NaCl, followed by the addition of 5«L of 45 mM DTT and
0.2 mM CaC}, 1 mM MgCh, 0.2 mM ATP, and 0.5 mM incubation at 50C for 15 min. The sample was allowed to
DTT. cool to room temperature after which A of 100 mM
Photo-Cross-LinkingBefore UV irradiation, the stock iodoacetamide was added. The reaction was allowed to
solution of each mixture was split into four aliquots of about proceed for 15 min before dilution with 6oL of water.
100uL each; one was saved as the unirradiated control, and Chemical and Enzymatic Cleage of BP-TnC82-IThe
three were used to examine photo-cross-linking in different alkylated BP-C82-1 sample was dissolved in/0of 70%
metal ion states. The apo or [fgstates were attained by formic acid, and 2 mg of CNBr freshly dissolved in& of
adding 2 mM EDTA, or 2 mM EGTA and 8 mM Mggl 70% formic acid was added. The sample was incubated at
respectively. Following UV irradiation in borosilicate glass room temperature in the dark for 18 h, then diluted to 0.5
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mL with water, and dried in a SpeedVac concentrator. The A

sample was redissolved in 25% TFA prior to injection onto o

an HPLC. CNBr peptides were separated with a 2.1 mim .._f.'.-;l'

25 cm Vydac (218TP52) {g column using a linear gradient C4—= - — - :_"%..T

from 100% solvent A (0.1% TFA) to 70% solvent B (0.08%

TFA in acetonitrile/water, 70/30) in 70 min at a flow rate of

210 uL/min. The eluate was monitored with a Hewlett- T~ M- - - - -

Packard UV diode array detector at 210 (for peptides) and ~ THC—= Sl S S s o - -

at 260 and 300 nm (for BP), and fractions were collected

manually. AWV Ca apo Mp UV Ca ape W
Fractions identified as being cross-linked peptides from BF-TRC48+Trl BRE-TNCE8+TR+TAT

the CNBr digestion mixture were further broken down by B

trypsin digestion. CNBr peptide fractions were dried down

and redissolved in 5@L of a digestion buffer containing -~ .- - C-T
100 mM NaHCQ, 10% acetonitrile, 1% hydrogenated Triton CH4—= -_— — e 3 |
X-100, pH 8.2; 2ug of trypsin in 4uL of 50 mM acetic SN - T

acid was added to the samples. They were then incubated at

37°C overnight and injected directly into the HPLC. Tryptic

peptides were separatech @ 1 mm x 25 cm Applied Tl —» .

Biosystems (Aquapore RP-300% €olumn using a linear TnC — .... ...

gradient from 100% solvent A to 55% solvent B in 30 min W Ca

and then 55% solvent B to 85% solvent B in 10 min at a

flow rate of 150uL/min. The eluate was monitored at 210, E 1: Photo-cross-linking of TnC mutants in the binary and

: IGURE 1: - -lIINKI u | | Yy

260, and 390 nm, and fractions were collected manuglly. ternary complexes. BP-TnC48 (A) and BP-TnC82 (B) were

Enzymatic Cleaage of BP-C48-IBP-C48-I prepared in  recombined with Tnl (left four lanes) or Tnl and TnT (right four

the presence of Ca and alkylated with acrylamide was lanes) and dialyzed against a solution containing 10 mM HEPES,

dissolved in 25//”_ ofan 8 M urea, 100 mM N|2[|-|C:O3 pH 7.5, 0.1 M NaCl, 0.2 mM Ca@l A"qUOtS of the Samples in

