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ABSTRACT: Although ratg-parvalbumin and chicken parvalbumin 3 (CPV3) are identical at 74 of 108
residues, raf exhibits perceptibly lower Ca and Mg affinities. At 25°C, in Hepes-buffered saline,

at pH 7.4, the overalAAG®' values are 2.0 and 3.9 kcal/mol, respectively. These differences primarily
reflect the disparate behavior of the CD sites in the two proteins. Their respective binding constants for
Cat, for example, are 1.5 10° and 2.4x 10’ M~1. The extent to which this differential behavior is
dictated by local and remote sequence differences is unknown. To explore this question, we performed
mutagenesis on r@l, substituting the corresponding CPV3 codon for residues 49, 50, 57, 58, 59, and 60.
The resulting CD site is identical to CPV3 at 27 of 30 positions. The mutations were introduced in four
stages, replacing residues 49 and 50 (yieldid9/50), then 57 and 583(49/50/57/58), then 595(
49/50/57/58/59), and finally 603(49/50/57/58/59/60). Apoprotein stability was examined by scanning
calorimetry and chemical denaturation and divalent ion affinity by titration calorimetry. All four variants
exhibit elevatedl, values and are between 0.13 and 0.39 kcal/mol more stable &t.2Although all

four proteins display heightened divalent ion affinity, the increases are small. The max@al values,
observed for 49/50/57/58/59/60, are jusd.56 and—0.96 kcal/mol for C&" and Mg, respectively.
Evidently, structural features beyond the metal ion-binding motif contribute to the unusual divalent ion-
binding behavior associated with the fACD site.

The role of C&" in eukaryotic signal transductiod+3)

is mediated by numerous &abinding proteins. Many of
these belong to the EF-hand family, named for its distinctive
metal ion-binding motif 4—6). First recognized in carp
parvalbumin {), the EF-hand includes a central ion-binding
loop and flanking helices, the arrangement of which can be
mimicked with the right hand. The ligands, positioned at the
vertices of an octahedron, are labeled by Cartesian akgs:
+y, +z, —y, —x, and —z The —y ligand is a backbone
carbonyl; —x is commonly water; and-z is generally AB DOMAIN

glutamate. Side-chain oxygen atoms supply the remaining goyre 1: Structure of ra-PV. (A) Ribbon diagram of raf-PV.
three ligands. The coordinates are from Ahmed et 84). (B) Close-up of the
Certain EF-hand proteins have explicit regulatory roles; CD site. The side-chains of the residues mutated in this study are

others function as cytosolic €abuffers. This diversity has ~ displayed inred. The Figure was prepared with WebLab ViewerLite
engendered correspondingly diverse divalent ion-binding 3-20 (Molecular Simulations, Inc.).

behavior. High-affinity (C&"/Mg?") sites display C&- and
Mg?*-binding constants in excess of “1@nd 10 M1,
respectively. Their low-affinity (C-specific) counterparts
display values of~10° and <10° M~. The basis for this
variation is incompletely understood. We are exploring EF- M
hand structureaffinity relationships in select members of
the parvalbumin (PY family.

Parvalbumins are small, vertebrate-specific prote#9) 1 Abbreviations: ATH, avian thymic hormone; CD, circular dichro
The PV m(_)lecme_ contains six helices; 4, orgamzed _|nt(_) ism; CD site, par\/albumin metal ion-binding site flanked by the C and
two domains (Figure 1). The CD-EF metal ion-binding D helical segments; CPV3, chicken parvalbumin 3; DMPC, dimyris-
domain (residues 41108) harbors two EF-hand motifs (the toylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DSPC,

; _ ; ; ; distearoylphosphatidylcholine; EDTA, ethylenediaminetetraacetic acid;
CD and EF sites). The N-terminal AB domain (residues EF site, parvalbumin metal ion-binding site flanked by the E and F
helical segments; EGTA, ethylene glycol-ifisfminoethyl ether)-
TThis work was supported by NSF awards MCB0131166 and N,N,N',N'-tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-

1-40), a vestigial EF-hand motif, suffered a two-residue
deletion that abolished its ion-binding capability. In théGa
bound protein, it packs tightly against the CD-EF domain.
The PV family includesa and § sub-lineagesi(, 11).
ammals express one PV from each lineat®.(Although
generally viewed as cytosolic €abuffers, certain isoforms

MCB0543476 (to M.T.H.). sulfonic acid; ITC, isothermal titration calorimetry; LB, Luridertani;
* Corresponding author. Tel: 573-882-7485. Fax: 573-884-4812. NTA, nitrilotriacetic acid; PAGE, polyacrylamide gel electrophoresis;
E-mail: henzlm@missouri.edu. PV, parvalbumin.
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evidently play more specialized roles. The aviaparval- Prior to divalent ion-binding measurements, residud@Ca
bumins, avian thymic hormone (ATH) and parvalbumin 3 was removed from the protein preparations by treatment with
(PV3), influence T-cell differentiation and proliferatioh3, EDTA-derivatized agarose2®, 23) in 0.15 M NaCl and
14). Recently, Yin et al. demonstrated that the mammalian 0.025 M Hepes at pH 7.4, as described elsewh24e25).

f isoform, also known as oncomodulin, is secreted by The resulting solutions contained less than 0.02 mol equiv
activated macrophages and stimulates axonal elongation inof Ca*, as judged by flame atomic absorption spectrometry.
retinal ganglion cellsX5). Isothermal Titration Calorimetry (ITC)ITC was per-

Early binding studies1, 17) suggested that the parval- formed in a MicroCal VP-ITC at 25C. Samples were
bumin CD and EF sites were invariably high-affinity sites. titrated with C&" in the presence and absence of competitive
It is now apparent that the sub-lineage exhibits a spectrum chelators or Mg" and with Mg" in the presence and absence
of divalent ion affinity, with ATH and the mammaliafi of EDTA. Integrated data from these titrations were subjected
isoform representing high- and low-affinity extremes, re- to global nonlinear least-squares minimization, yielding
spectively. The attenuated divalent ion affinity of faPV binding parameters for both €aand Mg". Parameter
has been a focus of this laboratory in recent years. An uncertainties were evaluated by confidence interval analysis
explanation for this behavior could advance our understand-and Monte Carlo simulations. The treatment of data is
ing of EF-hand structureaffinity relationships. described in detail elsewher2g, 27).

Divalent ion-binding data for chicken PV3 (CPV3) sug- Differential Scanning Calorimetry (DSCIDSC was per-
gested a novel strategy for probing this issL@) ( Although formed in a Nano-DSC (Calorimetry Sciences Corporation),
CPV3 and rajs exhibit 69% sequence identityt9), CPV3 equipped with 0.32 mL cylindrical hastalloy cells. Temper-
displays substantially higher €aaffinity. The combination ature calibration was examined with DMPC, DPPC, and
of sequence similarity and functional diversity could expedite DSPC, using the published transition temperatu?8s The
the search for determinants of divalent ion affinity in the rat accuracy of the differential power measurements was verified
B-PV isoform. This article explores the consequences of with internally generated electrical calibration pulses.
performing ra{f — CPV3 mutations at residues 49, 50, 57,  Samples were dialyzed against 0.15 M NaCl, 0.01 M NaPi,
58, 59, and 60. The resulting CD site is identical to that in and 0.005 M EDTA at pH 7.4, which then served as the
CPV3 at 27 of 30 residues, and the remaining three reference buffer. Data was collected a0 Each protein
nonidentities reflect conservative sequence substitutions. included in the study exhibited an endotherm on rescan,

indicating that denaturation was reversible.
MATERIALS AND METHODS A baseline, obtained with sample and reference cells filled

Materials. LB agar, LB broth, ampicillin, NaCl, Hepes, with buffer, was subtracted from the protein data prior to
CaCl-2H,0, MgCh-2H,0, sodium phosphate, BEDTA- analysis. The resulting heat capacity daia,with units of
2H,0, lysozyme, Spectrapor 1 dialysis tubing,N'-meth- mcal/K, were analyzed with the following model.
ylene-bis-acrylamide, and acrylamide were purchased from

Fisher Scientific Co. DEAE-Sepharose, Sephadex G-75, and . __ (10°mcV _
ultrapure urea (Fluka) were obtained from Sigma-Aldrich P | MW ([AHC(T"‘) T AACKT = Tl
Co.

