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• Residues 49, 50, 57–60 were re-
placed with their counterparts from
rat β-parvalbumin.

• E59D, alone or with the other muta-
tions, confers Ca2+-specificity on the
CD site.

• In contrast to the CD site, EF-site affinity
is not compromised by the mutations.

• The consequences of replacing L85 with
phenylalanine were also examined.

• L85F improves Ca2+ affinity in wild-
type rat α but has little impact in the
variants.
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Ratβ-parvalbumin (β-PV) displays lowdivalent-ion affinity. Its CD site is distinguished by six non-consensus res-
idues – the “CD-loop residues” – at positions 49, 50, 57–60. Additionally, leucine occupies position 85, rather than
phenylalanine, the β-lineage-consensus residue. Replacement of the CD-loop residues in rat βwith the canonical
residues was previously found to have little effect on divalent-ion affinity, unless L85 is replaced by phenylala-
nine. Herein, we replace the canonical CD-loop residues in rat α-PV with their rat β-PV counterparts. Although
the mutations have a generally modest impact on affinity, E59D confers Ca2+-specificity on the CD site, in the
presence or absence of the other mutations. Despite their minimal impact on ΔG, several CD-loop mutations
markedly alterΔH, evidently byperturbing the apo-protein conformation. The L85Fmutationwas also examined.
In wild-type rat α, L85F increases EF-site Ca2+ affinity. In the CD-loop variants, the mutation leaves the ΔG for
Ca2+-binding largely unaffected. However, several variants display highly exothermic binding enthalpies, indic-
ative of ligation-linked protein-folding. Consistent with that idea, scanning-calorimetry data confirm that L85F
has significantly destabilized those proteins.

© 2014 Published by Elsevier B.V.
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The vast majority of intracellular Ca2+-binding proteins belong to
the EF-hand family [1–4]. The 242 family members encoded by the
human genome are participants in Ca2+-signaling pathways, function-
ing either as Ca2+-dependent regulatory proteins or cytosolic Ca2+

buffers. The hallmark of the EF-hand family is its distinctive divalent-
ion-binding motif, a highly conserved central ion-binding loop flanked
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by short amphipathic helices. The spatial arrangement of these structur-
al elements, which can be mimicked with the thumb and first two fin-
gers of the right hand, inspired the term “EF-hand” [5].

In the classical EF-handmotif, the ligands to the boundmetal ion are
arrayed at the approximate vertices of an octahedron and are indexed
by Cartesian axes (x, y, z,−y,−x,−z). Amain-chain carbonyl furnishes
the –y ligand; a water molecule commonly resides at –x; and a glutamyl
side-chain occupies the –z position. The remaining ligands are contrib-
uted by side-chain oxygen atoms, most commonly aspartyl carboxyl-
ates. Because the –z glutamate binds Ca2+, but not Mg2+, in a
bidentatemanner, the Ca2+-coordination geometry is actually pentago-
nal bipyramidyl.

EF-hand proteins exhibit large variations in divalent ion affinity, de-
spite the similarity of their metal ion-binding sites. Elucidation of the
physical basis for these differences could enhance our understanding
of EF-hand-protein-function specifically and protein-ligand interactions
in general. The parvalbumins [6–8] offer a useful model system for ex-
amining this issue. These small (Mr ≈ 12,000), vertebrate-specific pro-
teins, which function primarily as Ca2+ buffers, contain two EF-hand
motifs. The parvalbumin (PV) tertiary structure includes six helices
(A-F), organized into two domains (Fig. 1). The Ca2+-binding domain
(or CD-EF domain) encompasses two EF-hand motifs, the CD and EF
sites, named for the helical elements flanking the binding loops. The
N-terminal AB domain, consisting of residues 1–38, packs tightly against
the hydrophobic aspect of the CD-EF domain.

Parvalbumins can be assigned to α- and β-lineages on the basis of
isoelectric point (pI b 5 for β isoforms), several lineage-specific se-
quence differences, and the length of the C-terminal helix (one residue
longer in α isoforms). Mammals express one α-PV and one β-PV [9].
The α isoform is believed to function as a mobile cytosolic Ca2+ buffer
in select neurons and muscle fibers. The physiological role of the β iso-
form (a.k.a. oncomodulin) is less certain. It is abundant in the outer-
hair-cells of the cochlea [10] and is also expressed in, and secreted by,
macrophages. The secreted protein exhibits potent nerve-growth
activity [11].

Although the peptide backbones of the rat α- and β-parvalbumins
are nearly superimposable, with an average RMSD of just 0.8 Å, the α
isoform exhibits superior divalent ion affinity. In saline at pH 7.4, the
overall standard free energies for Ca2+ binding differ by 3.5 kcal mol−1;
when K+ replaces Na+ as the major solvent-cation, the difference in-
creases to 5.5 kcal mol−1 [12].

The striking similarity of the bound proteins suggested that the dis-
parity in divalent-ion affinitiesmight reflect structural differences in the
Ca2+-free forms. Consistent with this idea, the conformations of Ca2+-
free and -bound rat α-PV are very similar [13], whereas those of the
Fig. 1. Ratα-parvalbumin (A) Parvalbumin tertiary structure. (PDB 1RWY). The AB domain is re
colored orange. The side-chains of the residues subjected to mutagenesis in this work are disp
coordination of the Ca2+. The -y ligand, a main-chain carbonyl contributed by F57, is hidden in
rat β isoform are substantially different [14]. In the latter, Ca2+ binding
is accompanied by reorientation of the C, D, and E helices and reorgani-
zation of the hydrophobic core. Conceivably, the energetic cost of this
rearrangement is responsible for the attenuated divalent-ion affinity.

Within the CD site (residues 41–70), the sequence of rat β-PV ex-
hibits six departures from the highly conserved PV consensus (Fig. 2).
Two of these, F49 and I50, reside at the N-terminal boundary of the
binding loop; the remaining four –Y57, L58, D59, andG60– residewith-
in the loop itself. For convenience, the six residues will be referred to
collectively as the “CD-loop residues”. Beyond the CD-site borders, the
rat β-PV sequence exhibits another anomaly – the presence of leucine
rather than phenylalanine, the consensus β-lineage residue, at position
85. Although the uniqueness of the CD-loop sequence eccentricities
implies functional significance, replacement with the consensus resi-
dues at all six positions provides only a small improvement in the stan-
dard binding free energy [15], 0.5 kcal mol−1. Interestingly, however, if
L85 is also replaced by phenylalanine, Ca2+ affinity increases by
2.3 kcal mol−1, relative to the wild-type β isoform [16]. Mutation of
L85 alone improves Ca2+ affinity by 1.0 kcal mol−1. Thus, residues 49,
50, 57, 58, 59, 60, and 85 significantly influence divalent ion affinity in
rat β-PV, and they act cooperatively.

The generality of these findings is a matter of some interest. To ad-
dress that question, we have examined the impact of replacing the
CD-loop residues in rat α-PV with the non-consensus residues found
in the rat β isoform. We have also ascertained the consequences of re-
placing L85 in each of the variant proteins with phenylalanine. In each
case, the divalent ion-binding behavior was examined by isothermal ti-
tration calorimetry (ITC).

1. Materials and methods

1.1. Materials

Hepes, NaCl, NaH2PO4, CaCl2 · 2H2O, MgCl2 · 2H2O, and Na2EDTA ·
2H2O, were purchased from Fisher Scientific Co. EGTA, NTA, tris-
hydroxypropyl phosphine (THP) and dipalmitoylphosphatidylcholine
(DPPC)were purchased from Sigma-Aldrich. All other chemicals and re-
agents were obtained from Fisher.

1.2. Protein mutagenesis, expression, and purification

Prior to the study, the coding sequences for the ratα and β isoforms
had been cloned into pBluescript. When Escherichia coli DH5α is the
host strain, the proteins are expressed constitutively at high levels.
ndered in blue, the CD site in green, and the EF site in red/orange. The bound Ca2+ ions are
layed in space-filling format. (B) A close-up of the CD-site binding loop, emphasizing the
this view. This figure and the structures in Fig. 11 were produced with Pymol.



Fig. 2. Comparison of the α- and β-PV sequences within the CD site. The β-PV CD-site harbors six sequence anomalies (highlighted in boldface type). Given that even single-residue de-
partures from the parvalbumin consensus, represented by the residues in the α-PV sequence, are rare at these positions, the mammalian β-PV is highly idiosyncratic.
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Purifications typically begin with cell paste collected from two 1-L
stationary-phase cultures.

Mutations were made with the Quik-Change mutagenesis kit
(Agilent), using custom oligonucleotides produced by Integrated DNA
Technologies (Coralville, IA). In every case, the fidelity of the resulting
sequence was verified by automated DNA sequencing.

Several of the α-PV variants display diminished affinity for DEAE-
Sepharose, even in the divalent ion-free state at very low ionic strength,
necessitating a modification of the standard purification protocol [17].
The bacterial cell paste was suspended in five volumes of 20 mM
Hepes, pH 7.4, treatedwith lysozyme, and extruded from a French pres-
sure cell. The resulting lysate (containing 1 mM Ca2+, 10 mM Mg2+,
and 2 mM THP) was rapidly heated to 80 °C, maintained there for
5 min, rapidly cooled to 4 °C in an ice-water bath, and clarified by cen-
trifugation. The supernatant was passed over a 15-mL column of
DEAE-Sepharose (pre-equilibrated with 20 mM Hepes), followed by
20mL of buffer. The eluate was then dialyzed for 36 h against 4 L of de-
ionized water at 4 °C. After adding EDTA (to 1 mM), the solution was
loaded onto 15 mL of DEAE-Sepharose that had been extensively
washed with water. Elution was performed with a linear Ca2+ gradient
(0–50mM, 100mL total volume) prepared in 1mMHepes, pH 7.4. Frac-
tions containing the protein of interest were combined, concentrated to
5.0 mL, and loaded onto a Sephadex G-75 column (2.5 × 75 cm). The
purity of the resulting protein exceeded 98% in all cases, as judged by
SDS-PAGE. For variants harboring the F57Y mutation, protein concen-
trations were estimated at 274 nm, assuming ε274 = 1400 M−1 cm−1.
Otherwise, the absorbance at 258 nmwas used for quantitation, assum-
ing ε258 = 1600 M−1 cm−1, 1800 M−1 cm−1 (if the protein also har-
bored the I49F or L85F mutation), or 2000 M−1 cm−1 (if both I49F
and L85F were present).