; ; ; : the above medium (lanes Ca), with 2 mM EDTA (lanes apo), or
solution and then diluted with water to make the final with 2 mM EGTA and 8 mM MgGJ (lanes Mg) were irradiated

concentration of urea 2 M. Trypsin (1g) in 4 uL of 50 with UV light. An unirradiated sample (lanesUV) was used as
mM acetic acid was then added, and the sample wascontrol. On these Coomassie Blue stained SDS gels, the-TnC
incubated at 37C overnight. BP-C48-I cross-linked in the  cross-linking products appear above TnT, and the-ThQT cross-
absence of G4 and alkylated with iodoacetamide was linking products are above the cross-linked TnC-Tnl bands.
digested by trypsin with the same procedure immediately ) .
following the alkylation. The tryptic peptides were separated that of BP-C48-I1. These two BP-C48-T bands obtained with
with a 2.1 mmx 25 cm Vydac (218TP52) g column as  the ternary complex were of the same mobilities on the SDS
described above. gel as those obtained with the binary complex of BP-T48

Protein Sequencing, Mass Spectrometry, and HPLC. (data not shown). .
Automated Edman degradations were performed on an In both the b? inary and ternary comp_lgxes, but only in the
Applied Biosystems/Perkin-Elmer 494 Procise sequencing PrS€Nce of Cd, a band. of h!gher mobility than that of BP-
system. MALDI-TOF mass spectrometry was performed on TnC48 appeared upon irradiation (the lowest bands in lanes

a Perseptive Biosystems Linear Voyager BioSpectrometry “Ca” of Figure 1A). The same b"’?”d was obtained when
Workstation. HPLC was performed on a Hewlett-Packard uncomplexed BP-TnC48 was irradiated (data not shown). It

1090 M HPLC svstem equipped with a UV photodiode array MOSt likely corresponds to an internally cross-linked TnC
detector. 4 auipp P Y species whose mobility on the SDS gel is enhanced owing

to its more compact structure.
RESULTS The cross-linking results for BP-TnC82 are similar to those
for BP-TnC48 with minor differences: BP-TnC82 photo-
Photo-Cross-Linkingin the TnGTnl binary complex, BP-  cross-linked to Tnl in both the TnTnl and the TnE€Tnl-
TnC48 was photo-cross-linked to Tnl with high yield both TnT complexes with similar yields and with little €a
in the presence and in the absence of'Cgrigure 1A) dependence (Figure 1B). Photo-cross-linking of BP-TnC82
indicated by a protein band above TnC and Tnl on the SDS to TnT produced a single band on the SDS gel in both the
gel. This band is absent in the unirradiated sample. The yield TnC-TnT (data not shown) and the THI-TnT complexes
of photo-cross-linking was slightly reduced in the absence (Figure 1B). The yield of BP-C82-T was significantly lower
of Ca. in the presence of Mg than in the presence of €a There
In the TnGTnl-TnT ternary complex, BP-TnC48 pre- was no indication of any intra-TnC photo-cross-linking under
dominantly photo-cross-linked with Tnl under all the tested any condition.
metal ion conditions (Figure 1A). The yields were nearly  In the case of reconstituted Trm-actin thin filaments,
C&*-independent and comparable to those in the binary either actin or Tnl was labeled with the fluorescent probe
complex. Some photo-cross-linking with TnT, appearing as CP-Mal to facilitate the identification of the cross-linking
two separate bands above the BP-C48-1 band, was observetands. No photo-cross-linking of BP-TnC48 or BP-TnC82
in the presence of Gabut not in its absence. The yield of with actin was observed (data not shown). Photo-cross-
the BP-C48-T cross-linking was much lower compared to linking with CP-Tnl was indicated by the presence of

HpC Mg UV Ce @pD W
BP-TnCB24Tnl BR-TRLEZ+Tnl+TnT
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A Table 1: Tm-Acto-S1 ATPase Activities Regulated by Tn

Reconstituted with Different Forms of TnC
=— actin —uv +uva

C-| == =—TnT
- Tm troponin containing  +Ca&" —Ca* +Cat —Ca&*
Tnl —= asas TnC 100 15 102 14
T —= ;s . TnC48 112 16 109 14
TnC82 95 15 97 15
BP-TnC48 116 22 105 40
AVO0_Wou B AN oG weo g BP-TnC82 114 20 113 42

.ﬂmrﬁdaﬁt; stalmed - — -
aUV irradiation (20 min) was performed on Tn ternary complexes

