Biochemistry1999,38,11973-11983 11973

Optical Spectroscopic Characterization of Single Tryptophan Mutants of Chicken
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ABSTRACT. The effects of metal ion binding on the optical spectroscopic properties and temperature stability
of two single tryptophan mutants of chicken skeletal TnC, F78W and F154W, have been examined. The
absence of tyrosine and other tryptophan residues allowed the unambiguous assignment of the spectral
signal from the introduced Trp residue. Changes in the molar ellipticity values in the far-UV CD spectra
of the mutant proteins on metal ion binding were similar to those of wild-type TnC suggesting that the
introduction of the Trp residue had no effect on the total secondary structure content. The fluorescence
and near-UV absorbance data reveal that, in the apo state, Trp-78 is buried while Trp-154 is exposed to
solvent. Additionally, the highly resolvetlL, band of Trp-78 seen in the near-UV absorbance and CD
spectra of the apo state of F78W suggest that this residue is likely in a rigid molecular environment. In
the calcium-saturated state, Trp-154 becomes buried while the solvent accessibility of Trp-78 increases.
The fluorescence emission and near-UV CD of Trp-78 in the N-terminal domain were sensitive to calcium
binding at the C-terminal domain sites. Measurements of the temperature stability reveal that events
occurring in the N-terminal domain affect the stability of the C-terminal domain and vice versa. This,
coupled with the titration data, strongly suggests that there are interactions between the N- and C-terminal
domains of TnC.

Troponin C (TnC); the calcium-binding component of the  Such mutants however, were easily removed by washing the
troponin complex, plays a crucial role in the calcium-induced fibers 6—8). In contrast, the inactivation of sites | and |l
regulation of skeletal muscle contraction and relaxation. The resulted in mutants that were incapable of restoring muscle
crystal structure of TnCl( 2) revealed a dumbbell-shaped contraction in a calcium-dependent manner suggesting that
molecule of length 75 A whose N- and C-terminal lobes are these sites functioned in a regulatory capacity. Additionally,
approximately 25 A in diameter and are separated by anthe rate of dissociation of calcium ions from sites | and Il is
extendedx-helix. Each lobe contains two metal ion binding much greater than that from Il and 1V, as would be expected
sites arranged in a helixoop—helix EF-hand motif 8) in of regulatory sites9).
which the calcium ion is six-coordinated to a 12 residue loop.
The sites in the N-terminal half of the molecule (I and II)
are referred to as the calcium specific sitégda~ 10° M~1)
while those in the C-terminal domain (1l and 1V) bind both
calcium and magnesiunkK{ug ~ 10° Mt andK,ca~ 10
M~1) (4). A structural role has been ascribed to the
C-terminal sitesX), and this assignment is supported by the
observation that mutants of TnC in which sites Il and IV conformational changes occurring in the reaulatory N-
have been inactivated are capable of restoring calcium- inal d in. Thi 9 del 9 ts that i t?\ ¢ y't'
dependent muscle contraction to TnC-depleted skinned ﬁbers.termlna omain. This modet suggests hat in the transition

from the apo to the calcium-saturated state, the predominant
structural change involves movement of the B/C helices away

An intriguing issue related to the regulation of muscle
contraction concerns the structural changes evoked by
calcium binding to the calcium specific sites of TnC and
how that signal is transmitted to the other members of the
troponin complex. On the basis of the crystal structure of
TnC bearing calcium at sites Ill and IV, Herzberg et aD)(
proposed a model (the HMJ model) of the calcium-induced

T This work was supported by NIH Grants GM34847 to F.G.P. and

AR37701 to J.D.P. from the N/A/D helices, resulting in the exposure of a
* Authors to whom correspondence should be addressed. hydrophobic surface; the latter was proposed as the binding
# Mayo Foundation. site for other members of the troponin complex, most notably

§ University of Miami School of Medicine. ; ; : :
1 Abbreviations: TnC, troponin C; CD, circular dichroism; Trp, troponin | (Tnl) but possibly troponin T (TnT). The notion

tryptophan; Phe, phenylalanine; MOPS, 3-morpholinopropane sulfonic Of such a hydrophobic patch in TnC is strongly supported
acid; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylenebis- by a wealth of experimental datal—17) and conceptually

(oxyethylenenitrilo)tetraacetic acid; IPTG, isopropythiogalactopy- ;

ranoside; PMSF, (phenylmethyl)sulfonyl fluoride; TRIS, tris(hydroxym- by analogy tp what has been found with calmodulls, (
ethyl)aminomethane hydrochloride; DTT, 1,4-dithiothreitsl;,, full- 19). .More direct SUppO_rt comes from the recent NMR
width at half-maximal amplitude; pCaslogy [free C&*]. solution structure of calcium-saturated skeletal muscle TnC
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(20) and from the X-ray crystal structures of calcium- domain may be an important step in the mechanism by which
saturated TnC21) and the calcium-saturated N-terminal the regulatory function of TnC is affected.
domain of TnC 22).
However, a role for the C-terminal domain sites in the MATERIALS AND METHODS
calcium-induced regulation of muscle contraction is not

specifically addressed by the HMJ model), There is some P rotein PreparationA Trp codon (TGG) was introduced
evidence suggesting that interactions between the N- andNt© the cONA of wild-type chicken TnC by thermal cycling

C-terminal domains of TnC23—26) and calmodulin 27, with mutagenic oligonucleotides to replace Phe (TTC) at
28) occur, but such interactions have not been definitively POsitions 78 and 154. The sequences were confirmed using
established 29, 30). The finding that fragments of TnC- the Sequenase p.rotocol (Umted States B|ochem|cal)..|?rote|ns
containing sites | and Il were unable to fully restore force were e_xpressed |Escher|ch.|a COlBL'Z,l cells and purified

to extracted muscle fibers argues for a role of the C-terminal &ccording to Szczesn8)( Briefly, DNA inserts were cloned
sites in calcium regulation and led Fraig et al. 1) to into the Nco Bam-HI cloning site of the pET 3d plasmid

speculate that interdomain interactions may be relevant toVector (Novagen). Kienow enzyme was used to “blunt” cut
TnC function. the Bam-HI site so that ligation could be made with the