Purification of theD59E andD59E/L85F variants of ratβ-parvalbumin
was achieved with the standard protocol [18]. Concentrations were esti-
mated spectrophotometrically, assuming ε274 = 2970 M−1 cm−1.

Isothermal Titration Calorimetry measurements were conducted in a
MicroCal VP-ITC (Malvern Instruments, Inc.). Although nearly all of
the experiments were conducted at 25 °C, several of the proteins were
also titrated with Ca2+ at 5 °C, to obtain estimates of the heat-capacity
change associatedwith Ca2+ binding. Prior to ITC analysis, Ca2+was re-
moved from the protein preparations by passage over EDTA-agarose
[19,20]. The residual Ca2+ content was less than 0.02 molar-
equivalents in every case, as measured by flame-atomic-absorption at
422.7 nm. The Ca2+-free protein samples were subjected to a battery
of titrations.

As in the previous study of rat β-PV, these included titrations with
Ca2+ in the absence and presence of Mg2+ or competitive chelators
(EDTA, EGTA, NTA) and with Mg2+ in the absence and presence of
EDTA. In certain cases, samples were also simultaneously titrated with
Ca2+ and Mg2+ [21]. A 2 μL pre-injection was included at the start of
each experiment, the heat from which was neglected during the fitting
process. Raw data were integrated with the software supplied with the
instrument, and the resulting composite data setwas analyzed by global
least-squares minimization, to obtain the binding constants and
enthalpies for Ca2+ and Mg2+. The binding models employed in the
analysis incorporated microscopic, or site-specific, binding constants.
The binding constants associated with the Ca2+- and Mg2+-binding
events at the CD site are denoted kCa,CD and kMg,CD, and the accompany-
ing enthalpy changes are denoted by ΔHCa,CD and ΔHMg,CD. The corre-
sponding EF-site binding parameters are denoted kCa,EF, kMg,EF, ΔHCa,EF,
and ΔHMg,EF.

Each iteration of the least-squares analysis requires estimation of the
free Ca2+ and/orMg2+ concentration(s). For example, to obtain the free
Ca2+ concentration, [Ca2+], at a given point in a titration, we define a
function FC representing the difference between the actual and calculat-
ed values of the total metal ion concentration:

FC ¼ Ca2þ
h i

þ PV½ �t
kCa;E F Ca2þ

h i
1þ kCa;E F Ca2þ

� �þ kCa;CD Ca2þ
h i
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3
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t

ð1Þ

In this equation, [Ca2+]t and [PV]t represent the actual total Ca2+ and
protein concentrations. The central term on the right-hand side repre-
sents the calculated bound Ca2+ concentration, obtained using the cur-
rent estimates of the binding constants. The value of [Ca2+] is varied to
minimize FC.

If a small-molecule chelator is present – e.g., EGTA – the FC function
includes a term representing the metal-ion bound to the chelator:
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where [EGTA]t is the total EGTA concentration, and KEGTA is the Ca2+-
binding constant for EGTA.

Finally, for titrations with Ca2+ in the presence of Mg2+, it is neces-
sary to solve the following two equations simultaneously for [Ca2+] and
[Mg2+]:

FC ¼ Ca2þ
h i

þ PV½ �t
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h i
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Fig. 3. Shorthand nomenclature used to denote the multi-site variant proteins examined
in this work.
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FM ¼ Mg2þ
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After estimating the freemetal-ion concentration(s), one then calcu-
lates the cumulative heat of binding. For titrations with Ca2+ in the
presence of Mg2+,

Qi ¼ Vo PV½ �t

ΔHCa;E FkCa;E F Ca2þ
h i

þ ΔHMg;E FkMg;E F Mg2þ
h i
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� �þ kMg;E F Mg2þ

� � þ

ΔHCa;CDkCa;CD Ca2þ
h i

þ ΔHMg;CDkMg;CD Mg2þ
h i

1þ kCa;CD Ca2þ
� �þ kMg;CD Mg2þ

� �

2
666664

3
777775

ð5Þ

Here Qi represents the cumulative heat after the ith injection, and Vo
is the sample-cell volume. Lastly, an estimate for the injection heat is ob-
tained by calculating the difference between the cumulative heats asso-
ciated with the i and i-1 data points, including a correction for the
volume of reaction mixture displaced by the ith injection (dV):

qi ¼ Qi−Qi−1 þ
dV
Vo

� �
Qi þ Qi−1

2
ð6Þ

The data treatment has been described in greater detail elsewhere
[20,22].

The analysis employed these previous [22] estimates for the Ca2+-
binding constants of EDTA, EGTA, and NTA in Hepes-buffered saline,
pH 7.4: 4.4 × 107, 1.7 × 107, and 1.10 × 104 M−1, respectively. The
corresponding enthalpies were −6.30, −7.80, and −1.96 kcal mol−1.
The Mg2+-binding parameters for EDTA were assumed to be
5.50 × 105 M−1 and 4.25 kcal mol−1.

1.3. Differential scanning calorimetry (DSC)

Several of the α-PV variants were examined by DSC, employing a
modified Nano-DSC instrument (Calorimetry Sciences Corp.), equipped
with cylindrical Hastalloy cells (0.32 mL active volume). Temperature-
calibration was verified with DPPC, and internally-generated
electrical-calibration pulses were used to confirm the accuracy of the
differential-power measurements.

Prior to analysis, the proteins were dialyzed extensively against
phosphate-buffered saline (PBS), pH 7.4, containing 1.0 mM EDTA.
The samples, at concentrations between4.0 and 6.0mg/mL,were placed
under vacuum for five minutes to remove dissolved gases, then loaded
into the sample cell. The reference cell was filled with an aliquot of
the dialysis buffer. A scan-rate of 1 K min−1 was used for the analyses.
All of the samples denatured reversibly, exhibiting an exotherm on
cooling and an endotherm on rescan.

Data-analysis was performed with the CpCalc software supplied
with the calorimeter. A baseline scan, collected with both cells filled
with buffer, was subtracted from the protein-scan prior to analysis.
After conversion to molar heat capacity, a transition baseline was
subtracted from the data – employing linear- and quadratic fits to the
pre- and post-transition regions of the scan, respectively. The resulting
excess-heat-capacity data were treated with a two-state denaturation
model, to obtain estimates for the melting temperature and van’t Hoff
enthalpy.

2. Results

This laboratory has had a long-standing interest in the disparate
divalent-ion-binding affinities of themammalianα- and β-PV isoforms.
We herein explore the consequences of successively replacing I49, L50,
F57, I58, E59, and E60 in the CD site of ratα-PV with the corresponding
residues in ratβ-PV. Additionally,we examine the E59DandE59D/E60G
variants. As shown in Fig. 2,whereas F57, I58, E59, and E60 residewithin
the 12-residue binding loop – at positions 7, 8, 9, and 10, respectively –

I49 and L50 reside at the N-terminal boundary. However, all six are
herein referred to collectively as the CD-loop residues.

For brevity, a shorthand notation has been employed to designate
variant proteins harboring multiple mutations. For example, α 49–58
denotes the protein in which the β-PV residue has been introduced at
positions 49, 50, 57, and 58 – i.e., I49F/L50I/F57Y/L58I. For reference,
the abbreviations for each of the multiple-site variant are displayed in
Fig. 3.

This study mirrors an earlier one performed on the rat β isoform, in
which the aforementioned CD-loop residues were replaced with the ca-
nonical rat α residues [16]. In that study, residue 85 – residing outside
the CD site per se – was identified as a critical determinant of divalent
ion-binding affinity. Accordingly, we have also assessed the impact of
replacing L85 with phenylalanine in theα-PV CD-loop variant proteins.
Finally, we have conducted a detailed characterization of the D59E and
D59E/L85F variants of ratβ-PV, which had been omitted in the previous
β-PV study.

The divalent-ion-binding signature of each protein was assessed by
global analysis of multiple ITC experiments, employing an independent
two-site model to extract estimates for the Ca2+- and Mg2+-binding
constants and -enthalpies. In every case, themodel afforded a satisfacto-
ry fit to the integrated ITC data. A representative analysis, for the α
49–60 variant, is displayed in Fig. 4.

The binding-parameter estimates for each protein included in the
study are listed in Table 1. It should be noted that the Ca2+-binding
properties of α E59D and β D59E have been discussed in an earlier
publication [23]. Additionally, the divalent-ion-binding parameters for
α-PV 49–60/85 have been reported previously [21].

For the twoβ-PV variants, alignment of the valueswith the CD- or EF
site was straightforward because the former has much lower intrinsic
divalent-ion affinity. However, the rationale for assigning the α-PV
values deserves comment. Although the CD- and EF sites in wild-type
ratα exhibit nearly identical divalent-ion affinities, the associated bind-
ing enthalpies differ. The assignment of the wild-type enthalpies
exploited the monovalent-ion-binding properties of the protein.
Whereas rat α-PV displays nomeasurable affinity for K+, it binds a sin-
gle equivalent of Na+, with KNa=630±130M−1 in hepes-buffered sa-
line [24]. TheNa+-binding event –which reduces apparent divalent-ion
affinity by an order of magnitude –was attributed to the CD site, based
on the alterations in the 1H-15N-HSQC spectrum that occurredwhen the
major solvent cationwas switched fromK+ toNa+[24]. Itwas reasoned,
in turn, that the CD-site-binding parameters should exhibit the greater
sensitivity to solvent cation identity. Thus, in the analysis of the wild-
type α-PV calorimetric data, the microscopic Ca2+- and Mg2+-binding
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constants displaying the greater changes in binding enthalpy upon
solvent-cation exchange were assigned to the CD site.