B prior to mixing with actin and Tm® All activities are expressed in
percent. 100% represents 0.6l of P-(mg of S1ymin~. Assay
conditions: 1.5uM S1, 3uM F-actin, 0.6uM Tm, 0.6 uM Tn, 10
Ce| —= mM HEPES, pH 7.5, 20 mM NaCl, 5 mM Mggl2 mM DTT, 1.5
mM ATP, and 0.2 mM CaGlfor the +C&* state or 2 mM EGTA for
Tnl = the —C&* state, at 25C.
ThC—

the mutations nor the labeling affected the regulatory
activities of these TnC'’s.

o _ ) _ After 25 min of UV exposure, the ATPase activities with
Ficure 2: Photo-cross-linking of ThC mutants in reconstituted thin

. Y " .
filaments. Ternary Tn complexes containing BP-TnC48 (A) or BP- or without C&" with Tn's that contalned_ unlabele_d Tn_C
TnC82 (B) and CP-Tnl133 were reconstituted in the same solution Mutants showed no change compared with the unirradiated
as that in the legend for Figure 1. They were then combined with Samples, indicating that UV light itself does not change the
Tm and F-actin to the following final concentrations: AR properties of Tn. For the samples containing BP-TnC48 or

F-actin, 6uM Tm and Tn; and dialyzed against a solution containing Bp-TnC82. the activities in the presence of2Cavere
2 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.2 mM ATP, 0.2 mM unaffected,b irradiation. The actiE/ities in the absence of
CaCb, 1 mM MgCl, and 0.2 mM DTT. The lane designations are y )

the same as in Figure 1. The gels were first photographed with _CaH_: on the other hand, were significantly higher for the
UV excitation (left panels) and then stained with Coomassie Blue irradiated samples than for the unirradiated controls, indicat-
(right panels). The only cross-linking found was between TnC and ing that the inhibitory activities of these Tn’s were impaired
Tnl, observable only on fluorescence pictures. On the stained by virtue of the photo-cross-linking. Although the loss of
pictures the corresponding bands overlap the bands of actin which. hibiti t total hould k . ind that th
was in manyfold excess. inhibition was not total, one should keep in min at the

cross-linking was also incomplete (Figure 1).

fluorescent bands in the same positions as those derived from Determination of the Cross-Linking Site on Tnl for BP-
photo-cross-linking in the binary and the ternary complexes C48-1. It has been noted from previous cross-linking work
(Figure 2). Note that these bands could not be detected onwith TnC (34) that the CNBr peptide 4678 was not
the Coomassie Blue stained gels because their electrophoreti¢ecovered by reverse-phase HPLC. Oftentimes a change of
mobility is similar to that of actin which was in large excess. a single amino acid in the sequence of a peptide dramatically
Although the fluorescence intensities of the cross-linked BP- changes its solubility. Since a tryptic digest generates a
TnC48 or BP-TnC82 with CP-Tnl were low, probably due C-terminal Arg for peptide 4581, it would in theory
to absorption by actin, it is evident that the yield was higher produce a slightly more basic peptide with properties which
in the presence of Ga compared with that in its absence. could enhance its solubility in the acidic solvent system used
All the samples were centrifuged following UV irradiation, for peptide isolation. Thus, BP-C48-1 was digested with
and the supernatants and the pellets were examined on SDYpsin in this work. The analysis by HPLC of the BP-TnC48
gels. All thin filament components, including the cross-linked tryptic digest shows that the labeled TnC peptide (residues
TnC and Tnl, were pelleted with F-actin in the presence and 45—81) elutes almost at the end of the gradient, reflecting
absence of G4 (data not shown), confirming that the photo- the interesting solubility properties of this region of TnC
cross-linking within the Tn complex occurred while attached (Figure 3). The arrows in Figure 3 indicate the well-defined
to thin filaments. Aceo fractions in the digest of BP-C48-I which were not found
Regulatory Actiities. The regulatory activities of the Tn  in the un-cross-linked controls. These fractions were analyzed
complexes reconstituted with the labeled or unlabeled mutantby both mass spectrometry and protein sequencing. Sequence
TnC’s were tested. The irradiated or unirradiated Tn com- analysis of the cross-linked fraction eluted at 42.5 min
plexes were added to Tm and actin. The ATPase activitiesshowed the presence, in exactly 1:1 molar ratio, of TnC
of myosin S1 in the presence of these reconstituted thin (residues 4552) and Tnl (residues 116123), among which
filaments were then assayed. The results are summarized ifVet121 of Tnl had a very low yield indicating that it is the
Table 1. Without irradiation, the activities in the presence Most cross-linked residue (Table 2).
and the absence of &afor samples that contain either To gain further support for the notion that the two peptides
unlabeled or labeled TnC mutants were similar to those for of TnC and Tnl were cross-linked, we performed MALDI-
the control sample, which contained rabbit skeletal TnC. The TOF mass spectroscopic analysis. It produced a mass of
inhibited activities were approximately 15% of those in the 1954.8 Da for this fraction which is exactly the sum of TnC
presence of G4 (the slightly higher activities for the labeled 45—52 (850.1 Da), the cross-linker (238 Da), and Tnl £16
TnC’s may be due to inaccuracies in concentration deter- 123 (866.1 Da) (Figure 4A). The fraction that eluted at 68.5
minations after labeling). These results indicate that neither min was also examined. Sequence analysis showed the