Whether the N- and C-terminal domains “communicate” “blunted” Hind-11I site of the TnC DNA insert. After ligation
with each other is clearly not an idle issue. While calcium and selection of plasmids containing the insert by restriction
binding to sites | and Il in the N-terminal domain clearly digestion, 100 ng of purified plasmid DNA was used to

provides the regulatory switch for muscle contraction as transform competent BL-21 cells according to Mill&g).
originally proposed by Potter and Gergely, (the structural Colonies were screened for overexpression of TnC as
stability of the whole troponin complex must be sustained, demonstrated on SDS P.AGE gels. A smgle_ clone was
at least in part, by the structure and stability of the selected.a.nq grown overnight in LB (DIFCO) with 109/
magnesium and/or calcium replete C-terminal domain. Given mL ampicillin, and 1 mL of a log phase subculture was

the affinity constants of this domain for calciud) @nd that inoculat_ed ind 2 L of enrich_ed medium. After 12 h protein
the minimum concentration of free calcium in the myoplasm, expression was induced W'.th 0'4. mM IPTG, and cells were
i.e., resting muscle isv 107 M, it is likely that the C- harvestd 4 h later by centrifugation. The cell pellets were

terminal domain effectively anchors TnC helping it to sustain resuspenged in 50 mM .ThRIS' le 75 M Nagl, 01M
the interactions with Tnl and TnT under conditions in which CaCk and 1 mM DTT with 1M leupeptin and pepstatin

the N-terminal domain is calcium free and hence where the 21d 10uM PMSF. The cell suspension was then sonicated,
putative hydrophobic patch is not optimally “exposed”. and _the sonicates were cleared of _bacterlal debris by
This paper presents detailed characterization of the opticalcem”mgat'on’ anUStedOtl M ammonium sglfate, and
spectroscopic properties and temperature stability of two recentrifuged. This supernatant was then apphed toa 2.5cm
single tryptophan (Trp) mutants of chicken skeletal TnC. * 20 cm 'Phenyl Sepharose colu.mn equilibrated in cell
Such characterization is necessary if the observed Spectrafesuspensmn buffer witl M ammonium sulfate to enhance

properties are to be interpreted in terms of a physical modeI:)he b(ljnflj_mg ?;ﬂmtyl of TnC. To n;]mémlgti IOSS”Of Ioosetly ¢
of the conformational events that occur in TnC when it binds °°UNd 'L, the column was washed with small amounts 0

: : . ; . the above solution and then eluted with a solution containing
metal ions. This approach of using genetically inserted Trp
residues to monitor conformational events in TnC has been o0 mM .TRIS’ 2 .mM EDTA’. and 1 mM DTT (pH 7.5). .TnC-
used by several group82—35). The mutants used in this containing fractions identified by SDS PAGE were dialyzed

work are designated F78W and F154W have Phélrp against a solution_qf E.’O mM TRIS, 1 mM Cal6 M urea,
substitutions at positior-z + 1 of the EF-hand which is at pH 8.0, to equilibrium and applied @ 5 cmx 8 cm

immediately after the last metal-ion-coordinating residue. DE-52 CO'“m"!- The CO'U”.‘” was washed t(.) remove all
Given the proximity of the introduced Trp residue to the unbound protein before elution with a salt gradient 66500

metal binding sites, its spectroscopic properties should beMM KCl (|2 g 308 :I“_? Frzction§ of grea':/(larthan 95.% pg_rity
influenced by ligand binding. Indeed, the optical spectral were pooled and dialyzed against 5 mM ammonium bicar-