Protein Expression and Purificatiofhe ratg expression AH,y(Ty) + AC(T — T,) K(T) N
vector, pLD2, was derived from pBluescript (Stratagene). RT (1 + K(T))?
Mutagenesis was performed with the Quik-Change mutagen- K(T) 1
esis kit (Stratagene), using oligonucleotides from Integrated (m)ACp +Cnt (m)(b‘(T - T+
DNA Technologies (Coralville, IA). The fidelity of the
resulting sequences was confirmed by automated DNA K(T) @(T-T.)] @
sequencing. 1+ K(T) m

Proteins were expressed constitutivelydncoli DH5q,
at 37°C, in LB broth cultures containing ampicillin (100
ug/mL). The isolation protocol, identical to that of wild-

type f5, is described elsewhere(). Purity, judged by the weight, 5 is the ratio of the calorimetric and van't Hoff

Ao74Asgo ratio, exceeded 98% for all preparations. / X i
Protein concentrations were determined by absorbance aFnthaIplesAH_c andAHu, respec_:tlvely)ACp IS _the change
274 nm. Extinction coefficients were measured in a Beckman " heat capacity .that accompanies denaturation (assumed 1o
XL-I analytical ultracentrifuge, employing a synthetic bound- be f[emperature-lndgpenden'DLs_ '_[he at?solu'ge temperature,
Tm is the melting point or transition mid point, aflis the

ary cell. Upon acceleration to 5,000 rpm, the cell produces ! e
a sharp solventsample interface, which is examined by 92 constan¥(T) is the temperature-dependent equilibrium

interference optics and UV absorbance. The deformation of constant

the interference pattern at the interface yields the mass K(T) = exp AG(T)/RT) )
concentration, 3.333 fringes corresponding to a protein

concentration of 1.0 mg/mL in a 1.2 cm ceR1). The where AG(T) is given by the GibbsHelmholtz equation:
following extinction coefficient estimates were obtained by
dividing theAy74 value by the calculated molar concentration
and by 1.2 cm: wild-type8, 2880 M1 cm™t; 49/50, 2970
M-t cm™%; 49/50/57/58, 1708 Mt cm %, 49/50/57/58/59,
1650 M* cm™%; and 49/50/57/58/59/60, 1600 Mcm™2. For a two-state transition, the fractions of native and

In this equation, the derivation of which is described in detalil
elsewhereZ9), mcis the protein concentration in g/l is
the sample cell volume in LMW is the protein molecular

m

T

7)+ ACp’(T— T - TlnTl

m

AG(T) = AH( 3)

m
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denatured material equal 11 K(T)) andK(T)/(1 + K(T)),
respectively.

The first two terms in eq 1 describe the peak in the heat
capacity function and the accompanying baseline shift,
respectively. The third ternt,, represents the value of the
native state heat capacity at tig, and the remaining two
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parameter. However, a significantly lower chi-square value
was obtained by treating it as a local parameter. For all of
the proteins except 49/50, a monotonic decreasernmwas
observed with increasing temperature (Table 5). Because the
m value reflects the change in solvent-accessible apolar
surface area on denaturati@®); it is reasonable that it might

terms describe the temperature dependence of the native andecrease with increasing temperature and increased solvent

denatured state heat capacities, respectively.

penetration of the native state. THg and AH,4 in eq 3

Weighted least-squares analyses were performed in Origin,were fixed at the values determined by DT, was treated

assuming a uniform standard deviation of 0.003 mcal/K. To
improve the estimates fokH. and AC,, data collected at
three protein concentrations were modeled simultaneously.
Tm, AHc, AHyu, and AC, were treated as global variables
and allowed to floatc, », b, andd should likewise be global
parameters. However, because of baseline irreproducibility,
they were treated as local parameters and allowed to float.
Protein concentrations were fixed at the spectroscopically
determined values. After obtaining the optimized parameter
set and associated minimal chi-square value, paramete
uncertainties were investigated by confidence interval analy-
sis, as described elsewhef6(27).

Urea Denaturation Urea denaturation was monitored by
circular dichroism (CD) at 222 nm with an AVIV Model
62DS spectrometer. Protein samplesu{8) were dialyzed
against PBS/EDTA buffer (0.15 M NacCl, 0.01 M NaPi, and
0.001 M EDTA at pH 7.4). The 10.0 M urea titrant was
prepared by quantitatively transferring 60.06 g of urea to a
calibrated 100 mL volumetric flask and then adding 10.0
mL of 10x PBS/EDTA and sufficient water to dissolve the
urea. After dilution to 100 mL, the pH was adjusted to pH
7.4. The concentration was confirmed by refractometry.
Aliquots of the resulting solution, stored at20 °C, were
thawed once, then discarded.

Urea titrations were performed at 20, 25, 30, and®G5
using a Hamilton Microlab 500 auto-titration accessory
interfaced with the CD spectrometer. Experiments were
conducted in 10 mm cuvets, in a constant 2.0 mL volume.
Each urea addition was followed by a 60 s equilibration
period and 30 s of data collection. Facile reversibility of the
urea-induced denaturation was indicated by the equality of
the CD signals obtained by mixing (1) equal volumes of 6.0
M urea and native protein solution and (2) equal volumes
of buffer and denatured (6.0 M urea) protein.

The ellipticity data, corrected for dilution, were fit to eq
4 (30)

(Y, + m[urea])+ (y, + m[urea])
x exp(—(AG, — murea])RT)

1+ exp(=(AG, — m[urea])RT)

y= 4

wherem, andy, are the slope and intercept, respectively,
for the pre-transition baseling, andm, are the slope and
intercept, respectively, for the post-transition baselikg;

is the free energy change for unfolding in the absence of
urea; andm describes the sensitivity of the conformational
free energy to urea concentration.

To obtain an alternative estimate faC,, independent of
DSC, data collected at the four temperatures were globally
fit to eq 4. Rather than treatinyG, as a fitting parameter,
its value was calculated with the Gibbslelmholtz equation,
eq 3 @1). yn, M, Yu, andm, were treated as local parameters,
unigue to each dataset. In principla,should be a global

as a global fitting parameter.

RESULTS

Residues 49, 50, 57, 58, 59, and 60 of faPV were
replaced with the corresponding residues in CPV3. The
mutagenesis was conducted in four stages, first replacing
residues 49 and 50 and adding the mutations at residues 57
and 58, then residue 59, and finally residue 60. For clarity,

2 shorthand notation is used to identify the variant proteins.

Thus, 49/50/57/58/59/60 denotes jheariant harboring the
F49I, I150L, Y57F, L58I, D59E, and G60E mutations.

Divalent lon-Binding PropertiesThe EF-hand motifs in
wild-type rat/ exhibit distinct divalent ion-binding behaviors
(20, 27, 33). The EF site binds C& with a microscopic
binding constant of 2.3& 10 M—* and an enthalpy of4.10
kcal/mol. The CD site values are 1.5210° Mt and—3.46
kcal/mol. The EF site binds Mg with a binding constant
of 9.23 x 1 M™! and an enthalpy of 3.01 kcal/mol.
Corresponding CD site numbers are 1.8810* M~! and
4.16 kcal/mol.