- Ca apo Mg -0V Ca apo Mg
flsarescancs stained
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Ficure 3: Reverse-phase HPLC separation of tryptic digests monitored at 260 nm. The tryptic digests of BP-C48-I (top panel), Tnl (middle

panel), and BP-TnC48 (bottom panel) were fractionated using a Vydac (218TR52pI@mn. The elution positions of the cross-linked
peptides are indicated by arrows in the BP-C48-I digest. Also indicated is the elution position of the BP-TnC48 tryptic peffiitie 45

(bottom panel). Strong absorbance at 260 nm is indicative of cross-linked peptides. The absorbance at 260 nm found in the Tnl digest is

due to the tryptophan absorbance of Tnl tryptic peptides.

Table 2: Yields of Edman Sequence Analysis in Picomoles for Cross-Linked Peptides Derived from the Tryptic Fractions of BP-C48-1 and

BP-C82-I
BP-C48-I BP-C82-F
5267 Da 1954.8 Da 11T7;| Da 11%?' Da
Cycle TnC (45-81) Tnl (116-123) TnC (45-52) Tnl (116-123) (117-123) (117-123)
1 M 131 M— M 122 M — S 10 S8
2 L 85 S 43 L73 S35 A14 A9
3 G 63 A67 G 54 A 50 D13 D5
4 Xb — D 80 X — D33 A12 A7
5 T 46 A 68 T51 A 50 M 0.4 M 0.1
6 P 33 M 15 P 39 M 15 L12 L7
7 T 26 L51 T27 L 45 K9 K5
8 K 73 K— K 78 K —
9 E 44
10 E 53
11 L 44
12 D 26
13 A23
14 131
15 141

aYijelds are not reported for the TnC Cys-Hse peptfd@enotes site of cross-linking which showed no PTH derivative.

presence of peptides of TnC (4B1) and of Tnl (116-123)

in an equimolar ratio (Table 2). This would arise from
incomplete tryptic cleavage at Lys52 of TnC. Again in the
sequence analysis of this fraction Met121 of Tnl occurred
in very low yield relative to other Tnl residues. A mass of
5267 Da for this fraction is in excellent agreement with the
sum of the masses of ThC 481 (4163.7 Da), the cross-
linker (238 Da), and Tnl 116123 (866.1 Da) equalling
5267.8 Da (Figure 4B).

The BP-C48-I complex prepared in the absence ¢f Ca
was also examined. The tryptic peptide maps were almost
identical to that obtained in the presence of C#&\gain the
cross-linked fractions eluted at 42.5 and 68.5 min showed
the same masses of 1954 and 5267 Da, respectively.
Sequence analysis of the fraction at 68.5 min showed
peptides of TnC 4581 and Tnl 116-123 in equimolar ratio
with, again, Met121 of Tnl at a level as low as 25% of that
expected.