properties of F154W have been previously shown to be bonate, lyophilized, and stored &70 °C before use.
influenced by metal ion binding at the COOH-terminal  Protein samples for spectral measurements were prepared
domain sites of TnC36). However, in the latter work, the by dissolving 2-3 mg of lyophilized protein in 1 mL of a
details regarding the observed spectral changes were nofnedium composed of 120 mM MOPS, 90 mM KClI, and 2
discussed. Both F78W and F154W were isofunctional with MM EGTA at pH 7.0, and the resulting protein solution was
wild-type TnC in the restoration of contractile activity to dialyzed twice against 500 mL of a solution having the same
TnC-depleted muscle fibers (Potter et al., unpublished data).composition. After dialysis, the volume was adjusted with
Our results confirm previous report89 37) suggesting dialysate to yield a protein concentration of approximately
that direct metal ion binding to either the intact or separated 1.5 mg/mL and this latter solution was diluted as required
domains of TnC confers increased stability to that domain. for the experiments detailed below. The high concentration
We have also found that events occurring in the N-terminal of MOPS used ensured that the pH changes that accompany
domain affect the stability of the C-terminal domain and vice Metal ion binding to TnC were negligible.
versa. Additionally, Trp-78, located just after site Il in the Fluorescence Spectroscopyluorescence data were ob-
N-terminal in addition to being sensitive to calcium binding tained at 20°C using a MPF-66 (Perkin-Elmer), a Spex
to the N-terminal domain sites (I and Il), responds to calcium Fluorolog (Spex), or a FS900CDT (Edinburgh Instruments)
binding at the C-terminal domain sites. The ability of the spectrofluorometer. Protein concentrations were typically
N-terminal domain to respond to events in the C-terminal 7—10uM for all fluorescence measurements. The excitation
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wavelength was 280 nm, and the excitation and emissionrectangular cells with a path length of 1 cm and volume 1.5
bandpass were 1 and 2 nm, respectively. Calcium titrations mL were used while those in the far-UV CD (1:9250 nm)
were conducted by adding aliquots of a CaGtandard employed U-type cells of path length 0.0148 cm and volume
(Orion) to a calcium-free solution of the mutants and the 0.045 mL. Wavelengths below 197 nm in the far-UV CD
emission spectrum after each addition was measured. Thespectra were unattainable because of the high buffer absor-
free calcium ion concentrations in these titrations was bance. Protein concentrations wee&0 uM for near- and
determined as described in Robertson and Po&8y §nd far-UV CD measurements. Calcium titrations were conducted
covered the range pCa 9-8.5. Estimates of the apparent at 20°C in the near- and far-UV using protein samples of
calcium association constants) for the TnC mutants were  concentration 55 and 1AM, respectively. For these mea-
obtained by fitting the normalized integrated fluorescence surements, a volume of 2 mL and a cell of path length 0.5
intensity (over the range 360120 nm),f, as a function of  c¢m were used. The far-UV CD titration data were analyzed
the free calcium ion concentration to eq4D(41) wheref; using eq 1, wheréis the normalized change in the CD signal,
5 24ny f; andf; are the fractions of the total far-UV CD change
f [Ca™] (1) attributed to the high- and low-affinity sites; andn, are
; i KN 4 [Ca”]"i Hill coefficients, andK; and K, are the apparent affinity
constants for calcium binding to the C- and N-terminal
is the fraction of the fluorescence attributed to calcium domain sites, respectively. CD spectra were recorded using
binding to the high- or low-affinity sitesn; is the Hill a scan speed of 20 nm/min, a response time of 2 s, and a
coefficient, and [C#] is the free calcium ion concentration. bandwidth of 2 nm for those in the far-UV and 1 nm for
For F154W, where calcium binding to the high-affinity sites near-UV measurements. Typically, five spectra were ac-
accounts for the change in fluorescence intensitwas set ~ cumulated and subsequently averaged. Temperature-depend-
to zero. Fits of the calcium titration data for F78W were ent measurements were performed in the rang840°C.
obtained in two parts. For the first, covering the range pCa The continuous temperature scan at fixed wavelength (222
9.5-6, f, = 0, and for the second, pCa-3.8,f; = 0. The nm) in the far-UV range was done using a scan rate of 50
fits were obtained using an iterative nonlinear least-squares®C/h and a response time of 8 s. Solvent evaporation was
procedure within the program MATLAB (Mathworks Inc.).  prevented by placing a drop of oil (that had been repeatedly
Fluorescence quenching data were obtained by addingboiled in water to remove soluble impurities) on top of the
acrylamide or iodide in approximately 0.01 M steps to yield sample in the cell. The position of the temperature sensor
a final concentration of 0.18 M. The quenching data were of the CTC-345 unit was adjusted so that the temperature

f=

fitted to the Stera-Volmer equation gradient between the cell holder and the solution in the cell
at a scan rate of 50C/h was partially compensated for by
E) -1+ 2 the temperature gradient between the sensor and cell holder.
=1+ kz[Ql ) n e na cel
F Data are presented as molar ellipticity per residue using

in which Fo andF represent the integrated emission spectrum 2

intensity in the absence and presence of acrylamide or iodide, [Q]ﬁmw A (3)

kq is the bimolecular rate constant, is the lifetime of the ICyrw

fluorophore in the absence of quencher, a@] [s the

concentration of quencher. where6* is the ellipticity in mdeg recorded by the instrument
Absorption SpectroscopyJV absorption spectra were at wavelength, | is the path length in mm, an@Qurw is the

measured at 20C using a CARY 2200 (Varian) spectro- molar concentration per residue, that is, the product of the

photometer with an absorption bandwidth of 1 nm and cells molar protein concentration and the number of residues.

with a path length of 0.5 or 1.0 cm. Aliquots of the protein

stock were addedt8 M guanidine-HCI (GuHCI) to yield RESULTS

a final molar GuUHCI concentration of 6 M. The concentration )

was then determined assuming a molar absorptivity for Trp UV AbsorbanceThe UV absorption spectra of wt-TnC,

at 280 nm of 5690 M cm™ (42). For wild-type TnC which F78W, and F154W are shown in Figure 1. The spectrum of

lacks Trp residues, Phe was used for concentration deter-Wt chicken skeletal TnC, which lacks Trp and Tyr residues,

mination and the molar absorptivity taken as 195Mm/ shows the collective vibronic bands of the Phe residues at

Phe residue. The spectra were corrected for turbidity by 252, 258, 264, and 269 nm. The absorption spectra of the

plotting the dependence of the log of the absorbance of themutants are characterized by the distinct band shapes of the

solution versus the log of the wavelength and extrapolating Trp residue. An unusual feature of the absorption spectra of

the linear dependence between these quantities in the rang®oth mutants, and of F78W in particular, is the prominent

320-400 nm to the absorption range 24290 nm ¢3). The 1Ly, vibronic band 44, 45) at 291 nm (F78W) and 290 nm

extrapolated value at the wavelength of maximum absorbance(F154W). The addition of calcium or magnesium results in

was then subtracted from the measured value. This procedures 1 nm red shift and an increase in the amplitude of'the

gave more consistent and reproducible results than aminoband of Trp-154 (data not shown) and is similar to that seen

acid analysis. with Trp-152 of eel TnC 46). The 'L, band of Trp-78 is,
Circular Dichroism Circular dichroism spectra were however, unaffected by metal ion binding. The intensity of

recorded using a J-710 spectropolarimeter (JASCO) equippedL, band of Trp-78 decreases in going from the apo to the

with a programmable temperature water bath (CTC-345, calcium-saturated state while that of Trp-154 increases. The

JASCO). For near-UV CD measurements (2820 nm), absorption spectra of F154W is similar to that of eel TnC
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Ficure 1: Turbidity-corrected absorption spectra of wt-Tn€)(
F78W (- - -), and F154W-{) in the apo state. The sharp band at
~290 nm in the spectra of the mutant proteins is thgband of
Trp. Protein concentration was80 uM.