As for the variant proteins, binding constantswere assignedwith the
assumption that mutations should perturb the proximal binding site
more strongly. In general, the assignments were straightforward, al-
thoughα I49F presented a challenge. In that case, the two Ca2+ binding
constants were similar, comparable to the wild-type values. However,
the Mg2+ values differed appreciably. Thus, the smaller was assigned
to the CD site, along with the associated Ca2+ constant, consistent
with the idea that the mutation should have a greater local impact.
2.1. Binding constants: CD-loop variants

The binding constants for each of theα-PV CD-loop variants are rep-
resented by the cross-hatched columns in Fig. 5. In wild-typeα, kCa,CD is
1.3 × 108 M−1. As the CD-loop mutations are introduced, the CD-site
Ca2+ affinity decreases in twomajor steps (Fig. 5A). I49F alone has little
effect, but introduction of L50I, to produce α 49–50, drops kCa,CD to
6.23 × 107 M−1. Although the subsequent F57Y and I58L mutations
have little impact on that value, replacement of E59 by aspartate in
the α 49–58 background shrinks kCa,CD to 1.09 × 107 M−1. Introduction
of E60G mutation into α 49–59 produces further attenuation, to
6.03 × 106 M−1.

In wild-type α, kMg,CD has a value of 2.05 × 104 M−1. The CD-site
Mg2+ affinities of the CD-loop variants (cross-hatched columns in
Fig. 5C) roughly parallel the Ca2+ affinities, although the I49F and I58L
mutations produce more prominent reductions in affinity. As observed
for kCa,CD, the E59Dmutation has the greatest impact on kMg,CD, reducing
it from 3.44 × 103 in α 49–58 to 96 M−1. Subsequent replacement of
E60 by glycine produces no further attenuation of CD-siteMg2+ affinity.
In fact, kMg,CD increases marginally to 113 M−1.

Significantly, replacement of E59 by aspartate has virtually the same
impact in thewild-type andα 49–58 backgrounds. The kCa,CD and kMg,CD

values measured for α E59D are 1.05 × 107 and 99 M−1, respectively.
The corresponding values obtained for the α 49–59 variant are
1.09 × 107 and 96 M−1.

In contrast to the CD-site behavior, the CD-loop mutations do not
lower EF-site divalent-ion affinity (cross-hatched columns in Fig. 5B
and D). In each of the CD-loop variants, kMg,EF exceeds the wild-type
value of 1.61 × 104M−1, and in several of the proteins, the increase in af-
finity is substantial. For example,α 49–50,α 49–57, andα 49–58 exhibit
kMg,EF values of 4.98 × 104, 3.03 × 104, and 3.26 × 104 M−1, respectively.
Similarly, with the exception of α 49–60, the EF-site Ca2+-binding con-
stants likewise exceed the wild-type value (1.20 × 108 M−1). The kCa,EF
values of α 49–50, α 49–57, and α 49–58 are particularly noteworthy –

2.53 × 108, 2.26 × 108, and 1.95 × 108 M−1, respectively.
2.2. Binding constants: L85F variants

Because the identity of residue 85 (whether leucine or phenylala-
nine) has a major impact on the divalent-ion-binding signatures of the
CD-loop variants in rat β-PV, the consequences of the L85F mutation
were likewise assessed in the CD-loop variants of rat α.

The binding constants for each of the variants harboring L85F are de-
noted by the solid-color bars in Fig. 5. The Ca2+ values for the CD and EF
sites are presented in panels A and B, respectively. The corresponding
Mg2+ values are presented in panels C and D. Introduction of L85F
into the wild-type protein produces a major increase in kCa,EF, from
1.20 × 108 to 4.82 × 108 M−1, a factor of 4.0, while leaving the CD-site
value unchanged. Interestingly, the Mg2+-binding constants do not
display the same pattern. Although kMg,EF increases somewhat, from
1.61 × 104 to 2.17 × 104 M−1, kMg,CD falls from 2.05 × 104 to
9.34 × 103 M−1.
Fig. 4. Globalfit of divalent-ion-bindingdata forα-PV49–60. The solid lines represent the op-
timal fit of the integrated ITC data to an independent two-site model. A comparable level of
agreement between the observed and calculated values was observed for all of the proteins
described herein. (A) Titrationwith Ca2+ at two protein concentrations: 44 μM(red); 22 μM
(green). The occupancies of the EF (green) and CD (red) sites are depicted in the inset as a
function of the free Ca2+ concentration. (B) Titration of 44 μMsampleswithCa2+ in thepres-
ence of fixed levels of Mg2+: 1.0 mM (cyan); 5.0 mM (magenta); 10.0 mM (blue); 20.0 mM
(red). (C) Titration with Ca2+: 44 μM protein plus 60 μM EGTA (red); 56 μM protein plus
60 μM EDTA (green). (D) Titration of 44 μM protein with Ca2+ in the presence of 0.1 mM
(red) or 1.0mM (blue) NTA. (E) Titration of 44 μMprotein withMg2+ in the absence (cyan)
or presence (magenta) of 100 μMEDTA. The occupancies of the EF (green) and CD (red) sites
are depicted in the inset as a function of the free Mg2+ concentration.



Table 1
Summary of divalent ion-binding properties.

Ca2+ values Mg2+ values

Protein kCa,EF
a ΔHCa,EF kCa,CD

a ΔHCa,CD kMg,EF
a ΔHMg,EF kMg,CD

a ΔHMg,CD

M−1 kcal/mol M−1 kcal/mol M−1 kcal/mol M−1 kcal/mol

Rat α-PVb 1.20 × 108 −4.30 1.30 × 108 −1.34 1.61 × 104 0.24 2.05 × 104 7.92
(1.17, 1.32) (−4.36, −4.18) (1.17, 1.32) (−1.40, −1.28) (1.56, 2.09) (0.17,0.30) (1.56, 2.09) (7.83, 8.00)

L85F 4.82 × 108 −3.67 1.30 × 108 −3.77 2.17 × 104 4.25 9.34 × 103 4.49
(3.57, 6.80) (−3.78, −3.56) (1.05, 1.57) (−3.88, −3.65) (1.91, 2.49) (4.12, 4.38) (8.21, 10.6) (4.36, 4.63)

I49F 1.27 × 108 −4.28 1.10 × 108 −1.76 2.24 × 104 4.01 1.19 × 104 4.62
(1.13, 1.45) (−4.36, −4.19) (0.99, 1.19) (−1.85, −1.67) (2.00, 2.54) (3.89, 4.13) (1.07, 1.33) (4.48, 4.76)

I49F-L85F 1.59 × 108 −6.00 1.19 × 108 −2.03 2.13 × 104 2.27 9.41 × 103 5.76
(1.48, 1.70) (−6.06, −5.94) (1.12, 1.27) (−2.09, −1.97) (1.89, 2.38) (2.18, 2.36) (8.75, 10.1) (5.64, 5.87)

49–50 2.53 × 108 −8.14 6.23 × 107 −3.05 4.98 × 104 0.01 6.44 × 103 3.47
(2.30, 2.73) (−8.23, −8.06) (5.86, 6.61) (−3.14, −2.96) (4.44, 5.59) (−0.05, 0.07) (6.05, 7.08) (3.36, 3.60)

49-50-85 2.70 × 108 −12.2 6.09 × 107 −3.33 3.88 × 104 −3.42 5.90 × 103 2.94
(2.59, 2.84) (−12.3, −12.1) (5.72, 6.57) (−3.47, −3.23) (3.60, 4.17) (−3.52, −3.32) (5.32, 6.43) (2.82, 3.08)

49-50-57 2.26 × 108 −8.31 7.10 × 107 −2.81 3.03 × 104 0.04 6.88 × 103 3.29
(2.13, 2.37) (−8.39, −8.22) (6.74, 7.53) (−2.90, −2.73) (2.70, 3.36) (−0.03, 0.11) (6.40, 7.56) (3.20, 3.42)

49-50-57-85 1.95 × 108 −12.53 5.68 × 107 −2.84 2.51 × 104 −3.78 5.29 × 103 3.85
(1.87, 2.05) (−12.66, −12.41) (5.45, 5.97) (−2.93, −2.76) (2.28, 2.71) (−3.89, −3.67) (4.81, 5.92) (3.74, 4.00)

49–58 1.95 × 108 −5.25 6.14 × 107 −2.61 3.26 × 104 2.27 3.44 × 103 4.96
(1.83, 2.08) (−5.30, −5.19) (5.84, 6.57) (−2.66, −2.55) (3.06, 3.55) (2.23, 2.34) (3.23, 3.64) (4.86, 5.06)

49-58/L85F 1.66 × 108 −7.41 4.14 × 107 −2.60 3.21 × 104 0.51 2.10 × 103 5.01
(1.56, 1.78) (−7.48, −7.33) (3.89, 4.39) (−2.66, −2.53) (2.91, 3.53) (0.46, 0.57) (1.99, 2.23) (4.91, 5.13)

49–59 1.57 × 108 −4.61 1.09 × 107 −2.00 3.16 × 104 3.16 0.96 × 102 8.66
(1.43, 1.76) (−4.70, −4.52) (1.00, 1.22) (−2.06, −1.94) (2.90, 3.44) (3.07, 3.26) (0.91, 1.01) (8.40, 8.83)

49-59/L85F 1.47 × 108 −5.72 1.14 × 107 −1.45 2.78 × 104 2.00 0.90 × 102 8.09
(1.38, 1.56) (−5.79, −5.65) (1.09, 1.21) (−1.50, −1.38) (2.60, 2.95) (1.94, 2.06) (0.86, 0.97) (7.88, 8.33)