6684 Biochemistry, Vol. 38, No. 20, 1999 Luo et al.

A 70004
1954.79

6000

5000

4000+
2
c
3
[+]
[&]

3000

2000

1000

WWMMA " Ay "
0.‘ bt MY
T T T ¥ U
1200 1400 1600 1800 2000 2200 2400 2600 2800
Mass (m/z)
B oo
5267.01

400

300«
2]
5
o
(83

200

100+

0. YA A o VA
i { T T T T T
4000 4500 5000 5500 6000 6500 7000
Mass (m/z)

Ficure 4: MALDI-TOF mass spectra for cross-linked peptides. The mass of the peptide in the fraction eluted at 42.5 min (A) and 68.5 min
(B) in the top panel of Figure 3 was determined by mass spectrometry. The masses at 1954.8 and 5267 Da represent singly protonated
cross-linked peptides (see text).

Determination of the Cross-Linking Site on Tnl for BP- by cross-linking. The presence of the minor sequences may
C82-1. BP-C82-1 was digested with CNBr. Comparison of be a matter of simple coelution of partially cleaved CNBr
the CNBr digest of BP-C82-1 with that of BP-TnC82 and peptides. Mass spectrometry was not useful owing to this
Tnl showed a somewhat broad heterogeneous cross-linkecheterogeneity.
peptide eluting between 49 and 53 min (Figure 5). Sequence To delineate more precisely the site of cross-linking, the
analysis of this fraction showed several sequences (data noCNBr fraction for the cross-linked peptide was further
shown). The two major sequences were the expected peptideligested with trypsin (Figure 6). The digest was eluted with
of TnC (residues 8683) and a Tnl peptide (residues ¥17  five closely spaced\s peaks (bottom panel of Figure 6).
134), which appeared in nearly equimolar amounts. Other These fractions were evaluated by MALDI-TOF mass
sequences amounted to-380% of the major sequences. The analysis and found to have masses of 1177 Da for the 22.5
fact that Met121 in Tnl peptide (117134) was not digested  min fraction and 1159 Da (loss of one water) for the 26 min
by CNBr suggests that the residue had been modified, likely fraction (Figure 7), respectively. Sequence analysis of these
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FicurRe 5: Reverse-phase HPLC separation of CNBr digests monitored at 260 nm. The CNBr digests of BP-C82-I (top panel), Tnl (middle
panel), and BP-TnC82 (bottom panel) were separated on a Vydac (218TRE2)@nn. The elution positions of the cross-linked peptides
were found between 49 and 53 min and indicated by a bar. Also indicated is the elution position of BP-TnC82 CNBr pep88e, 80
(bottom panel). The strong 260 nm absorbance found in the Tnl digest is due to tryptophan absorbance of Tnl CNBr peptides.
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FiGuRe 6: Reverse-phase HPLC separation of tryptic digests monitored at 210 and 260 nm. The CNBr fraction of BP-C82-| found between
49 and 53 min in Figure 6 was further digested with trypsin. The tryptic peptides were separated on an Aquapore REeBOAGrC
Absorbances at 210 and 260 nm (indicative of cross-linked peptides) are shown in the upper and lower panel, respectively. The arrows
indicate the fractions that were subjected to mass spectrometry analysis.

two fractions showed one common sequence derived fromThe expected TnC peptide CHse (residues 82) was also
Tnl (SADAXLK) which corresponds to residues 11723. present, but the yield of Hse was not quantitative enough to
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Ficure 7: MALDI-TOF mass spectra of the cross-linked peptides shown in Figure 6. The top spectrum showing a singly protonated
peptide mass of 1177.5 Da and the bottom spectrum showing a mass of 1159.9 Da represent the fractions found at 22.5 and 26 min,
respectively, in Figure 6. Both fractions were identified as the same cross-linked peptide (see text for details).