Table 1: Ratio of the Native Protein Molar Absorptivity at the
Wavelength of Maximum Absorbance and That6 M GdHCP

ol 300 320 30 360 380 400 420
WE-TNC (Amax 258 Nm) 1.090(4) Wavelength (am)
F78W (lmax 279 nm) 1.16(4)
F154W @max 280 nm) 0.975(5) Ficure 2: Fluorescence emission spectra of F78W (A) and F154W

(B) in the apo (- - -) and calcium-saturated)((pCa 4.0) states.
The excitation wavelength was 280 nm and the emission collected
over the range 298420 nm. The wavelength of maximum emission
of Trp-154 is blue-shifted in the presence of metal ion relative to

i i i« in that of the apo state, while that of Trp-78 shows a small red shift

(46), Whose naturql!y occurring Trp residue (Trp-152) is in in the calciﬂm-satu’rated state rela‘iive to apo-F78W. Protein
an equivalent position to Trp-154. concentration was @M.

Table 1 gives the ratio of the extinction coefficient at the
wavelength of maximum absorbance and that in 6 M GdHCI. that the F154W is monomeric under these conditions (data
These ratios allow a qualitative assessment of the similarity not shown). Thelmax of apo-F78W is at 313 nm. In the
of the environments experienced by the Trp residue in the magnesium-saturated state, the, value is also 313 nm,
native and denatured states of the protein. For F154W, byt the intensity of the emitted fluorescence is decreased.
ef);“g;eir(eém,@xedml is approximately 1 and is 16% higher for ~For the calcium-saturated state, the fluorescence intensity
F78W. Thus, the environment experienced by Trp-154 in decreases further and thgais at 323 nm, a red shift of 10
the native state is, within experimental error, identical to that nm relative to the apo and magnesium-saturated states.
in the denatured state, implying that Trp-154 is highly  Figure 3 shows typical calcium titration curves obtained
exposed to solvent. Trp-78, on the other hand, experiencesor the fluorescence change of F78W and F154W, while
a substantially different environment in the transition from Table 2 summarizes the results obtained from an analysis
the native to the denatured state with the implication being of these and the far-UV CD titration data. The calcium
that it is buried in the native state. titration curve for F154W is sigmoidal and represents titration

Emission Spectra and Calcium Titratiorighe Trp emis- of the high-affinity sites in the C-terminal domain. The
sion spectra of F154W and F78W in the apo and calcium- recovered affinity constant for F154W-[og K;) of 6.73 is
saturated (pCa 4) states are shown in Figure 2. In the aposlightly higher than the value of 6.35 previously reported
state, the emission maximuriyf,) of F154W is at 342 nm,  for this mutant 86). The calcium titration curve of F78W is
which is almost identical to the value of 343 nm reported more complex and consists of two apparently sigmoidal
by Chandra et al. 36) for this mutant. Given that the components. In the range of free calcium concentrations
corresponding value reported for Trp-152 of eel TnC is 352 between pCa 9.5 and 6.0, the profile of the titration curve
nm (46), it would appear that the environment of the Trp of F78W almost parallels that of F154W. However, at higher
residue in F154W is different from that of Trp-152 of eel free calcium concentrations another transition is evident.
TnC. However, this discrepancy appears to reside in the Given the low protein concentrations used, it is unlikely that
instruments used in the work of Franis et al. 46) and ours metal-ion-induced dimerization of these proteins occdirs. (
as the emission of apo-F154W, determined using a Perkin-Additionally, from an analysis of the time-dependent decay
Elmer MPF-66 spectrofluorometer, was 350 nm. The binding of the fluorescence anisotropy, we were unable to find
of calcium or magnesium to F154W results in blue shifts of evidence of dimerization (manuscript in preparation). By
the Amax Value relative to that in the apo-protein. Thus, in separately analyzing these regions, we obtained two apparent
the calcium- and magnesium-saturated states} thevalue association constants. The firstiog K; = 6.91, is consistent
was 320 nm corresponding to a blue shift of 22 nm relative with binding to the high-affinity calcium/magnesium sites
to the apo state. Because of the relatively high concentrationin the C-terminal domain while the seconelog K, = 5.55
of magnesium required to saturate F154W, 40 mM as first (see Table 2), likely reflects binding to the low-affinity sites
noted by Chandra et al3¢) and confirmed in this work, we  in the N-terminal domain. When the calcium titration of
have used sedimentation equilibrium measurements to verifyF78W is performed in the presence of 5 mM magnesium

aNumbers in parentheses are the errors in the least significant
digit.
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pCa fluorescence of the TnC mutants by acrylamide: apo-F78W (

Ficure 3: Calcium titration curves for F78\We(), F78W in the calcium-saturated (pCa 3.8) F78\@)( apo-F154W 4); calcium-
presence of 5 mM magnesiunn), and F154W Q) and the saturated (pCa 3.8) F154\WA). The solid lines are fits of the
magnesium titration of F154WKX). The two transitions in the experimental data to the SterWolmer equation (eq 2). Protein
titration curve of F78W (pCa 9:56 and pCa 6-3.5) are taken to concentration was 10M.

reflect binding to the high- and low-affinity sites, respectively. The

first transition (pCa 9.56) in the calcium titration of F78W is  Taple 3: Recovered SteriVolmer and Bimolecular Quenching
practically abolished in the presence of 5 mM magnesium while constants for the Quenching of the Trp Fluorescence of F154W and

that of the second (pCa—8.8) remains. The solid lines~) are F78W by Acrylamide and lodide in the Apo and Calcium-Saturated
fits to the data using eq 1 for F154W and the first transition of giates