The C&"- and Mg *-binding properties of the four rat
— CPV3 variants were examined by global least-squares
analysis of ITC data. This strategy returns parameter
estimates for both CGa and Mg@*. The suite of experiments
employed in this study included direct titrations with*Ca
and Mg, titrations with C&" in the presence of Mg or
competing chelators (EDTA, EGTA, NTA), and titrations
with Mg?" in the presence of EDTA. Table 1 lists the
resulting binding constants and enthalpies fot'Gand Md+.
These analyses assume that the CD site retains its low-affinity
signature in the variant proteins, that is, thatand k;
correspond to the EF and CD binding events, respectively.
Table 2 summarizes the divalent ion-binding energetics.
Figure 9 (panels BD) presents theAAG, AAH, and
—TAAS values in graphical format.

Raw data for representative titrations with Caare
displayed in Figure 3. Data were collected on wild-type
the four § variants, and CPV3, at concentrations ranging
between 60 and 6ZM. The impact of the mutations is
particularly evident in the titrations of 49/50/57/58/59 and
49/50/57/58/59/60. The former appears to end prematurely,
and the latter displays a pronounced endothermic component.

F49I/I50L. Integrated data for the analysis ®#9/50 are
included in the Supporting Information (Figure S1). Least-
squares minimization of the composite dataset reveals that
the combined mutations produce a perceptible elevation in
Ca&* affinity. Both binding constants are increased, to 3.19
x 107 and 2.26x 10° M1, respectively, for a 0.42 kcal/
mol improvement in C&-binding free energy. Because both
binding enthalpies are less exothermic than that in the wild-
type protein, the more favorable binding free energy evi-
dently has an entropic origin.
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Table 1: Divalent lon-Binding Properties

Ca* values Md" values
ki® Hi ka? Ha kim? Him kam? Hawm

protein M-t kcal/mol M-t kcal/mol M-t kcal/mol M-t kcal/mol
2.30x 10/ —4.10 1.52x 1¢° —3.46 9.23x 10° 3.01 1.68x 17 4.16

B-P\P
(2.05,2.56)  (4.16,-4.06) (1.38,1.70) {3.52,—3.41) (8.93,9.66) (2.97,3.05) (1.58,1.79)  (4.00, 4.32)
3.19x 107 —3.51 2.26x 10° —3.22 1.34x 10¢ 4.22 1.46x 107 5.42

varl®
(2.57,3.80) (3.70,-3.31)  (1.90,2.92) £3.42,-3.01) (1.17,157) (3.98,4.53) (1.20,1.66)  (5.00, 6.16)
4.29x 10 —3.78 1.45x 1¢° —3.38 1.79x 10 3.39 3.34x 107 4.26

varZz
(3.73,4.68)  (3.89,-3.66) (1.31,1.60) {3.28,-3.48) (1.65,1.95) (3.29,3.52) (2.80,3.74)  (4.04,4.47)
4.65x 107 —4.92 1.70x 1¢° 0.16 1.92x 10* 2.50 5.09x 107 5.34

var®
(4.42,4.89) (5.02,-4.82) (1.64,1.77) (0.12,0.19) (1.82,2.05) (2.38,2.57) (4.68,5.44)  (5.13,5.56)
3.76 x 10/ —3.98 2.43x 10° 2.56 1.60x 10* 3.34 4.91x 107 5.78

varf
(3.46,4.45)  {(4.24,—-3.84) (2.28,2.88) (2.43,2.74) (1.53,1.96) (2.91,355) (4.58,7.41) (5.31,6.19)
4.50x 107 —5.46 2.43x 107 —0.13 4.98x 10¢ 1.53 2.12x 10¢ 1.62

CPV3

(4.31,4.96) {5.68,-5.30) (2.36,2.66) +£0.21,-0.04) (4.74,579) (1.31,1.62) (1.94,2.38)  (1.30, 1.76)

a Microscopic binding constants are shown with uncertainties (68% confidence intervals) parerithedess are from ref 2727). ¢ Varl is
the abbreviation for the 49/50 variant; var2 denotes 49/50/57/58; var3 corresponds to 49/50/57/58/59; and var4 represents 49/50/57/68/59/60/59/
dValues are from ref 181@).

F491/I50L/Y57F/L581.The 49/50/57/58 variant also ex-

Table 2: Divalent lon-binding Energetics . ) A o .
hibits perceptibly higher affinity for Ca. The integrated

yE— T
_ bca2 binding t/'gz binding ITC data are included in the Supporting Information (Figure
protein AG  AH —TAS AG® AH —TAS S2). Although the improvement in overall binding free energy
5 EF Site (AAG = —0.34 kcal/mol), relative to that of wild-typ®, is
ratp-PV —10.04 —4.10 —-5.94 —541 3.01 —8.42 imi e
49150 1023 351 672 —£63 422 —ogs sr|]m|_lar to that obfs%_er_veq fq@_39/5|0 (i.e., Q.42dkc_axmhol)%_
49/50/57/58/59 —10.45 —4.92 —5.53 —5.84 250 —8.34 binding event. Whereas the introduction of Y57F and L58I
49/50/57/58/59/60—10.33 —3.98 —6.35 —5.73 3.34 —9.07 into the 8 49/50 background increases the EF-sit¢'Ca
CPV3 —10.43 -5.46 —4.97 -6.40 153 —7.93 binding constant from 3.1% 107 to 4.29 x 107, the CD
oy 643 gZGSite 407 303 416 719 site constant decreases from 2.26.0°to 1.45x 1P M2,
ratg- —O. —93. —4. —9. . — /.
49/@0 —-8.66 —3.22 —-544 —-295 542 —8.37 A|th0l_.lg_h 49/50 and 49/50/.57/_5_8 have c_omparak_)I(_a overall
49/50/57/58 —8.40 —3.38 —5.02 —3.44 4.26 —7.70 Ca&" affinity, the latter has significantly higher affinity for
49/50/57/58/59 ~ —8.49 0.16 —8.65 —3.69 534 —9.03 Mg?*. The overall improvement in Mg affinity, relative

49/50/57/58/59/60 —8.71  2.56 —11.27 —3.67 578 —9.45 to wild-type 3, is 0.80 kcal/mol, compared to 0.14 kcal/mol

CPV3 —10.07 —0.13 —9.94 —-590 1.62 —7.52 !

Overal for 49/50. Least-squares analysis suggests that th&" Mg
rat B-PV 1847 —756 —10.91 —8.4% 717 —15.61 binding constants for both gltes have mcreaseql&gnlﬁcantly,
49/50 ~18.89 —6.73 —12.16 —8.58 9.64 —18.22 to 1.79 x 10* for the EF site and 3.34 10* M~ for the
49/50/57/58 —18.81 —7.16 —11.65 —9.24 7.65 —16.89 CD site.
49/50/57/58/59 —18.95 —4.76 —14.19 —9.53 7.84 —17.37 . . _
49/50/57/58/59/60—19.03 —1.42 —17.61 —940 9.12 —18.52 FA91/I50L/Y57F/L58I/DS9EThe direct titration of this
CPV3 —20.50 —5.59 —14.91 —12.30 3.15-15.45 protein with C&" can be accommodated by a single-site

. S o
aEnergies are expressed in kcal/mol. All binding data were collected model with an a_pparent' binding Con_Stant of &105 M. :
in Hepes-buffered saline at pH 7.4 at 26. ® Equal to—RT In kke, In fact, the protein contains two functional €binding sites,
whereR is the gas constant, is the absolute temperature, akadand but theAH associated with the second binding event is small,

k. are the microscopic binding constants for the first and second binding rendering it effectively invisible. In the global analysis
events, respectively.Equal toAG — AH. (Figure 4), however, the site is detected by its impact on