be used to determine the relative yields (Table 2). However, to switch back and forth between TnC and actin upon the
the mass spectrometry data supported the presence of thactivation and inhibition of muscle contraction.
TnC peptide (CHse lactone), 204.3 Da; the cross-linker, 238 Thjs result for the complex of intact TnC and Tnl is in
Da; and a Tnl peptide (SADAMLK), 735 Da, totaling 1177.3  harmony with many studies using fragments or peptides. For
Da. In the sequence analysis of these fractions the yield of gxample, affinity chromatography studies revealed that Tnl
Met121 of Tnl was negligible, again indicating that it was yesidues 116131 enhanced the affinity of the inhibitory
the most cross-linked residue. The presence of the 1159 Darggjion for TnC in a C#-dependent manne2{). Based on
fraction was probably due to the loss of water from the cross- fiorescence titration and sequence analysis studies, it was
linker since the homoserine is presumably in its lactone form ¢oncjuded that the second of three roughly homologous
in the 1177.3 Da fraction. The exact nature of_ how water sequences in the C-terminal half of Tnl (residues1232,
could be lost from the benzophenone cross-linker is not tormed thed motif) interacts with the N-terminal domain of
understood. TnC (35). More direct evidence is provided by an NMR
study using a truncated TnC (N-terminal domain only) and
DISCUSSION the Tnl peptide 115131. The chemical shifts of backbone
The major aim of this work was to determine which region amides at TnC residues that are near or at the hydrophobic
of Tnl interacts with the hydrophobic patch of TnC, the area Patch (e.g., 42, 46, 49, and 50 on the B helix; and 82 on the
that becomes exposed on binding ofCt the N-terminal central D helix, where the numbers refer to chicken skeletal
triggering sites. Our cross-linking results show that, in both TnC sequence) were significantly changed by the addition
the binary TnC€Tnl complex and the intact ternary Tn Of the Tnl peptide with saturating €a(22). Recently, the
complex, photo-cross-linkers attached to both residues 48crystal structure of TnC complexed with the N-terminal
and 82 of TnC indeed cross-link primarily to Tnl with Ppeptide of Tnl, residues-147, has been solve@®). This
roughly equal efficiency. TnC residues 48 and 82 are located structure reveals that the Tnl segment38 is ana-helix

at the rim of the N domain hydrophobic pocket on the B, lying in the open hydrophobic pocket formed by helices E,
the C, and the D helix side, respectively. If they cross-link F, and G in the C-terminal domain of TnC. These authors