F78W, while the dashed (- - -) line is the fit to the second transition

in the curve for F78W. The error bars for the magnesium titration acrylamide iodide
data are the standard deviations obtained from three measurements. Kev(M™) kg (M1sD) Koy (M) kq(M1s)
The errors for the calcium titrations are approximately 5%. Protein
concentrations were-710 uM. F78W(apo) 2.2 5.% 10° 0.8 2.1x 10
F78W(Ca) 51 1.% 10° 0.9 2.2x 10
- — - F154W(apo) 16.3 4.% 10° 45 1.1x 10°
Table 2: Hill Coefficients and-log K; Values for Wild-Type TnC F154W(Ca) 7.2 2. 1P 2.0 5.9% 108
(wt) and the Mutants F78W and F154W Obtained from — -
Fluorescence and Far-UV CD Titratiéns aKsy is given by the slope of the SteriVolmer plot and is thus
equal tokgzo. 7o Values were obtained using time-correlated single
Ny —log Ky Nz —log K, photon counting (data not shown). The root mean square deviations
F78We 1.5 6.91 25 5.55 for the ky values were in the range 0.66.01.
F154Wp 15 6.73
wt-TnC 15 7.09 16 5.69 range from 4x 10° M~* s for a fully exposed residue to
F78W 1.6 6.97 15 5.68 1w . . .
F154W 20 6.87 20 566 less than 0.5 10° M~* s7* for one buried in the protein

@ Fluorescence and CD titration data were analyzed using eq 1. The ma.trlx.(50).' The blm.OIGCUIar quenChlﬂg ionStant for free Trp
titration curve for F78W was fitted in two parts. The first covering the DY iodide is approximately & 10° M~*s* (51). Given the
range pCa 9.56.0 was taken to reflect binding to the high-affinity ~above, the calculateld, value for the quenching of Trp-154
sites while that from pCa-63.5 reflected binding to the low-affinity fluorescence by acrylamide suggests that this residue is fully
sites. The value of the Hill coefficiemt, recovered from the biphasic exposed to solvent in the apo state. With iodide as quencher,

fluorescence titration curve of F78W is greater than the theoretical :
maximum of 2.0 and reflects the nonindependence of the parametersthekq value for apo-Trp-154 is lower than that of free Trp,

of the fit for this dataset Data from fluorescence titrationsData suggesting that there are negative charges close to the indole
from far-UV CD titrations. side chain. Calcium binding to F154W results in a 2-fold

reduction of thek, values reported by both acrylamide and
(see Figure 3), the first transitietwhich reflects binding to iodide, suggesting that the indole side chain of Trp-154 is
the high-affinity sites-is substantially diminished while the  “tucked” into the protein matrix under these conditions. For
second is virtually unaffected. This suggests that Trp-78 the quenching of the fluorescence from Trp-78 by acryla-
detects calcium binding at the C- as well as the N-terminal mide, the pattern observed for Trp-154 is reversed. Thus,
domain sites. the k; value in the calcium-saturated state for F78W is
Acrylamide and lodide Quenchinghe quenching of the  greater, by a factor of 2, than that observed in the apo state.
emitted fluorescence by acrylamide or iodide is widely used Interestingly, thek, values for the quenching of the fluores-
to probe the solvent accessibility of fluorescing groups in cence from Trp-78 by iodide in the apo and calcium-saturated
proteins 48). Stern—Volmer plots for the quenching of the  states are almost identical. However, the 5-fold difference
fluorescence from Trp-78 and Trp-154 by acrylamide are in kq values for the quenching by acrylamide and iodide
presented in Figure 4. With both quenchers, fits to the Stern  suggests that there are negative charges close to Trp-78 in
Volmer equation (eq 2) for F78W and F154W were linear the calcium-saturated state. On the basis of the acrylamide
(correlation coefficient~ 0.99) and devoid of upward data, Trp-78 is less buried in the calcium-bound state than
curvature which would be indicative of the presence of a in the apo state.

static quenching componerdq). The Stera-Volmer and Far-UV CD. Figure 5 shows far-UV spectra of the TnC

bimolecular quenching constants for both acrylamide and mutants in the apo and metal-bound states. The speictra

iodide are given in Table 3. both the apo and metal-bound statese characterized by
Values for the bimolecular quenching constarig for double minima at 208 and 222 nm, respectively, which are

the quenching of Trp fluorescence in proteins by acrylamide indicative of ana-helical structure. There are small differ-
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Ficure 5: Far-UV CD spectra of F78W (A) and F154W (B) in
the apo ) and 3 mM magnesium- (- - -) and calcium-saturated
(pCa 3.8) {-) states at 10C. Protein concentration was55 uM.
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Table 4: Molar Ellipticities at 222 nm and 1€ for F78W and

F154W
[6]222nm [9]222nm
(deg cn# dmol?%) (deg cn# dmol%) —60 | T T T T T
260 270 280 290 ¢ 1
F78W(apo) —13 100 F154W(apo) ~ —13700 Wavelength (nm)o 00310
F78W(Mg) —17 800 F154W(Mg) —18 700
F78W(Ca) —18 900 F154W(Ca) —19 600 FIGURE 6: Near-UV CD spectra of wt-TnC (A), F78W (B), and