The mutations have a smaller impact on Mgffinity. competing_ equilibri.a. It is_ most clearly evident whgn the
Although the binding constant for the EF site increases to Protein is titrated with C# in the presence of NTA (Figure
1.34x 10 M1, the CD site value decreases slightly to 1.46 4A, O and a). Although less obvious in Ca titrations in
x 12 ML As a result, theAAG is just —0.14 kcal/mol.  the presence of Mg, EDTA, or EGTA, satisfactory model-
Both Mg?*-binding enthalpies become more endothermic N9 of t_he;e data requires the assumption of two sites having
with the replacement of residues 49 and 50, the EF-site valueC& "-binding constants of 4.65 10" and 1.70x 10° M™.
increasing by 1.21 kcal/mol and the CD site value increasing The least-squares analysis suggests that the introduction
by 1.26 kcal/mol. This result suggests, as remarked fét Ca of the D59E mutation into 49/50/57/58 produces a change
that the entropic contribution to Mgbinding is substantially ~ in overall C&" affinity of —0.14 kcal/mol. This modest
more favorable for the 49/50 variant. change inAG notwithstanding, the binding enthalpies have
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1 10 20 30
RAT3 SITDILSAEDIAAALQECQDPDTFEPQEKFFQTSGLSKM
CPV3 -L----- PS------ RD--A--§-8S-K----I--M--K
40 50 60 70
RAT 3 SASQVIKDTITFRIIMDNDOQSOG lmEe DELZ KYVFLQKTFQSDARE
CPV3 -S--L-E-- -y - - - - - - F I E ESEEECCE R-E-G- -V
80 90 100
RAT3 LTESETKSLMDAADNDGDGEKIGADEFQEMVHS
CPV3 --A----TFLA---H-------- E----- - Q -

Ficure 2: Amino acid sequences of ratPV and the C72S variant of CPV3. Data are from reference<l@6and 19 (9), respectively.

0.0 Fpmm " ' ',,n' ~ 0.0 o constant from 4.65< 107 to 3.76 x 10’ M~ and increases
02 ] ” A o1 B the CD site affinity from 1.70x 10° to 2.43 x 1(°. These
0.2 compensating changes leave the overs® nearly un-
o4 103 changed AAG = —0.08 kcal/mol). As with 49/50/57/58/
061 1-04 59, the negligible free energy change is the result of large,
08l ]-0s opposing changes in binding enthalpy and entropy. The
oL wratBPV g6 CPV3-CT728 AAHc, values for the EF and CD sites are 0.94 and 2.40
0 3 60 90 120 15 0 30 60 90 120 150 kcal/mol, respectively. With respect to Kfgbinding, the
0.0 i 00 e mutati_on slightly lowers affinity at both binding sites,
T 02 w c | W WTW D affording an overallAAG of 0.13 kcal/mol. TheAAHyq
° -04 values for the EF and CD sites are 0.84 and 0.44 kcal/moal,
g 04 1706 respectively.
B 06 08 Differential Scanning Calorimetryrigure 6A displays the
§ paorso 170 B 49/50/57/58 molar heat capacities of the wild-type and variant proteins.
08 TR 1001201401;361-2 B T All four variants exhibit perceptibly higher melting temper-
0.0 ol 04 atures, withAT,, values ranging from 1o 3.4. For each
WM 02 . F protein, denaturation data were acquired at three concentra-
02 ”H “lh tions and subjected to simultaneous least-squares minimiza-
0.0 )
-0.4 {02 tion to extract estimates fdf,, AHc, AHw, andAC,. Table
04 3 lists the resulting values.
08 106 Denaturation data for wild-typ@g, displayed in Figure
-0.8 B 49/50/57/58/59 1 o B 49/50/57/58/59/60 6B, were collected at protein concentrations of 2:25(
0 30 60 90 120 150 0 30 60 90 120 150 4.49 (), and 6.73 ©) mg/mL. Under these solution
time (min) conditions, the observet, is 49.3°C. Simultaneous least-
Ficure 3: Raw ITC data. Representative titrations witiPCaA) squares analysis of the datasets yielded valuesAtdy,

1.0 mM C&* vs 60uM wild-type rat3-PV. (B) 1.0 mM C&* vs AHyu, and AC, of 72.9 kcal/mol, 67.9 kcal/mol, and 1.60

60uM CPV3-C72S. (C) 1.0 mM Ca vs 63uM B 49/50. (D) 1.0 kcal molt K1, respectively. Figure 6C displays DSC data
mM C&+ vs 65uM j3 49/50/57/58. (E) 1.0 mM G vs 674M 3 , [€5P Y- Hg biay

for 8 49/50, collected at concentrations of 4.66),(6.95
49/50/57/58/59. (F) 1.0 mM Cavs 63uM S 49/50/57/58/59/60. )
) m Vs 63uM § (O), and 8.77 ©) mg/mL. The combined F49I and 150L

undergone marked alteration, wittAH values for the EF mutations increase the calorimetric enthalpy of wild-type

and CD sites of~1.14 and 3.54 kcal/mol, respectively. rat § by approximately 14 kcal/mol, from 72.9 to 86.6
The free energy change associated with?Miginding is kcal/mol. However, the van't Hoff enthalpy, at 69.9

0.29 kcal/mol more favorable than that for 49/50/57/58. Most kcal/mol, exhibits a much smaller increas®AH,n = 2.0

of this change is attributable to an increase in the CD site kcal/mol). There is an apparent increase\i@,, from 1.60

binding constant from 3.34 1% to 5.09 x 1% The EF to 1.76 kcal mott K1,

site value is nearly unchanged at 1.92 10* M~%. As Figure 6D presents DSC data fqf 49/50/57/58,

observed for C#, the binding enthalpy is more favorable acquired at concentrations of 4.38)( 5.75 (), and 6.94

(AAH = —0.89 kcal/mol) for the EF site and less favorable (O) mg/mL. Global least-squares minimization of the three

(AAH = 1.08 kcal/mol) for the CD site. datasets indicated that introduction of the Y57F and L58I
F491/150L/Y57F/L58I/D59E/G60R=igure 5 presents ITC ~ mutations intog 49/50 decreases thg, by 1.5, leaves

data forg 49/50/57/58/59/60. As noted above, the titration AH; nearly unchanged, reducesH,; by 3.9 kcal/mol,

of this protein with C&" is remarkable for the endothermic and raises the apparenC, for denaturation to 1.98 kcal

nature of the second binding event. Although we have mol* K.

previously observed endothermic®dinding events in PV Figure 6E displays DSC data for 49/50/57/58/59 at sample
variants £5), those proteins displayed markedly attenuated concentrations of 3.79), 5.06 (), and 6.25 ©) mg/mL.
divalent ion affinity. In this instance, the overall Caffinity Least-squares analysis suggests that the replacement of Asp-

of 49/50/57/58/59/60 is 0.56 kcal/mol more favorable than 59 by glutamate, in the 49/50/57/58 background, raises the
that of wild-type, and the overall Mg affinity is 0.96 Tm by 0.2, leavesAH, essentially unchanged, increases
kcal/mol more favorable. AH,y by 2.3 kcal/mol, and decreasA€, from 1.98 to 1.74
Least-squares analysis indicates that the introduction of kcal mol* K~1. Figure 6F presents DSC data for 49/50/57/
G60E into 49/50/57/58/59 reduces the EF-site binding 58/59/60, collected at protein concentrations of 320 .61
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Ficure 4: Divalent ion-binding behavior qf 49/50/57/58/59. The solid lines represent the best fit to the composite datdsetl(.55).
The residuals are displayed in the lower panels. (A) 1.0 m&t @a 67uM protein ©); 1.0 mM C&" vs 63uM protein and 1.0 mM NTA
(d); 1.0 mM C&* vs 66uM protein and 0.5 mM NTA4). (B) 1.8 mM Mg vs 69uM protein ©); 1.8 mM Mg vs 69uM protein and
100uM EDTA (0O). (C) 1.0 mM C&" vs 69uM protein and 1.0 mM Mg" (O); 1.0 mM C&" vs 69uM protein and 5.0 mM Mg" (0O);

1.0 mM C&" vs 65uM protein and 10.0 mM Mg" (2). (D) 1.0 mM C&" vs 69uM protein and 6Q«M EDTA (O); 1.0 mM C&" vs 64
uM protein and 6QuM EGTA (O);1.0 mM C&*" vs 60uM protein and 6QuM EGTA (a).