49–60 1.04 × 108 −6.41 6.03 × 106 −1.52 1.86 × 104 1.40 1.13 × 102 7.52
(1.00, 1.21) (−6.59, −6.33) (5.50, 6.52) (−1.67, −1.51) (1.79, 2.25) (1.15, 1.38) (1.02, 1.19) (7.39, 7.92)

49-60/L85F 1.08 × 108 −9.31 7.45 × 106 −1.18 2.09 × 104 −1.46 8.60 × 101 8.07
(1.00, 1.18) (−9.42, −9.20) (6.87, 8.01) (−1.28, −1.07) (1.89, 2.33) (−1.59,-1.34) (0.77, 0.95) (7.64, 8.49)

E59D 1.85 × 108 −4.44 1.05 × 107 −1.51 3.64 × 104 3.63 9.87 × 101 9.75
(1.70, 1.98) (−4.53, −4.35) (0.98, 1.14) (−1.57, −1.45) (3.42, 3.90) (3.56, 3.70) (9.48, 10.3) (9.55, 9.94)

59–85 1.71 × 108 −5.01 1.25 × 107 −1.52 2.97 × 104 3.63 8.68 × 101 9.55
(1.59, 1.85) (−5.11, −4.91) (1.15, 1.32) (−1.58, −1.45) (2.80, 3.18) (3.52, 3.74) (8.34, 9.12) (9.36, 9.83)

59–60 1.62 × 108 −4.85 9.16 × 106 −1.43 3.11 × 104 3.20 1.60 × 102 8.77
(1.53, 1.74) (−4.90, −4.80) (8.61, 9.71) (−1.47, −1.38) (2.92, 3.29) (3.14, 3.26) (1.54, 1.67) (8.59, 8.95)

59-60/L85F 1.76 × 108 −5.32 9.83 × 106 −1.70 3.09 × 104 3.07 1.13 × 102 8.86
(1.63, 1.85) (−5.37, −5.26) (9.34, 10.4) (−1.75,-1.65) (2.87, 3.24) (2.98, 3.14) (1.09, 1.16) (8.68, 9.03)

Rat β-PVb 2.30 × 107 −4.10 1.52 × 106 −3.46 9.23 × 103 3.01 1.68 × 102 4.16
(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)

β D59E 3.15 × 107 −6.02 2.01 × 106 −1.29 1.65 × 104 1.53 1.86 × 102 5.18
(2.90, 3.41) (−6.14, −5.90) (1.85, 2.19) (−1.36, −1.21) (1.51, 1.82) (1.42, 1.64) (1.67, 2.09) (4.98, 5.39)

β 59–85 4.90 × 107 −6.28 4.04 × 106 −1.34 3.17 × 104 0.92 2.13 × 102 6.69
(4.60, 5.29) (−6.34, −6.21) (3.80, 4.33) (−1.41, −1.29) (2.98, 3.39) (0.86, 0.99) (2.02, 2.25) (6.55, 6.82)

a Microscopic binding constants at 25 °C in Hepes-buffered saline, pH 7.4, with 90% confidence intervals shown in parentheses.
b Data from Henzl et al. (2004), Biochemistry 43, 2747–2763.
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Otherwise, the changes in divalent-ion-binding affinity provoked by
the L85Fmutation aremodest, with no obvious pattern. For example, in
the I49F variant, whereas both Ca2+-binding constants increase, both
Mg2+-binding constants decrease. By contrast, in α 49–57, all four
binding constants decrease. And in the α 49–59 background, whereas
kCa,EF and kMg,EF both decrease, kCa,CD increases slightly, and kMg,CD de-
creases slightly. The largest perturbations attendant to the L85F substi-
tution, −33% and −39%, are associated with kCa,CD and kMg,CD,
respectively, in the α 49–58 variant. For the most part, the changes
are considerably smaller.

2.3. Binding enthalpies: CD-loop variants

The ΔHCa values are plotted in Fig. 6A for each of the α-PV variants
included in this study. Data for the CD-loop variants are represented
by the cross-hatched columns – red for the EF site, green for the CD
site, and blue for the overall enthalpy change. The numerical values
are listed in Table 2. Although the changes in binding enthalpy that ac-
company the CD-loop mutations are generally small, two of the substi-
tutions produce major changes in binding enthalpy. Upon introduction
of L50I into α I49F, the overall binding enthalpy drops from −6.04
to −11.19 kcal mol−1. Then, subsequent introduction of I58L into
α 49–57 returns the total enthalpy change to −7.86 kcal mol−1. In
each of these cases, the bulk of the change is associated with the
EF-site-binding event. Introduction of E59D into α 49–58 causes a
further decrease in the magnitude of ΔH, to −6.61 kcal mol−1. Finally,
introduction of E60G into α 49–59 returns the toal ΔHCa value
to −7.93 kcal mol−1. In the absence of the other CD-loop mutations,
the ΔΔH values resulting from E59D and E60G are substantially
smaller.

The changes in ΔHMg (Fig. 6B) largely mirror those observed for
ΔHCa, with major changes associated with L50I and I58L. However,
whether introduced into wild-type α or the α 49–58 variant, E59D
has a substantially greater impact on ΔHMg than on ΔHCa. Similarly,
whereas I49F leaves the Ca2+-binding enthalpies nearly unchanged,
the mutation seriously perturbs the Mg2+-binding enthalpies associat-
ed with both sites.

2.4. Binding enthalpies: L85F variants

The Ca2+-binding enthalpies for α L85F and the α CD-loop variants
harboring the L85Fmutation are represented by the solid-color columns
in Fig. 6A –withΔHEF,ΔHCD, andΔHtotal rendered in red, green, and blue,
respectively. Corresponding data for Mg2+ are plotted in Fig. 6B.



Fig. 5. Binding constants in theαCD-loop andα L85F variants. Thedata for theCD- and EF sites are displayed in green and red, respectively, a conventionmaintained throughout the paper.
In addition to the color coding, cross-hatching is used to distinguish data for the proteins lacking the L85F mutation. (A) Ca2+-binding constants for the α-PV CD site. (B) Ca2+-binding
constants for the EF site. (C) Mg2+-binding constants for the CD site. (D) Mg2+-binding constants for the EF site. Vertical breaks have been inserted in panels A and C, to more effectively
display thediminished binding constants observed in thevariants harboring the E59Dmutation. A vertical breakhas also been included inpanel B, to place theheight of the bar for the L85F
variant on a similar scale to those for the other variants.
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Although the L85F mutation has relatively little effect on divalent-ion-
binding affinity in the α CD-loop variants, the substitution strongly
perturbs both Ca2+- and Mg2+-binding enthalpies in the majority of
the variants.

Major increases in exothermicity are observed for the α 49–50/85
and α 49–57/85 variants, which exhibit total Ca2+-binding enthalpies
of −15.5 and −15.4 kcal mol−1, respectively. The L85F mutation also
produces substantial increases in exothermicity in the α I49F, α 49–58,
and α 49–60 backgrounds. Total Ca2+-binding enthalpies for α 49/85,
α 49–58/85, and α 49–60/85 are −8.0,−10.0, and−10.5 kcal mol−1,
Fig. 6. Binding-enthalpies for Ca2+ (A) and Mg2+ (B). Data for the EF-site are shown in red; da
Cross-hatched columns denote data for the CD-loop mutations; solid colors denote data for th
respectively. In each of these, the enthalpy change associated with the
EF-site-binding event is the more strongly perturbed. Interestingly,
L85F has a much smaller impact on Ca2+-binding enthalpy in the α
49–59, α E59D, and α 59–60 backgrounds.

The pattern of changes in Mg2+-binding enthalpy roughly parallels
that seen with Ca2+. As observed for Ca2+, the L85F mutation more
strongly impacts the EF-site. Because the total Mg2+-binding enthalpies
are positive, the effect of L85F is to decrease their magnitude –

i.e., render them less endothermic. In fact, the EF-site binding events
are actually exothermic in α 49–50/85, α 49–57/85, and α 49–60/85.
ta for the CD-site are shown in green; and the total binding enthalpy is displayed in blue.
e CD-loop variants plus L85F.



Table 2
Divalent ion-binding energetics.a

Ca2+ binding Mg2+ binding

Protein ΔG ΔH −TΔS ΔG ΔH -TΔS

EF Site
αPV −11.02 −4.30 −6.72 −5.74 0.24 −5.98
αPV L85F −11.84 −3.67 −8.17 −5.91 4.25 −10.16
αPV I49F −11.05 −4.28 −6.77 −5.93 4.01 −9.94
αPV 49/85 −11.18 −6.00 −5.18 −5.90 2.27 −8.17
αPV 49–50 −11.46 −8.14 −3.32 −6.40 0.010 −6.41
αPV 49–50/85 −11.50 −12.20 0.70 −6.26 −3.42 −2.84
αPV 49–57 −11.39 −8.31 −3.08 −6.11 0.040 −6.15
αPV 49–57/85 −11.30 −12.53 1.23 −6.00 −3.78 −2.22
αPV 49–58 −11.30 −5.25 −6.05 −6.15 2.27 −8.42
αPV 49–58/85 −11.21 −7.41 −3.80 −6.14 0.51 −6.65
αPV 49–59 −11.17 −4.61 −6.56 −6.13 3.16 −9.29
αPV 49–59/85 −11.14 −5.72 −5.42 −6.06 2.00 −8.06
αPV 49–60 −10.93 −6.41 −4.52 −5.82 1.40 −7.22
αPV 49–60/85 −10.95 −9.31 −1.64 −5.89 −1.46 −4.43
αPV E59D −11.27 −4.44 −6.83 −6.22 3.63 −9.85
αPV 59/85 −11.23 −5.01 −6.22 −6.10 3.63 −9.73
αPV 59–60 −11.19 −4.85 −6.34 −6.13 3.20 −9.33
αPV 59–60/85 −11.24 −5.32 −5.92 −6.12 3.07 −9.19
βPV −10.04 −4.10 −5.94 −5.41 3.01 −8.42
βPV D59E −10.22 −6.02 −4.20 −5.75 1.53 −7.28
βPV 59/85 −10.49 −6.28 −4.21 −6.14 0.92 −7.06