to the same region in Tnl, that region is very likely to be also modeled the interaction of the Tnl-9627 region with
between the B, C, and D helix, i.e., inside the N-terminal TnC’s N-terminal domain. In their model, residues 14
domain hydrophobic pocket of TnC when it is open. 126 interact strongly with the exposed N-terminal hydro-
Our microsequencing and mass spectrometric studies have®nobic patch. Most interestingly, Metl2l of Tnl was
identified one single photo-cross-linking site in Tnl, viz.,, indicated as one of the key residues in the contact.
Met121, in the complex with either BP-TnC48 or BP-TnC82. In the synthetic thin filaments, for both BP-TnC48 and
This shows unequivocally that the region in Tnl that interacts BP-TnC82, we found that the extent of TATnl cross-
with the N-domain hydrophobic patch of TnC contains this linking was clearly C#& -sensitive, being significantly re-
residue. The residues adjacent to Met121 in the sequenceduced in the absence (Migstate) than in the presence of
AMLKALLG (residues 126-127) are highly hydrophobic, = Ca&* (C&" state) (Figure 2). This suggests that residue 121
making this Tnl segment the prime candidate for interaction of Tnl and the residues adjacent to it move away from the
with TnC’s N-domain hydrophobic pocket. This region is N-terminal hydrophobic patch of TnC in response to its
not the inhibitory region (residues 9@.15) that is believed  closing when C# is absent. This movement, however,
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cannot be very large because some photo-cross-linking couldin the absence of Ga did not reach those in the presence
still be observed (Figure 2). This small movement can of C&". This may be because the benzophenone moiety
nevertheless trigger larger movements of the N-terminal end contains several flexible bonds, so that the cross-link is not
of the inhibitory region, and of the 128.48 region toward completely rigid, and a slight movement of this region away
actin. from TnC can still take place. This may also be simply due
It is curious, however, that no €a sensitivity was to the fact that the photo-cross-linking was not complete,
observed in the binary Tn@nl and the ternary Tndnl- and without reliable methods to determine the extent of cross-
TnT complexes. We interpret these observations as follows: linking this issue cannot be resolved at the present time.
in the binary and ternary complexes, this movement of Tnl's Future experiments using more rigid cross-linkers or disulfide
residue 121 may be nonexistent or so small that it cannot beCross-linking are underway in our laboratory.
detected by photo-cross-linking. In the reconstituted thin  In summary, the Tnl region containing Met121 adjacent
flament, on the other hand, owing to the large-scale to the C-terminal end of Tnl's inhibitory region has been
movements of the aforementioned Tnl regions toward actin, identified as the partner of TnC’s N-terminal domain
this movement of the Met121 region is accentuated and hydrophobic pocket in constituting the core of the TrfCa
becomes apparent in our photo-cross-linking experiments. switch. The signal of Cd binding triggers the opening and
That Tn behaves differently in the free state versus when closing of TnC’s N domain hydrophobic pocket, which
it is incorporated into the thin filament is not unusual. For directs the movement of this Tnl region in and out of the

example, we have observed that the digestion of Tnl by Pocket. This, in turn, Iead§ to a relatively large movement
chymotrypsin is different for free Tn versus Tn in the Of other C-terminal Tnl regions away from TnC and toward

reconstituted TArm-actin thin filament 87). Also, the C&"-

actin.

induced change in distance between residues 48 and 133 in

the N- and C-terminal regions of Tnl was only found in the
thin filament state and not in free TRJ).

The suggestion that this Met121-containing region of Tnl,
which is distinct from its inhibitory region, stays outside but
very close to TnC’'s N domain hydrophobic pocket when
the pocket is closed implies that this region does not directly
participate in Tnl’s interaction with actin in the inhibited
state of muscle. This is supported by some experimental
results: in the CH-free state of thin filament, the benzophe-
none moiety attached to Tnl residue 104 photo-cross-linked
to actin with high yield, indicating that the N-terminal portion
of Tnl's inhibitory region interacts with actin under these
conditions 88); in contrast, photo-cross-linking between Tnl
residue 121 and actin is undetectable under identical condi-
tions? Tripet et al. 1) have shown that if residues 116
139 of Tnl are attached to the inhibitory peptide they even
reduce the affinity of the inhibitory region to actin if the
peptide is not extended further to residue 148.

It is interesting to note that for BP-TnC82, there is
substantial photo-cross-linking to TnT, indicating that TnT
is close to TnC (and perhaps Tnl as well) near TnC'’s
N-terminal hydrophobic pocket. Moreover, this photo-cross-
linking is C&*-sensitive, raising the possibility that this
region of TnT is involved in the regulatory process.

From our studies on the regulatory activities of the various
Tn preparations (Table 1), we found that for both BP-TnC48
and BP-TnC82 the photo-cross-link had no effect on the S1
Tn-Tm-F-actin ATPase activity in the presence ofCaut
this activity in the absence of €ais not as low as that for
the controls €41 vs~14%). This indicates that the photo-
cross-link impairs the inhibitory activity of the Tn in the
absence of Ca. A possible mechanism for this impairment
is that the photo-cross-link inhibits the aforementioned
movement of the Tnl Metl121 region upon the closing of
TnC’s N-terminal hydrophobic patch. This would prevent
the movement of other Tnl regions toward actin and further
events in the regulatory process. We noted, however, that
the impairment was not complete; i.e., the ATPase activities

2Luo, Wu, Gergely, and Tao, unpublished results.
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