(0), and 7.76 ©) mg/mL. An analysis of these data indicates  To clarify this issue, urea titrations were conducted at 20,
that the substitution of glutamate for Gly-60 in 49/50/57/ 25, 30, and 35C. The data were simultaneously modeled
58/59 lowers theTy, by 0.4, decrease@\H. by 0.2 kcal/ with eq 4, using the GibbsHelmholtz relationship (eq 3)
mol, raisesAH,4 by 3.9 kcal/mol, and decreasa<, from to calculateAG, at each temperature. THe, and AH,y
1.74 to 1.70 kcal moft K. values employed for that calculation were obtained from the

The DSC studies suggest that the mutations producecorresponding DSC analysis; atC, was varied to obtain
significant changes inAC,, which in turn impact the the best agreement with the composite date38t Figure
projected stabilities at 28C. Figure 7A displays the stability 8 (panels B-F) displays the data and optimal least-squares
curves obtained with eq 3, using the DSC-derived estimatesfits. Table 5 lists the resultind\C, estimates, which are
of Tm, AHw, and AC,. The curves for the five proteins substantially lower and more uniform than those obtained
diverge significantly at lower temperatures, a reflection of by DSC. These values were used, in conjunction with the
the variations inAC,. In particular, although 49/50/57/58 T andAH,y values from the DSC studies, to generate the
has a highef, than that of wild-types, it is projected to be  protein stability curves displayed in Figure 7B. Notice that
0.43 kcal/mol less stable at 26. This prediction was tested the curves cluster more tightly than those in Figure 7A and
by chemical denaturation measurements. are perceptibly shallower.

Urea Denaturation.Each protein was titrated with urea
at 25°C, monitoring denaturation by CD. Figure 8A displays DISCUSSION
the data and optimal least-squares fits. The extrapolated The CD site of the mammaligh+PV exhibits low divalent
stabilities at zero urea concentration, thati§,, are listed ion affinity. This study exploits the sequence similarity
in Table 4, along with the correspondingvalues. Interest-  between raff and CPV3 to explore this issue. Although the
ingly, the stabilities are more similar than those predicted two proteins are identical at 74 of the 108 residues, their
by DSC. Moreover, the urea denaturation experiment sug- apparent overahG values for Ca" and Mg binding differ
gests that 49/50/57/58 is actually more stable than wild-type by 2.03 and 3.86 kcal/mol, respectively (Table 2). These
f, not less. This finding cast doubt on the validity of the discrepancies largely reflect the disparate binding properties
DSC-derivedAC, values. of the CD sites. To what extent are the behaviors of the two



Mutagenesis of Ragf-Parvalbumin Biochemistry, Vol. 46, No. 1, 200729

20 T I T I T I T 60 T I T I T I T I T I T I T
B 4 FoooEgy -
= 50 |- N —
5 10 i , B 1
Q q
= 40 |- a —
c 0 B \ J
o] 0
3 30 I n ]
0} B = E
= Q N
£ -10 20 %0, o -
= | Qo\og Oy
0] o D T
S 20 10 | %%%@%% ]
o - 05986000558 520852age ]
1]
c 0
_30 1 | 1 | 1 | 1 | 1 | 1 | 1
%) T 'o T OC') T o‘:" T M T M T M T T T M T M
< 0.0 _.O.UO.db.OSESOQQ;QD.._O@QQUQQO.....O.ooeooeob-@ggeo- 0.0 _,,,,,0,99QQQOobUQOO,Q@,O,‘?O,O,,O,o,oﬁﬁ?090,@990090,0,@0,‘?_
_g 0.1 _D,D,uuul,ﬂ ,,,,,,, Dﬁﬁ,,uD,DDEDD,ﬁu,D,QDEﬂEDBDDDBDDEDDﬁ,,_ 01 -
— . oboo a e . -
0 -0.2 FousvvTo VoY YveTea v o At DA I B pi=ful=btdy BoOgoodntooooEfoogooftnootogn|
o vy MR AT AN 1 . . 1 . 1 1 . 1 R L . L
0.00 0.05 0.10 0.15 000 005 010 015 020 025 0.30
2+ 2
total [Ca™] (mM) total [Mg™'] (mM)
T T T T T T T T T T T T T T
10 |- —
T B J
g. 0 O@ Conn
= 20
put B y J
<]
= -10 - —
3 B J
g -20 =
—
g | J
30 - _
© | 00000008 ]
o =
< 40T ! | I 1
1 1 1 L
» r : . : . - T — C . T . ; T T -
§ 0.0 _—0o‘3D0‘3OOooO500;}@-@-26SQQO-QQOOOG)GOCV@GOOGOGO‘_ 0.0 _..D.D.QDDDDDDElDDUDD.D.DEDDal.:!.mg.‘:!Dg.Dﬂnl.]..Ung.D.umu_
5 -0.1 _i:‘,,D,DDDD,D,BUDD,D,DD,,D,l;‘,,J:‘,,DEDEDDD,D,D,E,‘DELE‘G,D,EEDEID_ | o o R R =} oo ]
.g 02 __A,AA&A—A—AA—AAA—AAAAAAAAAA'A'"AAAA"AAAAAAA'A'AMA": -0.1 _OG"OOQQOOQO‘"o'o‘o@‘"@GC’Ub‘Cfo‘C‘)'cs‘c,‘gé‘cs‘d&ODO@QQ"O-
et o . 1 sy Fi L . 1 [ . ! \ . ! ]
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
2
total [Ca”"] (mM) total [Ca”] (mM)

Ficure 5: Divalent ion-binding behavior gf 49/50/57/58/59/60. The solid lines depict the best fit to the composite dajgset 8.03).
The lower panels display the residuals for the individual experiments. (A) 1.0 M \&a69uM protein ©); 1.0 mM C&" vs 34uM

protein ); 1.0 mM C&" vs 69uM protein and 1.0 mM NTA 4). (B) 2.0 mM Mg+ vs 66uM protein ©); 2.0 mM Mg+ vs 65uM

protein and 6Q:M EDTA (O). (C) 1.0 mM C&" vs 65uM protein and 1.0 mM Mg (O); 1.0 mM C&* vs 64uM protein and 5.0 mM
Mg?t (O); 1.0 mM C&* vs 61uM protein and 10.0 mM Mg (a). (D) 1.0 mM Ca&" vs 63uM protein and 6Q«M EDTA (O); 1.0 mM
C&* vs 65uM protein and 6QuM EGTA (O).