CD Site
αPV −11.06 −1.34 −9.72 −5.88 7.92 −13.80
αPV L85F −11.06 −3.77 −7.29 −5.41 4.49 −9.90
αPV I49F −10.96 −1.76 −9.20 −5.56 4.62 −10.18
αPV 49/85 −11.01 −2.03 −8.98 −5.42 5.76 −11.18
αPV 49–50 −10.63 −3.05 −7.58 −5.19 3.47 −8.66
αPV 49–50/85 −10.61 −3.33 −7.28 −5.14 2.94 −8.08
αPV 49–57 −10.70 −2.81 −7.89 −5.23 3.29 −8.52
αPV 49–57/85 −10.57 −2.84 −7.73 −5.08 3.85 −8.93
αPV 49–58 −10.62 −2.61 −8.01 −4.82 4.96 −9.78
αPV 49–58/85 −10.39 −2.60 −7.79 −4.53 5.01 −9.54
αPV 49–59 −9.59 −2.00 −7.59 −2.70 8.66 −11.36
αPV 49–59/85 −9.62 −1.45 −8.17 −2.66 8.09 −10.75
αPV 49–60 −9.24 −1.52 −7.72 −2.80 7.52 −10.32
αPV 49–60/85 −9.37 −1.18 −8.19 −2.64 8.07 −10.71
αPV E59D −9.57 −1.51 −8.06 −2.72 9.75 −12.47
αPV 59/85 −9.68 −1.52 −8.16 −2.64 9.55 −12.19
αPV 59–60 −9.49 −1.43 −8.06 −3.00 8.77 −11.77
αPV 59–60/85 −9.53 −1.70 −7.83 −2.80 8.86 −11.66
βPV −8.43 −3.46 −4.97 −3.03 4.16 −7.19
βPV D59E −8.59 −1.29 −7.30 −3.09 5.18 −8.27
βPV 59/85 −9.01 −1.34 −7.67 −3.17 6.69 −9.86

Total
αPV −22.08 −5.64 −16.44 −11.61 8.16 −19.77
αPV L85F −22.90 −7.44 −15.46 −11.33 8.74 −20.07
αPV I49F −22.01 −6.04 −15.97 −11.49 8.63 −20.12
αPV 49/85 −22.19 −8.03 −14.16 −11.32 8.03 −19.35
αPV 49–50 −22.08 −11.19 −10.89 −11.60 3.48 −15.08
αPV 49–50/85 −22.11 −15.53 −6.58 −11.40 −0.48 −10.92
αPV 49–57 −22.09 −11.12 −10.97 −11.34 3.33 −14.67
αPV 49–57/85 −21.88 −15.37 −6.51 −11.08 0.07 −11.15
αPV 49–58 −21.92 −7.86 −14.06 −10.98 7.23 −18.21
αPV 49–58/85 −21.59 −10.01 −11.58 −10.67 5.52 −16.19
αPV 49–59 −20.77 −6.61 −14.16 −8.84 11.82 −20.66
αPV 49–59/85 −20.76 −7.17 −13.59 −8.72 10.09 −18.81
αPV 49–60 −20.18 −7.93 −12.25 −8.62 8.92 −17.54
αPV 49–60/85 −20.32 −10.49 −9.83 −8.53 6.61 −15.14
αPV E59D −20.84 −5.95 −14.89 −8.94 13.38 −22.32
αPV 59/85 −20.90 −6.53 −14.37 −8.74 13.18 −21.92
αPV 59–60 −20.68 −6.28 −14.40 −9.13 11.97 −21.10
αPV 59–60/85 −20.78 −7.02 −13.76 −8.92 11.93 −20.85
βPV −18.47 −7.56 −10.91 −8.44 7.17 −15.61
βPV D59E −18.82 −7.31 −11.51 −8.85 6.71 −15.56
βPV 59/85 −19.49 −7.62 −11.87 −9.31 7.61 −16.92

a All energies in kcal mol−1.

Table 3
Temperature-dependence of total Ca2+-binding enthalpies.

Total enthalpy
(kcal mol−1)

ΔCp
(kcal mol−1 K−1)

ΔΔCp
(kcal mol−1 K−1)

Protein 5 °C 25 °C

Rat α-PV −5.46 −5.64 −0.01 --
α 49-50 −7.24 −11.19 −0.20 −0.19
α 49-58 −6.22 −7.86 −0.082 −0.07
α 49-59 −7.00 −6.62 0.019 0.03
α 49-50/85 −8.76 −15.53 −0.34 −0.33
α 49-59/85 −7.54 −7.17 0.018 0.03
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The largest changes inΔHMg,total produced by L85F are observed in theα
49–50/85 and α 49–57/85 variants, but significant changes are also ob-
served when L85F is introduced into either α 49–58, α 49–59, or α
49–60. The enthalpic perturbation is much smaller in the α E59D and
α 59–60 variants, in which the canonical residues reside at positions
49, 50, 57, and 58. Although the change in ΔHMg,total is likewise small
when L85F is introduced into α I49F, it is the result of substantial,
but nearly offsetting, changes in the Mg2+ enthalpies for the EF- and
CD sites.

Interestingly, when L85 is replaced by phenylalanine in wild-typeα,
it is the Ca2+-binding event associated with the CD-site, rather than the
EF-site, that is rendered more exothermic. The EF-site enthalpy actually
decreases slightly in magnitude. The mutation also strongly perturbs
both Mg2+-binding enthalpies in the wild-type background. The
CD-site enthalpy in α L85F is decidedly less endothermic, the EF-site
enthalpy decidedly more endothermic.

2.5. Estimates of ΔCP for Ca2+ binding by select variant proteins

As noted above, a subset of the mutations examined in this study
cause Ca2+-binding to become substantially more exothermic. To gain
insight into the origin of these large ΔΔH values, several of the proteins
were also titratedwith Ca2+ at 5 °C, to obtain an estimate of the changes
in heat-capacity that accompany metal ion-binding. Table 3 presents
the total Ca2+-binding enthalpies at 5 and 25 °C, the estimated heat-
capacity changes, and the differences between the observed ΔCp value
and that of the wild-type α-PV – i.e., ΔΔCp.

The very small change in heat-capacity (−0.01 kcal mol−1 K−1)
that accompanies Ca2+ binding to wild-type rat α-PV [12] balloons
to −0.20 kcal mol−1 K−1 with the introduction of I49F and L50I.
Further mutation of residues Y57 and I58, to produce α 49–58,
substantially reduces the magnitude of the heat-capacity change
(to −0.082 kcal mol−1 K−1), and subsequent introduction of E59D
further diminishes ΔCp and reverses its sign.

Replacement of L85 by phenylalanine in the α 49–50 background
causes an additional increase in the magnitude of the heat-capacity
change associated with Ca2+ binding. Whereas α 49–50 displays a
ΔCp of −0.20 kcal mol−1 K−1, the α 49–50/85 variant displays a ΔCp
of−0.34. By contrast, L85F has no discernible effect onΔCpwhen intro-
duced into the α 49–59 background.

2.6. Differential scanning calorimetry on select α-PV variants

The relative stabilities of several of the Ca2+-free proteins were
assessed by DSC in phosphate-buffered saline (PBS) containing
1.0 mM EDTA. Fig. 7 displays the resulting excess-heat-capacity
curves (–), produced by first subtracting the buffer scan from the raw
protein-denaturation data, then subtracting the transition baseline. Es-
timates for the melting temperature (Tm) and van’t Hoff denaturational
enthalpy (ΔHvH) were obtained by fitting the excess-heat-capacity
curves to a two-state unfolding model, as described in Materials and
Methods. Integration of the excess-heat-capacity curve yielded an esti-
mate for the calorimetric denaturational enthalpy (ΔHcal). Table 4 lists
the Tm, ΔHvH, and ΔHcal values.

Wild-type rat recombinant α-PV denatures at 45.2 °C in PBS-EDTA
buffer [24]. The combined I49F and L50I mutations substantially lower



Fig. 7. DSC analysis of several rat α-PV variants. (A) α 49–50. (B) α 49–58. (C) α 49–59.
(D) α 49-50/85.
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the Tm, to 32.9 °C, and the addition of L85F to the α 49–50 background
decreases themelting temperature still further, to 31.6 °C. However, in-
troduction of the other CD-loop mutations – to produce α 49–58 and,
then, α 49–59 – appear to restore stability to the molecule – increasing
the Tm to 36.8 and 39.4 °C, respectively.

3. Discussion

A previous study on rat β-PV revealed that the non-consensus CD-
loop residues in that protein – i.e., at positions 49, 50, 57, 58, 59, and
60 – influence divalent-ion affinity. However, their impact is strongly
modulated by the identity of residue 85. This work was undertaken to
assess the generality of the earlier findings and has yielded several in-
teresting observations. For convenience, a shorthand notation is intro-
duced to denote the residues present at the six CD-loop positions and
at position 85. For example, IL…FIEE/L and FI…YLDG/L indicate the con-
figurations in the wild-type α- and β isoforms, respectively.

The changes in Gibbs energy resulting from the CD-loop mutations,
relative to the wild-type proteins, are displayed in Fig. 8. The red,
green, and blue columns represent the EF-site, CD-site, and overall
ΔΔG values, respectively. Data for rat α are presented in panels A
(Ca2+) and C (Mg2+); data for rat β are presented in panels B (Ca2+)
and D (Mg2+). Table 2 lists theΔG,ΔH, and -TΔS values that accompany
Table 4
Thermal stability parameters of select α-PV variants.

protein Tm (Celsius) ΔHvH (kcal mol−1) ΔHcal (kcal mol−1)

α 49–50 32.9 ± 0.4 51.0 ± 2.5 50.5 ± 2.7
α 49–50/85 31.6 ± 0.4 43.8 ± 2.2 44.7 ± 2.4
α 49–58 36.8 ± 0.4 53.8 ± 2.6 54.6 ± 3.1
α 49–59 39.4 ± 0.4 57.9 ± 2.8 56.3 ± 2.5
binding of Ca2+ and Mg2+ to each of the proteins examined in this
work. Several points merit emphasis.