F154W (C) in the apo—<) and 3 mM magnesium- (---) and
) o calcium-saturated (pCa 3.8) states at 10C. Note that the scale
ences in the molar ellipticity values of the apo and metal- of the spectra for wt-TnC is expanded by a factor of 2 relative to
bound states of both mutants. Table 4 gives the molar those of the TnC mutants. Protein concentration waglg5
ellipticities at 222 nm for F78W and F154W in the apo and
magnesium- and calcium-saturated states. At 222 nm, thestates. ThéL, CD profiles in the apo and magnesium states
difference between the magnesium- and calcium-saturatedare very similar as expected since magnesium binding occurs
states of each mutant is approximately@sb. These values  in the C-terminal domain and are characterized by two sharp
are comparable to those previously reported for F1538Y, ( negative bands at 285 and 292 nm. In the calcium-saturated
rabbit skeletal muscle Tn®), and wt chicken TnC40). state, however, thi , bands become positive and are clearly
Titration by calcium or magnesium indicates that metal observed at 275, 282, and 290 nm. For this mutant, the
binding to the high-affinity sites and the resulting confor- intensity of the'L, absorption is practically the same in the
mational events account for approximately 80% of the apo and magnesium- and calcium-saturated states.
secondary structural changes in wt-TnC and the mutant The near-UV CD spectrum of F154W in the apo state is
proteins (data not shown). characterized by strong Phe bands having amplitudes equiva-
Near-UV CD The near-UV CD spectra of wt-TnC and lent to two-thirds those of the wt protein. For this mutant,
the mutants F78W and F154W in the presence and absencéhe intensity of théL, bands in the apo state is significantly
of bound metal ions are shown in Figure 6. As with the near- diminished relative to that of F78W. Despite the lack of
UV absorbance spectra, the near-UV CD spectra of the wtintensity, two'L, peaks can be discerned at 285 and 292
protein are dominated by the signal from the Phe residuesnm. Magnesium binding results in an increase in the
which occur at 255, 262, and 269 nm, respectively. Metal amplitude of the 285 and 292 nth;, bands while those of
ion binding to either the high- or low-affinity sites does not Phe and thél, band of Trp are unchanged. The dissimilarity
result in an appreciable increase in the amplitude of the Pheof the near-UV CD spectra of the magnesium- and calcium-
bands. The small differences in the amplitude of the Phe Saturated states of F154W suggests that the environments
bands in the wt protein result from differences in background experienced by the Trp residue in these states are different.
of these bands caused by changes in the far-UV region. The The addition of calcium to F154W results in changes to
near-UV CD spectra of F78W reveal that the strong Phe both the'l, and!L, absorption bands of Trp while titration
bands seen in the wt protein are substantially diminished with by magnesium effects changes in thg band only (Figure
their amplitude being approximately one-third that of the wt 6). For F78W, titration by magnesium resulted in practically
protein. The'L, and!L, absorption bands of Trp are clearly no change in the near-UV CD signal. However, the
resolved in the apo and magnesium- and calcium-saturatedabsorption band of Trp-78 is sensitive to the titration of sites
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FiGurRe 7: Temperature dependence of the CD signal at 222 nm (left panel) of wt-TnC (A), F78W (B), and F154W (C) in th¢ apd (
magnesium-bound states (- - -). The panel on the right shows the first derivative curves after smoothing the corresponding data curves in
the left panel. Protein concentrations wetg5 uM.

Il and IV in the COOH-terminal domain of the protein (data apo (i — 2849 . 67/22

not shown). W Mg [ B
Temperature Stabilityin order to assess the effect of the

Phe— Trp substitution on the stability of TnC mutants, the ::;(20 ® - -:/::,33

temperature-dependent profiles of these proteins and wt-TnC apo (n) 5

were measured in the far- and near-UV CD. The temperature pCa72(h — 23721 . 50/42

curves obtained in the far-UV for the apo and magnesium- gzaw PCas8( I 48/53

saturated states of wt-TnC, F78W, and F154W are shown pCa 6.4 () . 629 —72/27

in Figure 7. The midpoints of the transition(s) consistent with pCad4(n I 5

the temperature profiles were obtained by smoothing the pca3sm . e

temperature profile data using a Fourier transform algorithm peassm) il

(52) and taking the first derivative of the resulting data. The apo () W ce/0

temperature transitions obtained from an analysis of the Frisaw pMg3o®m — 42/35 . 7519

melting profiles measured in the near-UV and far-Uv CD PMg 3.0 () — 42

are summarized in Figure 8. For F154W, the derivative of Ficure 8: Summary of the near-UV CD (n) and far-UV CD (f)
the far-UV CD temperature curve for the apo state yields a melting of wt-TnC, F78W, and F154W. The filled rectangles

; ; ° ; i represent the positions of the derivative of the temperature curves
single peak at 68C with aA,, of 20°C. Magnesium binding for the protein samples in the presence and absence of bound metal

to Sites_”' "_’md IV results in_ the_ appearance of t\ivo peaks in ions. Thick and thin rectangles represent the melting of the-NH
the derivative curve. The first is broad{, = 35 °C) and and COOH-terminal domains, respectively. Numbers to the right
occurs at 42C while the second at 78C hasA, of 19°C. of the rectangles are the peak positions and approximagein
The near-UV CD melting profile of F154W, which reflects °C-

melting of the C-terminal domain, consists of a single peak . . o
at 42°C in the magnesium-saturated state. Therefore, thedomain @9, 53). Consequently, the C-terminal domain in

temperature transition at 7& observed in the far-Uv CD  the apo state is expected to melt before the N-terminal. On
melting profile of the magnesium-bound state can be assignedhis basis, the 68C transition of apo-F154W can be assigned
to the melting of the N-terminal domain. It has been shown t0 the melting of the N-terminal domain.

that in the apo state the secondary structure content of the Given the preceding, the temperature transition occurring
N-terminal domain is greater than that of the C-terminal at 67°C in wt-TnC is due to the melting of the N-terminal
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domain while that at 28C is due to the C-terminal domain. the Amax values for Trp in proteins is predominantly deter-
The single transition in the presence of magnesium is mined by the local electric field projection along the long-
assigned to the Npterminal domain, and the transition axis of the indole ring. For Trp-containing proteins whose
corresponding to the melting of the COOH-terminal domain A, values are between the two extremes stated above, the
presumably occurs at greater than°@ These assignments model of Callis et al. predicts a blue shift&10 nm) in the
are in good agreement with those of Brzeska et28), (vho Amax Value on cooling if water relaxation contributes signifi-
studied the thermal stability of the isolated Nldnd COOH-  cantly to the observed red shift. We have measured the
terminal fragments of rabbit skeletal TnC under various emission spectra of the TnC mutants in a 66.7% glyeerol
conditions. In their work, the Niiterminal fragment (resi-  water solution at-45 °C (data not shown) and have found
dues 9-84) melts at 60C in the apo state and 6& in the that thelmax values for the apo and calcium-saturated states
presence of magnesium, while the COOH-terminal fragment of F154W are shifted by 22 and 14 nm, respectively. The
(residues 89159) melts at 20C in the apo state and 8& corresponding shift for both the apo and calcium-saturated
when magnesium is bound. For F78W, the transition at 51 states of F78W was 10 nm. Thus, if Callis’ model is correct,
°C in the far-UV CD melting curve of the apo state is it appears that water relaxation, especially in the case of apo-
assigned to the melting of the Nterminal domain as the  Trp-154, is predominantly responsible for thgxobtained.
temperature transition in the corresponding near-U_\/_ cD The results from the spectrophotometric data, fluorescence
melting curve is at the same temperature. The transition at : o :
guenching, and the Trp fluorescence emission maximum