CD sites dictated by local sequence nonidentities? To answer Conformational StabilityThe ratio of AHJ/AH,y is fre-
this question, we have examined the consequences ofquently used to diagnose two-state behavior, with values near
replacing residues 49, 50, 57, 58, 59, and 60 in the CD 1.0 indicating negligible population of intermediate states.
binding site of ra3-PV with the corresponding residue from  Although the ratio obtained for wild-typg (1.07) satisfies
CPV3. this criterion, the four variant proteins exhibit significantly
The sequence of the engineered CD site in the 49/50/57/higher values: 1.24 for 49/50, 1.32 for 49/50/57/58, 1.27
58/59/60 variant is nearly identical to that of CPV3. The for 49/50/57/58/59, and 1.20 for 49/50/57/58/59/60.
remaining three nonidentities, at residues 43, 45, and 69, The elevated\HJ/AH,y ratios are largely the product of
reflect highly conservative amino acid substitutions. At elevatedAH. values AAH = 14 kcal/mol). Conceivably;
position 43, valine replaces leucine. Both of these apolar side— CPV3 mutations at positions 49, 50, 57, 58, 59, and 60,
chains terminate in an isopropyl group, so that the impact in the overall context of the rgt amino acid sequence, could
on core packing is expected to be minor. At position 45, reduce the cooperativity of the unfolding transition and lead
aspartate replaces glutamate. The substitution of one anionido a greater population of partially folded intermediates. Thus,
side-chain for another at this solvent-accessible position a concerted effort was made to treat the data for 49/50/57/
should likewise have a minimal impact. Finally, at position 58 with a three-state model. However, whether the data were
69, lysine replaces arginine. Both side chains pair an apolarsubjected to gradient least-squares minimization or Monte
spacer and a cationic functional group. In the X-ray structure Carlo simulation, the quality of the fit was invariably
of Ca&*-bound rats (34), the e amino group of Lys-69 is  compromised.
hydrogen-bonded to the side-chain amide carbonyl of Asn- In principle, deprotonation events could alter the apparent
52. The guanidinium group of arginine should function calorimetric enthalpy. Only two of the six mutations under
analogously in CPV3. Thus, the behavior of the 49/50/57/ consideration, D59E and G60E, involve ionizable side-
58/59/60 variant provides a useful gauge of the relative chains. Glu-59 and Glu-60 should be ionized at the pH em-
influence of local and remote structural determinants on the ployed for the study. Moreover, their heats of dissociation
CD site divalent ion-binding signature. In the following would be minimal. Although the mutations could potentially
paragraphs, we discuss the impact of thesgrat CPV3 perturb the K values of adjacent residues, there are few can-
mutations on apoprotein stability and divalent ion affinity. didates that would fit the requisite ionization profile, pro-
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Ficure 6: Differential scanning calorimetry. (A) Excess molar heat capacity is displayed as a function of temperature for wildR¥pe
(no symbol),3 49/50 ©), S 49/50/57/58 [Q), B 49/50/57/58/59 4), and 49/50/57/58/59/60%). (B) Heat capacity data for wild-typé

at 2.25 p), 4.49 ), and 6.73 ©) mg/mL. Solid lines indicate the best global least-squareg fit=f 0.84) to a two-state model. (C) Data
for 8 49/50 at 4.66 4), 6.95 (), and 8.77 ©) mg/mL, with solid lines indicating the best least-squaresyft € 2.18). (D) Heat capacity
data forf 49/50/57/58 at 4.384), 5.75 @), and 6.94 ©) mg/mL; x> = 0.99 for the optimal fit. (E) Heat capacity data {®r49/50/57/
58/59 at 3.794), 5.06 (), and 6.250) mg/mL; x? = 1.14. (F) Heat capacity data fr49/50/57/58/59/60 at 3.2%\), 5.61 ), and 7.76
(O) mg/mL; y? = 1.57. For clarity, only subsets of the data have been plotted in pandfs B

Table 3: Summary of DSC Data

protein Tm AATn AHg AHyn ACy AAGgonf AAGeonf

49.3 72.9 67.9 1.60

wt rat 8¢
49.2,49.4 725,731 67.7,68.2 1.57,1.63
52.7 86.6 69.9 1.76

49/50 34 0.69 0.20
52.6,52.8 86.3, 86.9 69.6, 70.1 1.74,1.80
51.2, 87.0 66.0 1.98

49/50/57/58 1.9 0.37 —0.43
51.0,51.3 86.7,87.3 65.8, 66.2 1.95,2.00
51.6 86.7 68.3 1.74

49/50/57/58/59 2.3 0.47 0.04
51.4,51.7 86.3,87.0 68.0 68.5 1.72,1.77
51.2 86.5 72.2 1.70

49/50/57/58/59/60 1.9 0.53 0.37
51.1,51.4 86.2, 86.8 72.1,72.3 1.69,1.71

a Temperatures are reported@, energies in kcal mol, andAC; in kcal molt K1, ® Apparent changes in conformational stability at 493
of the wild-type Tm, calculated with eq 3, using th&C, values determined by DSCApparent changes in conformational stability at 5,
calculated with theAC, estimates from DSC.

tonated in the native state, deprotonated in the denaturedein, is a possibility. However, there are no anionic side
state. His-107, if engaged in a salt bridge in the folded pro- chains in the immediate vicinity of the imidazaole ring, at
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Urea denaturation data collected at 20, 25, 30, antiC35
were used with th&,, andAH, estimates obtained by DSC
to determine effectivé\C, values for wild-types and the
variant proteins 31). The resulting values are lower than
those obtained from the DSC analysis (Table 5). Whereas
DSC yields aAC, of 1.60 kcal mot? K~ for wild-type j3,
global treatment of the urea denaturation data affords a value
of 1.14 kcal mot!* K=% In the case of 49/50/57/58, the
difference is even greater, 1.98 kcal moK ! from DSC
and 1.05 from chemical denaturation.

The behavior described here is reminiscent of the discrep-
ancy observed3Q) in the AC, values measured by DSC and
chemical denaturation for Sac7d, a DNA-binding protein
from Sulfolobus acidicaldariusin that study, the DSC
analysis afforded a lowexC, than the chemical denaturation
data, 0.50 versus 0.86 kcal mdlK~1. The difference was
subsequently traced to the impact of protonation and anion-
binding events on protein folding4Q). An analogous
phenomenon, perhaps involving Nhinding, may underlie
the behavior described herein.

An analysis of the urea denaturation data suggests that
the combined F49I1 and I150L mutations increase the effective
AC, for unfolding from 1.14 to 1.32 kcal mot K1, This

was calculated as a function of temperature for the apo forms of change would be consistent with improved side-chain pack-

wild-type 8 and the four variant proteins, using eq 3 and the
estimates ofl,, AHw4, and AC, obtained by DSC. Wild-typ¢,

no symbol; 49/50 ©); 49/50/57/58 [01); 49/50/57/58/59 £); and
49/50/57/58/59/60<). (B) Predicted conformational stabilities,
employing the estimate faxC, obtained by global analysis of urea

ing and the more effective burial of the apolar surface.
Subsequent introduction of the Y57F and L58I mutations
into this background return&C, to a value slightly lower

than that of wild-type3. By a parallel argument, this decrease

denaturation data collected as a function of temperature. The legendwvould be consistent with compromised side-chain packing

is identical to that in panel A.

least in the crystal structure of &abound rat3. Moreover,
the enthalpy of ionization of imidazole is just 8.6 kcal/mol
(35).

Previous studies have indicated thatGhiee ratj binds
in excess of one equivalent of Ndt is known that coupled

and a relatively less effective burial of the apolar surface in
the apoprotein.

The replacement of Asp-59 by glutamate in 49/50/57/58
once more elevates th&C, to a value approaching that of
49/50. The mechanism by which the conservative substitution
of a loop residue impactAC, is not obvious. Given that
the side chain of residue 59 occupies theposition in the

temperature-dependent binding phenomena can contribute taD site ligand array, it is possible that the effect of E59D

the apparent energetics of a proce36—38). Thus, the
elevatedAH., values might reflect altered monovalent cation
binding.