3.1. The impact of the combined CD-loop mutations is restricted to the
CD site

A priori, we anticipated that the CD-loop mutations would reduce
the affinity of the ratα isoform for Ca2+ andMg2+. However, although
the CD-site behavior is in accordancewith expectation, EF-site divalent-
ion affinity improves in nearly every case. The sole exception is the
α 49–60, which displays a minor reduction in Ca2+ affinity. These
results contrast strikingly with the corresponding mutations in the rat
β platform, where the CD-loop mutations produce significant improve-
ments in affinity at both binding sites.

3.2. Mg2+ affinity is more strongly attenuated than Ca2+ affinity by the
CD-loop mutations

The reductions in CD-site Mg2+ affinity resulting from the CD-loop
mutations in rat α largely parallel the reductions in CD-site Ca2+

affinity. However, they are larger in magnitude. Thus, the Ca2+ affinity
in α 49–60 (KCa,CD = 6.0 × 106 M−1) remains substantially higher
than that of the β-PV isoform (1.5 × 106 M−1), whereas the Mg2+

affinity (KMg,CD = 113 M−1) is reduced to a level comparable to, in
fact lower than, that observed in wild-type β (168 M−1).

EF-hand motifs are commonly classified as Ca2+/Mg2+ sites
(KCa ≥ 107 M−1; KCa ≥ 104 M−1) or Ca2+-specific sites
(KCa b 107M−1; KMg b 103M−1). The former – also called “high-affinity”
or “mixed” sites – occur in proteins that function primarily as Ca2+

buffers. The structural perturbations that accompany occupation of
Ca2+/Mg2+ sites are generally minor. Ca2+-specific sites, on the other
hand, are typically present in Ca2+-sensors. In those proteins, occupa-
tion of the Ca2+-specific site triggers a conformational change that pro-
motes interaction with effector proteins. The combined CD-loop
mutations transform the CD site in rat α-PV from a Ca2+/Mg2+ site to
Ca2+-specific one. In fact, as discussed below, the E59D mutation
alone is sufficient to produce the Ca2+-specific divalent-ion-binding
signature.

3.3. D-E exchange at residue 59

With just one exception, the–x ligand in the parvalbumin CD site is a
glutamyl carboxylate. The mammalian β isoform is the sole exception,
replacing glutamate with aspartate. Because the shorter aspartyl side-
chain is unable to directly coordinate the bound ion, a water molecule
serves as the proximal ligand. Initially, there was speculation that this
single differencewas responsible for the attenuated divalent-ion affinity
of ratβ-PV. In fact, it is not that simple. Restoration of glutamate at the –
x position in the CD site, via the D59E mutation, yields only a nominal
increase in divalent ion affinity in wild-type β [18,25]. Paradoxically,
however, the E59D mutation produces major decreases in the Ca2+-
and Mg2+ affinities of rat of α-PV, and the impact of the mutation is
largely independent of the CD-loop mutations at residues 49, 50, 57,
and 58.

Inspection of the data suggests that the impact of D59-E59 exchange
is maximized by juxtaposing the canonical CD-loop residues with F85.
Thus, replacement of D59 by glutamate in the context of β49–58/85
(IL…FIDG/F) raises Ca2+ affinity by 0.73 kcal mol−1, as compared to
0.35 kcal mol−1 in wild-type β (IL…FIDG/L). This result suggests that
D59E might produce still greater improvement in the rat β variant har-
boring the IL…FIDE/F configuration. Likewise, the overall ΔΔG of
2.00 kcal mol−1 that accompanies the E59D mutation in α L85F (IL…
FIEE/F) substantially exceeds the 1.24 kcal mol−1 measured in the
wild-type background (IL…FIEE/L). Given that phenylalanine is the con-
sensus residue at position 85 in the β sub-lineage, one would predict



Fig. 8. Changes in Gibbs energy of binding, relative to thewild-type proteins, for the site-specific variants of ratα-PV (panels A, C) and rat β-PV (panels B, D). Data for the EF- and CD-sites
are displayed in red and green, respectively. The total change in Gibbs energy is depicted in blue. Cross-hatching is included to emphasize that these proteins lack the L85F mutation.
(A) ΔΔG values for binding of Ca2+ to rat α-PV. (B) ΔΔG values for binding of Ca2+ to rat β-PV. (C) ΔΔG values for binding of Mg2+ to rat α-PV. (D) ΔΔG values for binding of Mg2+

to rat β-PV.
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that E59D should produce amajor attenuation of divalent-ion-affinity in
a β-PV isoform harboring the canonical CD-loop configuration.

3.4. E-G exchange at residue 60

Unlike the other five non-consensus CD-loop residues in rat β-PV,
G60 is not strongly conserved in other mammalian β isoforms. For ex-
ample, in themouse and human proteins, glutamate appears at position
60. However, because the identity of residue 60 significantly influences
divalent-ion-affinity in the rat β-PV, it was included in this study.

As in the rat β isoform, the identity of residue 60 likewise influences
divalent-ion affinity in rat α. The impact of the E-G exchange is some-
what context-dependent. Whereas introduction of the E60G mutation
into the α 49–59 background (FI…YLDE/L) lowers Ca2+ affinity by
0.59 kcal mol−1, if the mutation is performed in the context of E59D
alone (IL…FIDE/L), Ca2+ affinity is lowered by just 0.06 kcal mol−1.
The G60E mutation in the β isoform exhibits a similar response to
Fig. 9. Impact of the L85Fmutation in ratα-PV (panels A, C) and ratβ-PV (panels B, D). TheΔΔG
from introduction of the L85Fmutation – i.e.,ΔGx/85 -ΔGx, where x denotes the protein of interes
β-PV. The red- and green columns represent the changes in Gibbs energy for the EF- and CD si
have been scaled identically for ease of comparison.
context. When performed in β 49–59 (IL…FIEG/L), the mutation raises
Ca2+ affinity by just 0.08 kcal mol−1. However, when it is performed
in the presence of D59E alone (FI…YLEG), Ca2+ affinity improves by
0.62 kcal mol−1. Thus, in both protein platforms, D-E exchange at resi-
due 60 has a greater impact when positions 49, 50, 57, and 58 are occu-
pied by the non-consensus residues – Phe, Ile, Tyr, and Leu.
3.5. Response to the L85F mutations

The alterations in Gibbs energy binding resulting from introduction
of the L85Fmutation into eachof theα-PV CD-site variants are displayed
in Fig. 9A and C for Ca2+ andMg2+, respectively. Corresponding data for
the ratβ isoform are presented in panels B andD. As before, the resulting
changes in Gibbs energy – EF-site, CD-site, and total – are represented by
red, green, and blue bars, respectively. The data have been scaled identi-
cally to facilitate comparison.
values represent the difference in the Gibbs energies for binding of Ca2+ orMg2+ resulting
t. (A)ΔΔGCa for ratα-PV. (B)ΔΔGCa for ratβ-PV. (C)ΔΔGMg for ratα-PV. (D)ΔΔGMg for rat
tes, respectively; the blue columns represent the total change in Gibbs energy. The panels
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In the rat β-PV background, the L85F mutation uniformly increases
Ca2+ affinity, with significant improvements observed at both sites.
In wild-type β (FI…YLDG/L), overall Ca2+ affinity increases by
1.04 kcal mol−1. Although the improvement dips to 0.68 kcal mol−1

in β 49–58 (IL…FIDG/L), it rises to 1.75 kcal mol−1 when the other
five CD-loop substitutions are present (IL…FIEE/L). In the absence of
D59E, replacement of L85 by phenylalanine generally has a larger effect
on EF-site Ca2+ affinity. However, in the presence of E59, CD-site affin-
ity exhibits the greater increase. Overall Mg2+ affinity largely parallels
Ca2+ affinity. However, CD-site Mg2+ affinity is reduced (or nearly un-
changed) unless all six CD-loop mutations are present.

Replacement of L85 with phenylalanine has a major impact in
wild-type rat α-PV (IL…FIEE/L), improving EF-site Ca2+ affinity by
0.82 kcal mol−1. However, the influence of L85F on the CD-loop
variants ranges from small to negligible. Simply replacing I49 by Phe
(FL…FIEE/L) seriously dampens the effect of L85F, and the introduction
of I50L (FI…FIEE/L) essentially abolishes its impact. These observations
imply an interaction between the side-chains of residues 49, 50, and 85.
With incorporation of additional mutations at positions 57 and 58, the
L85F mutation once more produces a minor reduction in Ca2+ affinity,
but the changes are dwarfed by those observed in β. Interestingly, the
single E59D mutation (IL…FIDE/L) similarly erases the effect of L85F
on the EF site – additional evidence of communication between the
CD loop and residue 85. With respect to Mg2+ affinity, L85F also has
its largest effect on the wild-type protein. However, in contrast with
Ca2+, overall Mg2+ affinity declines (by 0.28 kcal mol−1), in this case
primarily due to a reduction in Mg2+ affinity at the CD site. In the α
CD-loop variants, L85F yields small (≤0.3 kcal mol−1) decreases in
Mg2+ affinity.