20 °C corresponds to the melting of the COOH-terminal sugaest that. in the apo state. Trp-78 is not exposed to
domain of F78W. The effect of increasing the calcium ion 99 ' P >, 1TP- /¢ P
solvent. These data are consistent with the DsAlvent

concentration on the transition temperature of F78W is shown accessible surface area calculated for Phe-78 using the

in Figure 8. At pCa 7.2, the COOH-terminal domain which orogram NAOMI 69) applied to the X-ray crystal structure

melts at 20°C in the apo state shifts to 2 while the . ) . :
- : ; - of chicken skeletal TnC2)j in which only the C-terminal
transition corresponding to the Ntgerminal domain was at domain sites had calcium ions. The red shift in the position

50 °C. Increasing the calcium ion concentration to pCa 6.8 : .
d P of the Amax Value and the increaseld, value on calcium

results in a single broad transition at 48 while at pCa 6.4 L ) . o

two transitions are again observed. The one at@6rom b|.nd|ng' sugge;t an increase in the .solvent acceSS|p|I|ty of
measurements in the near-UV CD corresponds to the meltingth's residue. This is also_con5|stent with crystallographlc data
of the NH-terminal domain. The other at 7% is the for the homologous residue, Phe-75 of rabbit skeletal TnC,

transition for the melting of the COOH-terminal domain now " the calcium-saturated stat@lf for which the solvent
stabilized by the binding of calcium. The melting data 2ccessible surface area is 8 Siven the bulky indole side
indicate that the stabilities of the domains of TnC are not chain, itis likely that the accessible surface area for Trp-78

influenced only by direct metal ion binding to their respective 1S Somewhat larger than that of Phe-75. For F154W, the
sites. Consequently, metal ion binding to sites Il and IV guenching and absorption data as well as the position of the

influences the stability of the N-terminal domain. emission Amax Value suggest that the indole moiety is
substantially exposed to solvent in the apo state. On binding
DISCUSSION metal ions, thélmax value is blue-shifted relative to its value

The principal objectives of this work are interpretation of 1" the apo state. The fact that calcium and magnesium ion
the optical spectroscopic properties of the TnC mutants in Pinding to the high-affinity sites induce similar blue shifts
terms of a physical model of the conformational changes SUggests that the environments of Trp-154 in these two states
these proteins undergo when they bind metal ions and to©f the protein are similar. There have been several reports
enable inferences regarding interdomain interaction. To Suggesting that while the overall fold of the C-terminal
achieve the first requires that we understand how the opticaldomain in both the calcium- and magnesium-bound states
properties of Trp or of the protein main chain (far-Uv CD) are S|mllar, dlffgrences exist in proton resonances corre-
translate physicochemically. sponding to residues of the aromatic clus@, 61). In the