The apparenAC, estimated by DSC increases signifi-
cantly with the introduction of the F491 and 150L mutations
and increases further with the addition of the Y57F and L58lI

on AC, is secondary to altered Nabinding. It is worth
emphasizing that the F57-158-E59 sequence triad is virtually
invariant in the parvalbumin family. The mammaligh
isoform is the only exception, replacing F57-158-E59 with
Y57-L58-D59. This high degree of sequence conservation
suggests that the correlated presence of E59 with F57-158

mutations (Table 3). The D59E and G60E mutations reversemay have functional relevance.
the trend observed with 49/50 and 49/50/57/58, producing The replacement of Gly-60 by glutamate has no further

significant decreases iAC, so that the value determined

impact onAC,. In contrast to Asp-59, the identity of residue

for the 49/50/57/58/59/60 variant is comparable to that of 60 is not strongly conserved in tffdésoforms from different

wild-type 3.

At the wild-type T, (49.3 °C), all four variants exhibit
elevated stability, wittAAG¢ons Values between 0.37 kcal/
mol (for 49/50/57/58) and 0.69 kcal/mol (49/50) (Table 3).
Because of the apparent changesAg, however, the
projected impact of the mutations at 26 is variable. 49/

mammalian species. In fact, glutamate is found at this

position in the human and guinea pig isoformg,(41).
Divalent lon Binding.The alterations in binding affinity

resulting from these mutations are modest. For two of the

variants, however, the relatively minor differencesAfG

belie much larger, compensating changes in binding enthalpy

50 and 49/50/57/58/59/60 are predicted to be more stableand entropy.

than wild-types, with AAG..ns values of 0.20 and 0.37 kcal/

F491/I50L. These mutations improve €aand Mg"

mol, respectively. By contrast, 49/50/57/58 is projected to binding by 0.42 and 0.14 kcal/mol, respectively, the result
be 0.43 kcal/mol less stable, and the extrapolated stability of minor increases in affinity at both the CD and EF sites
of 49/50/57/58/59 is similar to that of the wild typAAGeons (Table 2 and Figure 9D). Urea denaturation data collected
= 0.04 kcal/mol). These predictions are not entirely consis- as a function of temperature indicate that apo-49/50 is 0.29
tent with urea denaturation studies conducted &@&nder kcal/mol more stable than wild-typé at 25°C (Table 5).
comparable solution conditions. Specifically, 49/50/57/58 is Because thAG for divalent ion binding corresponds to the
found to be slightly more stable than wild-typgTable 4). difference in the energies of the apo and bound states, the
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Ficure 8: Urea denaturation data. (A) Urea-induced denaturation of wild4ypad the four variant proteins at 2&. Wild-type, ©);
49/50 (); 49/50/57/58 L); 49/50/57/58/59Y); and 49/50/57/58/59/60]. (B)—(F) Urea denaturation data collected at 29),(25 @),
30 (2), and 35°C (©) for wild-type 5 (B), S 49/50 (C), 49/50/57/58 (D) 49/50/57/58/59 (E), anfl 49/50/57/58/59/60 (F). Duplicate
experiments were performed on the wild-type protein af@5

the overall free energy change for Tainding (AAG =

Table 4: Urea Denaturation Studies at 25 =
0.08 kcal/mol). In contrast to €4 the overall Mg* affinity

protein keal mr(];rl M-1 kcaAI S]"Orl kcﬁﬁfgrl of 49/50/57/58 is increased relative to that of 49/50, with
, perceptible improvements in both binding sites.
‘gi%gge ratg-pv 1142311 8:82 i;gi 8:82 0.24 The DSC and urea denaturation analyses suggest that the
B 49/50/57/58 1.24- 0.02 4.064+ 0.06 0.04 mutations loweAH,y by 3.9 kcal/mol and reduce th&C,
B 49/50/57/58/59 1.280.02  4.12+0.05 0.10 for denaturation from 1.32 to 1.05 kcal méIK~1. These
f 49/50/57/58/59/60  1.3%0.02  4.43+0.05 0.41 alterations destabilize the apoprotein by 0.15 kcal/mol,

relative to that of 49/50. Given th&AG for C&" binding
mutations evidently stabilize the €a and Mg "-bound of 0.08 kcal/mol, the Cd-bound state of 49/50/57/58 must
states by 0.71 and 0.43 kcal/mol, respectively. be destabilized by 0.23 kcal/mol.

If, as suggested above, the F49l and I50L mutations Earlier, we noted that the reduction RC, and AHy
improve side-chain packing in the apoprotein, metal ion produced by these mutations would be consistent with less
binding might be accompanied by decreased folding. The effective side-chain packing in the apoprotein. If correct,
resulting binding enthalpy would be less exothermic and the divalent ion binding should require a higher degree of protein
conformational entropy penalty less severe. The observedfolding. Consistent with that requirement, the overalfCa
AAH and—TAASvalues are consistent with this explanation binding enthalpy is found to be slightly more favorale\H

(+0.83 kcal/mol and-1.25 kcal/mol, respectively, for €g = —0.43 kcal/mol), the entropy slightly less favorable
2.47 and—2.61 kcal/mol for Mg"). (—TAAS = 0.51 kcal/mol).

F491/I50L/Y57HL58l. The combined Y57F and L58I F491/I50L/Y57HL58I/D59E. The mammalians-PV is
mutations have a differential impact on the?Caffinities unique in having aspartate, rather than glutamate, atthe

of the EF and CD sites. Whereas the EF site, relative to 49/ position in the CD site. Although there was an expectation
50, has a slightly higher CGa affinity (AAG = —0.18 kcal/ that this difference might underlie the reduced divalent ion
mol), the C&" affinity of the CD site is reducedNAG = affinity of the CD site, the replacement of D59 by glutamate
0.26 kcal/mol). As a result, there is minimal alteration of in wild-type ratf has little effect 20) (AAG = —0.1 kcal/
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Table 5: Urea Denaturation Studies as a Function of Tempefature

protein m(20) m(25) m(30) m(35) AC, AGy(25)  AAG(25)
wild-type ratg-PV 1.54+0.08 1.43+0.01 1.34+0.01 1.25+ 0.01 1.14+0.03 4.05
B 49/50 1.33£0.10 1.26+0.01 1.33+0.01 1.274+ 0.01 1.32+ 0.02 4.34 0.29
B 49/50/57/58 1.3% 0.08 1.28+ 0.01 1.19+ 0.01 1.10+0.01 1.05+ 0.04 4.19 0.14
B 49/50/57/58/59 1.35-0.10 1.30+ 0.01 1.22+0.01 1.15+ 0.01 1.26+ 0.03 4.18 0.13
B 49/50/57/58/59/60 1.4Z 0.09 1.40+ 0.01 1.34+ 0.01 1.25+ 0.01 1.28+ 0.03 4.44 0.39

2@ AG, and AAG, are expressed as kcal/mol and, as kcal mot! M. The m values are expressed as kcal madW~1, with the absolute
temperature, in Celsius, indicated in parentheses.