In summary, L85F exerts its maximal effect in wild-type α, substan-
tially increasing the EF-site Ca2+ affinity. However, any departure from
the canonical CD-loop configuration (IL…FIEE) reduces its impact on
binding free energy. In the β platform, the increase in divalent ion affin-
ity that accompanies replacement of L85 by phenylalanine is greater in
theβ 49–60 variant (IL…FIEE) than in 59–60 (FI…YLEE). Similarly, L85F
produces a much greater impact in β 49–59 (IL…FIEG) than in β D59E
Fig. 10. Perturbation of binding-enthalpies resulting from themutations in ratα-PV (panels A-D
rat α. (B) ΔΔHCa values produced by L85F in wild-typeα and the CD-loop variants. (C) ΔΔHMg

wild-type α and the CD-loop variants. (E) ΔΔHCa values resulting from the CD-loop mutation
(G) ΔΔHMg values resulting from the CD-loop mutations in rat β. (H) ΔΔHMg values produced
data for the EF- and CD sites, respectively; the blue columns represent the total ΔΔH values.
(FI…YLEG). Evidently, the consequences of L-F substitution at residue
85 are maximized when the constellation of CD-loop residues resem-
bles that in the wild-type α isoform.

3.6. Enthalpy changes

The alterations inΔH resulting from the CD-loop and L85Fmutations
have been plotted in Fig. 10 for both isoforms – α in panels A-D, β in
panels E-H. As in previous figures, data for the EF- and CD sites are
colored red and green, respectively, and the total ΔΔH is rendered in
blue. Sizable ΔΔH values are observed for both proteins. However,
there are two noteworthy differences. Whereas substantial ΔΔH effects
in the β system are accompanied by substantial changes in binding
affinity, the mutations that produce the largest ΔΔH values in the
α background have little effect on divalent-ion affinity. Additionally,
with just one exception, mutations in the β isoform perturb the en-
thalpies associatedwith both binding sites. By contrast, in theα isoform,
the changes in ΔH are largely restricted to the EF site. In the following
paragraphs, we analyze the source of the large ΔΔH values for several
α-PV variants.

3.7. The α 49–50 variant

Although the combined I49F and L50I mutations have a negligible
impact of the overall Gibbs energy of Ca2+ binding (ΔΔGtotal ≈ 0),
the total Ca2+-binding enthalpy drops by 5.55 kcal mol−1, to
−11.19 kcal mol−1 (Table 2). Significantly, binding is less exother-
mic at 5 °C, just −7.24 kcal mol−1 (Table 3), which translates to a
ΔCp of −0.20 kcal K−1 mol−1. In wild-type α, the corresponding
heat-capacity change is much smaller (−0.01 kcal K−1 mol−1)
[12]. Thus, the I49F and L50I mutations produce a ΔΔCp value of
−0.19 kcal K−1 mol−1.

The total entropy change due to Ca2+ binding can be expressed as

ΔSbind ¼ ΔSsolv þ ΔSrt þ ΔSconf ð7Þ
) and in rat β-PV (panels E-H). (A) ΔΔHCa values resulting from the CD-loopmutations in
values resulting from the CD-loop mutations in α. (D) ΔΔHMg values produced by L85F in
s in rat β. (F) ΔΔHCa values produced by L85F in wild-type β and the CD-loop variants.
by L85F in wild-type β and the CD-loop variants. The red- and green columns reflect the
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where ΔSsolv represents the contribution due to changes in solvation,
ΔSrt the contribution due to altered rotational/translational motion,
and ΔSconf the contribution due to ligation-associated conformational
change. Because wild-type α and α 49–50 should have identical
rotational-translational components, if one subtracts the ΔSbind values
for the two proteins, the remainder should reflect the differences in
the solvation and conformational components:

ΔΔSbind ¼ ΔΔSsolv þ ΔΔSconf ð8Þ

Rearrangement of Eq. (8) yields an expression for ΔΔSconf:

ΔΔSconf ¼ ΔΔSbind−ΔΔSsolv ð9Þ

The entropy of solvation approaches zero at 385 K, permitting an es-
timate for the solvation entropy at 25 °C by the following relationship
[26,27]

ΔSsolv ¼ ΔCp ln
298:15
385:15

� �
ð10Þ

By extension, the difference in solvation entropy between α 49–50
and wild-type α-PV should be approximately equal to

ΔΔSsolv ¼ ΔΔCp ln
298:15
385:15

� �
ð11Þ

Substituting theΔΔCp value of−0.19 kcal K−1mol−1 derived above
yields an estimate for ΔΔSsolv of 49 cal K−1 mol−1.

The difference in overall binding entropy at 25 °C, ΔΔSbind, is
−19 cal K−1 mol−1 for the two proteins (Table 2). Thus, according to
Eq. (9), ΔΔSconf equals −68 cal K−1 mol−1. It has been suggested [28]
that the number of residues associated with a ligation-linked folding
transition is approximately

Nfold ¼ ΔSconf
−5:6

ð12Þ

Replacing ΔSconf with ΔΔSconf yields an expression for ΔNfold, the dif-
ference in the number of residues involved in the ligation-associated
conformational changes for two proteins:

ΔNfold ¼ ΔΔSconf
−5:6

ð13Þ

In the present case, ΔNfold for α 49–50 and wild-type α-PV would
equal −68/−5.6, or 12 residues, roughly 11% of the protein. This anal-
ysis suggests that the combined I49F and L50I mutations produce a con-
formation of the apo-protein that undergoes substantial folding when
Ca2+ binds.

Whereas wild-type rat α-PV unfolds at 45.2 °C, in PBS containing
EDTA, α 49–50 exhibits a Tm of 32.9, with a denaturational ΔHvH of
51.0 kcal mol−1 (Fig. 7A and Table 4). Thus, the combined I49F and
L50I mutations seriously destabilize the protein. The ratio of ΔHvH:
ΔHcal is approximately 1.0, indicating that the α 49–50 variant un-
folds via a two-state transition, with negligible population of partial-
ly unfolded states. Evidently, the folding that accompanies Ca2+

binding reflects the transition between fully unfolded and native
forms of the protein.

At a given temperature T, the fraction of unfolded protein, α(T), is
equal to

α Tð Þ ¼ K Tð Þ
1þ K Tð Þ ð14Þ
where K(T) is the equilibrium constant for unfolding. At the Tm, the
equilibrium constant, K(Tm), is equal to 1.0. Thus, the equilibrium con-
stant at 298 K is given by

K 298ð Þ ¼ exp
−ΔHvH

R
1

298
− 1

Tm

� �� �
ð15Þ

Over a limited temperature-range, neglecting the temperature-
dependence of ΔHvH does not introduce a serious error. Substituting
the observed values for Tm and ΔHvH – i.e., 306 K and 51.0 kcal mol−1 –

yields a value of 0.10 for K(298). Thus, the fraction of unfolded protein at
298 K is approximately 0.10/1.10, or 0.09. This estimate – that roughly
9% of the protein is unfolded at the 25 °C – agrees reasonably well
with the one obtained by analysis of the entropy-changes accompany-
ing Ca2+ binding. It also provides a straightforward explanation for
the heightened exothermicity associated with the EF-site binding
event. Specifically, the EF-site binding enthalpy is more exothermic
than the CD-site enthalpy in α 49–50 because binding of the first
metal ion (at the EF site) is accompanied by the refolding of a portion
of the ensemble. By contrast, the second ion binds to a foldedpopulation
of molecules, so that the binding enthalpy reflects the intrinsic value.

In Ca2+-free rat β-PV, the side-chains of F49, I50, and L85 associate
noncovalently in dovetail fashion in the protein interior (Fig. 11A).
When Ca2+ binds, this interaction is abolished (Fig. 11B). In wild-type
ratα-PV, the 49-50-85 interaction is not observed in the Ca2+-free pro-
tein. Instead, the residues occupy positions similar to those observed in
the Ca2+-bound form (Fig. 11C, D). The α 49–50 variant includes the
triad of residues – F49, I50, and L85 – that produces the dovetail ar-
rangement observed in the structure of Ca2+-free rat β. However, the
preceding analyses strongly suggest that apo- α 49–50 does not adopt
a similar configuration and that, in fact, the introduction of F49 and
I50 seriously destabilizes the rat α-PV molecule, presumably by
disrupting the hydrophobic core.

3.8. The α 49–58 variant

Although introduction of I58Lmutation intoα 49–57 produces only a
modest change in Ca2+ affinity (ΔΔGtotal=+0.17 kcal mol−1), the mu-
tation strongly perturbs the Ca2+-binding enthalpy – raising ΔHCa,total

from−11.12 to−7.86 kcalmol−1 at 25 °C. Themagnitude of the overall
ΔCp associated with Ca2+ binding to α 49–58 is substantially reduced
relative to α 49–50, from −0.20 to −0.082 kcal mol−1 K−1 (Table 3).
Substituting the corresponding ΔΔCp of −0.07 kcal K−1 mol−1, relative
towild-typeα, into Eq. (11) returns an estimate forΔΔSsolv of 18 cal K−1-

mol, and ΔΔSbind is −8.0 cal K−1 mol−1 (Table 2). Supplied with these
values, Eq. (9) yields a value for ΔΔSconf of −26 cal K−1 mol−1, which
corresponds to a ΔNfold value of 4.6. Thus, approximately 4% of the
α 49–58 variant undergoes ligation-promoted folding – substantially
lower than the 11% obtained in the preceding analysis of α 49–50.

This result implies that swapping leucine for I58 stabilizes the
α 49–50 variant, a conclusion supported by DSC measurements.
The Tm of α 49–58 (36.8 °C) is a full 3.9 degrees higher than that of
α 49–50. Substitution of this Tm value and the observed denaturational
enthalpy (53.8 kcalmol−1) into Eq. (15) yields an estimate for the equi-
librium constant at 298 K of 0.032. The predicted fraction of unfolded
protein at 25 °C would then be 0.031, corresponding to about 3.4 resi-
dues, in good agreement with the entropy-based estimate above.
Thus, both binding- and stability data for the α 49–58 variant indicate
that replacing the I58 at position 58with leucine permits the hydropho-
bic core of the Ca2+-free protein to accommodate the side-chains of F49
and I50 with less disruption.