The fluorescence of Trp in proteins depends on the X-ray crystal structure of pike parvalbumin (gt 4.10),
environment of the indole ring, and the wavelengths of Which has magnesium bound to the EF-s&é@)( only one
maximum emission Aay), corrected for the wavelength carboxylate oxygen of Glu-101, which is homologous to Glu-
dependence of the monochromator response, range from 308-53 in chicken skeletal TnC, is coordinated to the metal ion.
nm for Trp-48 of azurin §4—56) which is buried in a  The other carboxylate oxygen of Glu-101 is hydrogen-
hydrophobic pocket to 352 nn&7), the latter being similar bonded to an additional water molecule. In the calcium-bound
to that of zwitterionic Trp in water at pH 7.0. For Trp state, both oxygens of Glu-101 are coordinated to the metal
residues which have emissioh.y values between these ion and there is one water molecule in the EF-site. If
extremes, the environment of the Trp residue is usually magnesium binding to TnC is analogous to that in parval-
expressed in relative terms. Given the utility of Trp fluo- bumin, the additional water molecule could in principle
rescence in the study of macromolecules, there have beerchange the character of the environment of the Trp residue
several studies aimed at elucidating the factors that influencesufficiently to make the emission from the calcium- and
the fluorescence emitted from Trp in proteins. Recently, on magnesium-saturated states different. The identical emission
the basis of quantum chemical calculations and molecular AmaxVvalue of Trp-154 in the calcium- and magnesium-bound
dynamics simulations, Callis et ab§) have made remark-  states suggests that the putative additional water molecule
able progress in making accurate predictions regarding thein the magnesium-bound state does not influence the
position of the Trp fluorescence emission maximum in fluorescence from Trp-154 as presumably occurs in eel ThC
proteins. On the basis of their studies, they concluded that(46).
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The calcium titration data for F154W indicates that the occurring in the N-terminal domain influence the stability
fluorescence emission from Trp-154 is sensitive to ligand of the C-terminal domain and vice versa. Thus, (a) magne-
binding at the high-affinity sites. Chandra et &6) report sium binding to the C-terminal domain of wt-TnC increases
a 2-fold reduction in the calcium binding affinity of the the stability of the N-terminal domain, (b) the Phe Trp
C-terminal domain sites of F154W relative to the wild-type mutation has a destabilizing effect not only on the N-terminal
protein, and this finding is consistent with our results. The domain of F78W but also on the C-terminal domain, (c) the
recovered apparent association constant for calcium bindingbinding of calcium to the C-terminal domain sites of F78W
to the high-affinity sites of F154W is also lower than that increases the stability of this domain but decreases that of
of eel TnC 63), which has a naturally occurring Trp residue the N-terminal domain, and (d) magnesium binding to the
in a position analogous to that of Trp-154 in chicken TnC. high-affinity sites of F154W stabilizes the N-terminal
For the low-affinity sites of F154W, the apparent association domain. It is interesting to note that magnesium binding to
constants are similar to those obtained for the wild-type the C-terminal domain sites stabilizes the N-terminal domain
protein, suggesting that the calcium affinity of these sites of both wt-TnC and the two mutant proteins. However, for
was not affected by the mutation in the C-terminal domain. F78W, calcium binding to these sites destabilizes the
Additionally, as is evident from the affinity constants N-terminal domain. The effect of interdomain interaction on
recovered from the far-UV CD titration (see Table 2), the domain stability in TnC is somewhat akin to that recently
replacement of Phe-78 by Trp did not significantly affect observed in calmodulin where such interactions are appar-
the calcium affinity of either the low- or high-affinity sites ~ ently responsible for a 1%C stabilization of the apo domain
of F78W. The latter finding is consistent with simulations (69). The present observation of interaction between the
we have conducted (data not shown) using minimum domains of TnC is consistent with those of Grabarek et al.
perturbation mappingsd) which suggested that the Phe (24) and Ellis et al. 26). These groups found that calcium
Trp replacements could be accommodated without adverselybinding to the N-terminal domain sites induces conforma-
disrupting the structure of TnC. tional changes in the high-affinity sites and that the chemical
shift of cadmium ions bound to sites | and Il was sensitive
to metal in sites Il and IV, respectively. The mechanism by
which the interdomain interaction just described occurs is
not known. Additionally, the circumstances that facilitate its
detection are not obvious. Johnson et @0){( for example,
found evidence of interdomain interaction when Met-25 in
the N-terminal domain of TnC was labeled with dansylaziri-
dine. However, a study using a F29W mutant of TrQ)(
o found no evidence of interactions between the domains of
ments, the lower _molar eII|pt|C|ty value of F78W SUQGeSIS ¢ Given the large distance separating the metal-binding
that the introduction of_Trp—78 in the N-terminal domain sites in the N- and C-terminal domains, approximately 40 A
causes a greater reduction |n.th.e secondary stlructure Co.ntqurom the crystal structures of TnC in which the high-affinity
in comparison to Trp-154. This is consistent with the notion e saturated by calcium ior@ @nd that in which all sites
that, in the apo state, the C-terminal domain of TnC iS o6 gccupied by calciun2g) would likely preclude long-
relatively disordered while the N-terminal domain is ordered range electrostatic interactions. An explanation for the

(65 .6.6) as has be?” demon_strated in calmodul_iﬁ, 69). observed interdomain interaction involves the existence of
Additional information regarding the effect of the introduced  .4formations which allow the N- and C-terminal domains

Trp residues is found in the temperature-dependent CD ot Tnc to be in close proximity. The energy transfer studies
measurements._On the basis of our assignments and contraryg Wang et al. 72) indicate that at neutral pH the distance
to our expectations and those of Chandra et 3),(the  peqween the calcium binding sites is substantially decreased
introduction of Trp-154 destabilizes the C-terminal domain rg|ative to that seen in the crystal structure. Other studies
of F154W-with minimal effect on the stability of the (77 haye suggested that the distances between the N- and
N-terminal domair-in the apo state with respect to tem- ¢ _tarminal domains of TnC are not fixed but are a function
perature, even though functional integrity is maintained. This f sojution conditions and metal ion occupancy of the protein.
suggests that, in w-TnC, Phe-154 may be a part of an |, symmary, it has been shown that the mutation of Phe-
element of secondary structure or, alternatively, it interacts ;g Trp in chicken skeletal TnC does not significantly affect
with elements of secondary and/or tertiary structure which ,oio1i0n binding to the high- or low-affinity sites in contrast
become disrupted by the substitution with a more bulky Trp 14 the pPhe-154 to Trp mutation which reduces the calcium-
residue. In like manner, the introduction of Trp-78 in the  pinging affinity of sites Il and IV. The spectral properties
N-terminal domain destabilizes that domain. of Trp-154 suggest that this residue is highly exposed to
An important finding of the present study regards the solvent in the apo state. Metal ion binding to the C-terminal
evidence supporting interactions between the N- and C- domain sites results in a reduction of the solvent accessibility
terminal domains of TnC. The titration data of F78W show of Trp-154 so that this residue is essentially buried. The
that the fluorescence of Trp-78 is sensitive to calcium binding solvent accessibility of Trp-78 increases on going from the
at the C-terminal domain sites. This result was confirmed apo to the calcium-saturated states. The calcium titration data
by calcium titrations of F78W monitored using near-UV CD for F78W and a study of the thermal stability of the mutant
(data not shown) as well as calcium titrations in the presencein the apo and metal-bound states strongly suggest that
of 5 mM magnesium (see Figure 3). Additionally, from the interactions between the N- and C-terminal of TnC occur.
thermal stability measurements it is apparent that “events” Since the optical spectroscopic properties of the introduced

Given the similarity of the metal-binding properties of the
TnC mutants-especially those of F78Wto wt-TnC, and
their ability to regulate muscle contraction, it is tempting to
conclude that the Phe> Trp replacement is effectively
“neutral”. The first hint suggesting that this is perhaps not
SO is seen in Table 4. Although the absolute value of the
difference (Ploaan — [6]53mn for the apo states of the
mutants is close to the experimental error in these measure
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Trp residues are sensitive to the conformational transitions 29. Brzeska, H., Venyaminov, S., Grabarek, Z., and Drabikowski,

occurring in TnC, they should prove useful in studying the
dynamic behavior of the N- and C-terminal domains of this
protein.
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