A

AANG

HhbhrovoNnbD

[149/50

[ 49/50/57/58
49/50/57/58/59
C C D S ite I 49/50/57/58/59/60
CPV3

energy (kcal/mol)

Ficure 9: Energy diagrams. (A) Alterations in conformational stability, relative to that of wild-fgjpfr the apo forms of the foyf
variants at 298 K. (B} (D) Alterations in the thermodynamic parameters associated with & Mg binding, relative to that of wild-
type 3, for the EF site (B), the CD site (C), and both sites (D).

mol). Interestingly, the converse mutation (E59D) insat  large, compensating changes in binding enthalipxil =
produces a large decrease in*Caffinity (AAG = +1.6 3.54 kcal/mol) and entropy«(TAAS = —3.68 kcal/mol).
kcal/mol) 5). Thus, the identity of the-x ligand can shape  Although theAAG associated with the EF site is negligible,
the binding properties of the CD site, but its influence is the binding enthalpy is significantly improved\AH is

strongly context-dependent. ProducindAG of just—0.14 —1.14 kcal/mol).
kcal/mol, the impact of D59E in 49/50/57/58 is strongly ~ The energetics of Mg binding are qualitatively similar.
reminiscent of the behavior observed in wild-type The —0.29 kcal/mol improvement in overall binding affinity

The D59E mutation raises the van't Hoff enthalpy for is produced almost entirely by the second binding event. As
thermal denaturation by 2.3 kcal/mol and increases the with C&", although theAAG associated with the EF site is
effective AC, by 0.21 kcal mot? K™% At 298 K, these minute, the binding is significantly more exothermitAH
changes are nearly compensating so that the stability of 49/= —0.89 kcal/mol). Moreover, binding at the CD site is
50/57/58/59 is very similar to that of 49/50/57/58XGcont decidedly more endothermicAAH = 1.08 kcal/mol),
= —0.01 kcal/mol). Thus, the-0.14 kcal/mol increase in  although the magnitude of the change is less than that for
overall C&" affinity presumably results from a minor Ca&".
stabilization (0.13 kcal/mol) of the bound state. In C&*-bound ratf, water serves as the proximaix

The slight improvement in Ga-binding free energy, ligand in the CD site, bridging the €aand the carboxylate
which is associated with the CD site, is accompanied by of Asp-59 @4). In all other PVs examined to date, Glu-59



34 Biochemistry, Vol. 46, No. 1, 2007 Henzl and Ndubuka

directly coordinates the divalent ion. Thus, the replacement participate in a salt bridge in the apo form. Disruption of
of Asp-59 by glutamate should liberate a water molecule, that interaction, upon Ca binding, would contribute to the
producing a more favorable binding entropy. The impact of observed enthalpic penalty and entropic compensation. Recall
the D59E mutation in 49/50/57/58 closely parallels that that the introduction of the G60E mutation into 49/50/57/
observed in wild-typg (25). That system likewise exhibits  58/59 increases the van't Hoff enthalpy for denaturation by
a minor, entropically driven improvement in €aaffinity 3.9 kcal/mol. That observation would likewise be consistent
manifested in the CD site binding event, increased exother-with the existence of an additional salt bridge in the
micity at the EF site, and decidedly less exothermic CD site apoprotein, which is broken upon unfolding.

binding. The G60E mutation has a smaller impact on the underlying
The perturbation of divalent ion binding at the EF site by thermodynamics of Mg binding. TheAAH and —TAAS
the D59E mutation, in the CD blndlng |00p, illustrates the values are just 1.28 and-1.15 kcal/mol, respective]y_
structural and thermodynamic linkage between the two PV gpectroscopic43) and structural44) data indicate that the
blndlng sites. In the bound form, the t\NO@eblndlng |OOpS conformational Change produced by Md:)mdmg is less
are connected by a short segment of antipargligtfucture,  extensive than that produced by Zabinding. Notably,
involving residues 57 and 58 in the CD loop and residues whereas the-z glutamate (E62 in the CD site) coordinates
96 and 97 in the EF loop. Although the extent to which this Cz* in a bidentate manner, it functions as a monodentate
structural element is formed in the apoprotein is unknown, jigand to Mg*. With less extensive rearrangement at the
the proximity of the two loops in this region increases the poundary of the CD loop and D helix, the proposed ionic
probability that a perturbation of the CD site main-chain interaction involving E60 in the apoprotein could perhaps

dynamics would be transmitted to the EF site. be maintained when Mg is bound, accounting for the
F491/I150L/Y57HL58I/D59E/G60E.The consequences of reduction in magnitude oAAH and —TAAS.

the G60E mutation resemble those of D59E. Introduction

of G60OE into 49/50/57/58/59 likewise produces a minor CONCLUSIONS

increase in overall G4 affinity (AAG = —0.08 kcal/mol).

Moreover, as in D59E, G60E perturbs the binding properties  Pauls et al.45) produced a variant of rat-PV in which

of both binding sites: a\AG of 0.12 kcal/mol at the EF  residues 46, 50, 58, and 66 were replaced by the correspond-
site and a corresponding value 0.22 kcal/mol for the ~ ing residue from rat3. (Note that the L50I and 158L
CD site. Unlike D59E, however, G60E affords a reduction, Substitutions in that study represent the converse of two

albeit minor AAG = 0.13 kcal/mol), in overall Mg affinity, mutations included here.) Those four mutations decreased
resulting from small decreases in the apparentMgnding ~ the average Ca binding constant from 2.% 10" M~* to
constants for both sites. 1.9 x 10’ M1 (AAGc, = 0.42 kcal/mol) and decreased the

In further analogy to D59E, thAAG value produced by ~ average microscopic Mg binding constant from 4.4 10*
G60E is accompanied by larger, compensating changes inM~* to 1.9 x 10* M~ (AAGyg = 0.99 kcal/mol). These
binding enthalpy and entropy. TheAH values for C&" results are qualitatively consistent with thile — CPV3
binding at the EF and CD sites are 0.94 and 2.40 kcal/mol, mutations studied herein. Whereas we observe a small
respectively; the correspondingTAAS values are—0.82 increase in C¥ affinity and slightly larger increase in Mg
and—2.62 kcal/mol, respectively. The basis for these changesaffinity, the converse mutations in rat produce a small
is an interesting cause for speculation. Qualitatively, the decrease in Ca affinity and a somewhat larger decrease in
energetic signature, positivdAH and negative-TAAS, Mg=* affinity.
resembles that of the combined F491/I50L mutations in wild-  Incorporating the six site-specific mutations discussed in
type B. Recall that those observations were interpreted in this paper, the CD site in rgt(residues 4%70) is rendered
terms of improved side-chain packing in the apoprotein. identical to that of CPV3 at 27 of the 30 residues. Moreover,
Unlike 49/50, however, the G60E mutation does not afford the remaining three positions reflect highly conservative
an increase in the denaturationalC,. Furthermore, the  sequence substitutions. However, the'Cand Mg affini-
introduction of an additional anionic residue into the anionic ties of 5 49/50/57/58/59/60 remain 1.5 and 2.9 kcal/mol less
CD binding loop is not expected to promote folding. favorable, respectively, than that of CPV3, and whereas the

The thermodynamic perturbation might reflect an alteration AH associated with Ga binding to the CD site in CPV3 is
in conformational entropy. The replacement of G60 by —0.13 kcal/mol, it is 2.56 kcal/mol for the 49/50/57/58/59/
glutamate should reduce main-chain entropy. To the extent60 variant. These findings strongly suggest that residues
that motion is more restricted in the bound state, the G60E outside of the CD site EF-hand motif contribute to the
mutation should produce a more favorablEAASfor Ca&* unusual divalent ion-binding signature of the mammalian
binding. Matthews et al.42) observed that the G77A  S-parvalbumin isoform.
substitution in T4 lysozyme produced a 0.4 kcal/mol increase
in the AG for denaturation, which they attributed to decreased SUPPORTING INFORMATION AVAILABLE
main-chain conformational entropy. It is unlikely, however, ) ) . )
that the reduction of main-chain entropy alone could produce __Pivalent ion-binding behavior of 49/50 andf 49/50/
the —TAAS value of —3.42 kcal/mol observed for GGOE. 27/58. This material is available free of charge via the

The side-chain of E60 might also influence divalent ion- 'Ntérnet at hitp://pubs.acs.org.
binding energetics. In the structure of&dound rato, the
side-chain of Glu-60 is directed away from the bound ion REFERENCES
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