In the Ca2+-bound state, paired EF-hand motifs invariably display a
one-residue segment of antiparallel β-structure, formed by the amide
moieties of the residues residing at position 8 in each binding loop.
Whereas this β-fragment persists in the Ca2+-free structure of rat
α-PV, it is not observed in the apo-form of rat β-PV. In the α isoform,



Fig. 11. Orientation of residues 49, 50, and 85 in rat α- and β-parvalbumins. Heavy atoms in residues 49, 50, and 85 are rendered in red, green, and blue, respectively. Residue 58 is also
displayed (magenta) to suggest how it might influence the orientations of the other three residues. (A) Ca2+-free rat β-PV (PDB 2NLN). (B) Ca2+-bound rat β-PV (PDB 1RRO). (C) Ca2+-
free rat α-PV (PDB 2JWW). (D) Ca2+-bound rat α-PV (PDB 1RWY).
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isoleucine is present at position 8 in both the CD and EF loops (residues
58 and 97, respectively). It has been suggested [29] that steric strain be-
tween I58 and I97 could produce a conformation of the binding loops
conducive to formation of the β-fragment. If correct, then replacement
of I58 by leucinemight eliminate the steric strain, allowing the residues
in the binding loop to adopt a conformation more compatible with the
presence of F49 and I50.

NMR dynamics studies on the α 49–50 and α 49–58 variants might
furnish additional insight into the impact of the L50I and I58Lmutations
on α-PV protein stability. There is an emerging consensus that
side-chain methyl dynamics can serve as a meaningful indicator of
conformational entropy [30–33]. That viewpoint assumes that
methyl-bearing side-chains are sufficiently well-coupled to adjacent
side-chains to report on their motions and sufficiently well-distributed
to provide a molecule-wide representation depiction of side-chain mo-
tion. Assuming that complications of exchange-broadening could be
avoided – e.g., by collecting data at low temperature – side-chain-
dynamics studies on theα-PV variants could potentially reveal whether
the L50I and I58Lmutations exert their impact locally or throughout the
molecule. We have previously examined the backbone-dynamics of the
high-affinity variants of rat β-parvalbumin, S55D and G98D [34].
Although both mutations similarly improve the Ca2+ affinity of the
local binding sites – CD and EF, respectively – only the S55D mutation
provoked a general increase in backbone motions with correlation
times exceeding 20 ps.
3.9. The α 49–59 variant

When the E59Dmutation is introduced intoα 49–58, the total bind-
ing enthalpy becomes still less exothermic, rising from −7.86 to
−6.62 kcal mol−1, and the accompanying change in heat capacity
(Table 3) shrinks further in magnitude and actually changes sign
(ΔCp = 0.02). The implication is that, continuing the trend begun by
the Y57F and I58L mutations, introduction of E59D further reverses
the destabilization provoked by F49 and I50. This suggestion is again
supported by DSC measurements. Whereas α 49–58 unfolds at
36.8 °C, the α 49–59 variant exhibits a Tm of 39.4 °C.

It would appear that the side-chains of F49 and I50, in isolation, are
not well-tolerated by the wild-type rat α-PV tertiary structure – with
two lines of reasoning indicating that the resulting apo-protein is partial-
ly unfolded at 25 °C. However, the introduction of L58 and D59 evidently
allows the protein to adopt a more compact conformation – presumably
by facilitating more effective packing of F49 and I50 in the hydrophobic
core. Itwould be interesting to determine towhat degree, if any, the con-
formation of Ca2+-free α 49–59 resembles that of Ca2+-free rat β.

3.10. The L85F variants

With the replacement of L85 by phenylalanine, Ca2+ binding be-
comes substantiallymore exothermic in several of the CD-loop variants.
For example, although the L85 mutation has no impact on the Ca2+
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affinity of α 49–50, the total enthalpy change at 25 °C associated with
Ca2+ binding falls from −11.19 to −15.53 kcal mol−1. The overall
ΔCp value, −0.34 kcal K−1 mol−1, is also substantially larger than that
of α 49–50. Application of Eqs. (2)–(7) ultimately yields a value for
ΔNfold value of 21. Relative to wild-type α, approximately 20% more of
the α 49–50/85 variant undergoes ligation-promoted folding. Appar-
ently, L85F further destabilizes α 49–50.

That conclusion is supported by DSC data for α 49–50/85. The ob-
served Tm is 31.6 °C (304.8 K), 1.3 degrees lower than that of α 49–50,
and the van’t Hoff enthalpy for denaturation is 43.8 kcal mol−1.
Substitution of these values into Eq. (15) yields an estimate for the equi-
librium constant for unfolding, at 298 K, of 0.19. The calculated fraction
unfolded is thus 0.16, which corresponds to approximately 18 residues,
in reasonable agreement with the estimate derived from the entropy-
based calculation.

L85F does not produce amajor increase in exothermicity in all of the
α CD-loop variants. As shown in Fig. 9B, substantial ΔΔHCa values
(in kcal mol−1) are observed for I49F (−1.99), 49–50 (−4.34),
49–57(−4.25), 49–58 (−2.15), and 49–60 (−2.56). Interestingly,
however, E59D appears to suppress the impact of L85F on ΔH –

i.e., the magnitudes of ΔΔHCa are substantially smaller in 49–59
(−0.56), E59D (−0.58), and 59–60 (−0.74). This attenuating effect
of E59D is reminiscent of its impact in α 49–58, further supporting the
notion of communication between the hydrophobic core and residue
59.

There is clearly precedent for residues outside themetal-ion-binding
pockets exerting long-range influence on metal-ion-binding behavior.
In calmodulin (CaM), for example, the N- and C-terminal domains are
joined by a flexible linker (residues 76–81). The Ca2+ affinity of the
N-domain is depressed in the intact protein, relative to that of the isolat-
ed N-domain – evidence for a negatively cooperative inter-domain in-
teraction transmitted by the flexible linker. Consistent with this idea,
Ca2+ binding in the C-domain indirectly stabilizes the linker sequence.
It is now generally accepted that the linker functions as a Ca2+-
regulated conformational switch [35,36].

One of the reviewers of this manuscript astutely observed that L85
occupies a position in the parvalbumin CD-EF domain analogous to
that of M51 in calmodulin. M51 contributes to the “FLMM pocket” in
the N-terminal CaM-domain, along with F19, L32, and M71. These
FLMM tetrads – there is a corresponding one in the C-terminal domain
aswell – evidently secure an anchor-residue in CaM target-peptides [37,
38]. The reviewer suggested that, by analogy to CaM, L85 might influ-
ence the association between the CD-EF domain and the AB domain –

pointing out that F30 resembles an anchor-residue in CaM targets. In
fact, L85 does contact both F30 and F24 in the Ca2+-bound structures
of the α- and β-PV isoforms.

If L85 corresponds to M51 in CaM, then residues 66 and 105 in the
parvalbumin sequence reside at positions corresponding to CaM resi-
dues L32 and M71. These two residues bracket L85 in the hydrophobic
core of the Ca2+-bound protein – I66 and L105 in the α-PV, F66 and
M105 in the β isoform. The analogy to the CaM system is not perfect.
The residue corresponding to CaM F19 is D53, a coordinating residue,
in the parvalbumin primary structure. However, it may be significant
that residues 66, 85, and 105 form an FLM triad in the β-PV sequence,
whereas they form an ILL triad in the α isoform. Perhaps the residues
bracketing L85 in the β system allow for greater conformational
malleability.
4. Concluding remarks

The results of this study raise several questions. Why does E-D ex-
change at residue 59 have a much greater impact in the rat α isoform?
Why are the perturbations of divalent-ion affinity resulting from the
CD-loop mutations confined to the CD site? Why are the F49, L50, and
F85 mutations so destabilizing?
Some years ago, we examined the Ca2+-binding behavior of the
noncovalent complexes formed between the AB and CD-EF domains
from rat α- and β-PV [39]. Not surprisingly, the α AB/CD-EF complex
exhibited the superior affinity, ΔGtot = −16.1 kcal mol−1 vs.
-12.7 kcal mol−1 for the β isoform. We also studied the heterologous
complexes. Whereas the β AB/α CD-EF complex displayed markedly
diminished Ca2+ affinity compared to the α/α complex (−12.5 vs.
-16.1 kcal mol−1), the Ca2+-affinity of the α AB/β CD-EF greatly
surpassed that of the homologous β/β complex (−15.0 vs
−12.7 kcal mol−1). Moreover, although the sequences of the α and β
AB domains differ at 18 of 37 positions, in the presence of saturating
Ca2+, the apparent association constant measured forα/β complex for-
mation was more than twice the value measured for β/β (6.6 × 106 vs.
3.0 × 106 M−1). These findings strongly suggested that the side-chains
contributed by the AB domain to the hydrophobic core influence the di-
valent ion-binding properties of the CD-EF domain. Conceivably, then,
the disparate consequences of the CD-loop mutations and L85F in rat
α- and β-PV could reflect differing interactions between the AB and
CD-EF domains in the two proteins. The biological function of themam-
malian β isoform (presently uncertain) is presumably contingent on its
low-affinity divalent-ion-binding signature and, more specifically, the
Ca2+-specific behavior of the CD site. If restoration of a Ca2+/Mg2+phe-
notype would have adverse physiological consequences, the sequence
may have evolved to insure that the singlemutation of D59 to glutamate
would not seriously perturb divalent ion-binding. Thus, the non-
canonical substitutions in the CD-loop, residue 85, and in the AB domain
might serve to lock the apo-protein into a conformation energetically
distinct from the Ca2+-bound one.

It is curious, then, that the rat α sequence is not similarly insulated
from the consequences of E-D exchange at residue 59. By sequestering
Ca2+, the α isoform facilitates relaxation of skeletal myofibrils and
rapidly-firing neurons. Transformation of the high-affinity CD site in
ratα to a Ca2+-specific one, via E59D, would undoubtedly compromise
this activity. However, the EF-sitewould still retain its Ca2+/Mg2+ char-
acter in the mutated protein. Conceivably, compensation for the loss of
buffering-capacity, attendant to mutation of the CD site, could be
achieved simply by increased expression.
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