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ABSTRACT: Polcalcins are pollen-specific proteins containing two EF-hands. Atypically, the C-terminal EF-
hand binding loop in Phl p 7 (from timothy grass) harbors five, rather than four, anionic side chains, due to
replacement of the consensus serine at -x by aspartate. This arrangement has been shown to heighten
parvalbumin Ca2þ affinity. To determine whether Phl p 7 likewise exhibits anomalous divalent ion affinity, we
have also characterized Bra n 1 and Bra n 2 (both from rapeseed) and Bet v 4 (from birch tree). Relative to Phl
p 7, they exhibit N-terminal extensions of one, five, and seven residues, respectively. Interestingly, the divalent
ion affinity of Phl p 7 is unexceptional. For example, at -17.84 ( 0.13 kcal mol-1, the overall standard free
energy for Ca2þ binding falls within the range observed for the other three proteins (-17.30( 0.10 to-18.15(
0.10 kcal mol-1). In further contrast to parvalbumin, replacement of the -x aspartate, via the D55S
mutation, actually increases the overall Ca2þ affinity of Phl p 7, to-18.17( 0.13 kcalmol-1. Ca2þ-free Phl p 7
exhibits uncharacteristic thermal stability. Whereas wild-type Phl p 7 and the D55S variant denature at
77.3 and 78.0 �C, respectively, the other three polcalcins unfold between 56.1 and 57.9 �C. This stability
reflects a low denaturational heat capacity increment. Phl p 7 and Phl p 7 D55S exhibitΔCp values of 0.34 and
0.32 kcal mol-1 K-1, respectively. The corresponding values for the other three polcalcins range from 0.66 to
0.95 kcal mol-1 K-1.

Polcalcins are small, EF-hand proteins expressed in the anthers
and pollen of flowering plants (1-4). Enrichment of the proteins
at the tips of growing pollen tubes implies a role for polcalcins in
regulating the direction of pollen tube growth (5). Anecdotal
spectroscopic evidence for several of the proteins suggested that
they undergo a Ca2þ-dependent conformational change (1, 2,
5-7) which would be consistent with an explicit regulatory
function. However, the putative biological targets are presently
unidentified. Interestingly, the polcalcins are potent plant aller-
gens, and the allergenicity is primarily associated with the Ca2þ-
bound form of the protein (1, 6, 8).

The 30-residue EF-hand motif includes a central metal ion-
binding loop flanked by short helical segments (9-11). The
spatial arrangement of these structural elements can bemimicked
with the fingers of the right hand (12). Within the loop, the
ligands to the bound metal ion, positioned at the vertices of an
octahedron, are indexed by a set of Cartesian axes (13).

We recently studied the divalent ion-binding behavior of Phl p
7, expressed by timothy grass (14). Addition of the Ca2þ-bound

protein, but not the Ca2þ-free protein, to a solution of ANS1

yields a substantial increase in fluorescence emission, implying
that Ca2þ binding provokes exposure of apolar surface. Con-
sistent with that observation, Phl p 7 binds Ca2þ with macro-
scopic positive cooperativity. By contrast, addition of Phl p 7 to
ANS in the presence ofMg2þ has no impact on the dye emission,
and Mg2þ binding is correspondingly noncooperative.

Curiosity in Phl p 7 was originally kindled by the recognition
that EF-hand 2 harbors five anionic residues: aspartates at þx,
þy, þz, -x and glutamate at -z. This constellation of ligands,
apparently unique to Phl p 7, substantially increases divalent ion
affinity when introduced into the CD or EF sites of either rat R-
or β-parvalbumin (15, 16). To determine whether the additional
carboxylate likewise confers elevated affinity to Phl p 7, we have
characterized three additional polcalcin isoforms: Bra n 1 and
Bra n 2 (both from rapeseed, Brassica napus) and Bet v 4 (from
birch tree, Betula verrucosa). Although highly conserved, polcal-
cin sequences differ at the N-terminus. Relative to Phl p 7,
perhaps the smallest polcalcin, Bra n 1, Bra n 2, and Bet v 4
display extensions of one, five, and seven residues, respectively
(Figure 1A).We have also examined the impact of replacing D55
in Phl p 7 with the polcalcin consensus residue, serine.

The previous study of Phl p 7 included an evaluation of the
apoprotein conformational stability byDSC. The protein was obs-
erved to denature at 78 �C. By contrast, theTm previously reported
for Bet v 4 was just 45 �C. In order to determine whether Phl p 7 is
truly exceptional in this regard, we have also examined the stabi-
lities of Bet v 4, Bra n 1, Bra n 2, and the D55S variant of Phl p 7.

MATERIALS AND METHODS

Materials.NaCl,Hepes, CaCl2 3 2H2O,MgCl2 3 2H2O,NaH2-
PO4, EGTA, NTA, Na2EDTA 3 2H2O, lysozyme, Spectrapor 1
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dialysis tubing (MWCO 6000-8000),N,N0-methylenebis(acryla-
mide), and acrylamide were purchased fromFisher Scientific Co.
LB agar, LB broth, and ampicillin were obtained from Research
Products International. IPTG and DTT were purchased from
Gold Biotechnology. DEAE-Sepharose, Sephadex G-75, THP,
and ANS were obtained from Sigma-Aldrich Co.
Protein Expression and Purification. The coding se-

quences of Bet v 4, Bra n 1, and Bra n 2, optimized for expression
in Escherichia coli, were synthesized by GenScript Corp.
(Piscataway,NJ) and subcloned into pET11a (Novagen) between
the NdeI and BamHI sites. Following transformation, E. coli
BL21(DE3) harboring the appropriate construct were cultured at
37 �C in LB broth (Miller) supplemented with ampicillin (100 μg/
mL). When the turbidity at 600 nm reached 0.6, expression was
induced with IPTG (0.25 mM). After an additional 16 h, the
bacteria were harvested and resuspended in 5 volumes of 20 mM
Hepes, pH 7.4. A similar protocol was employed for the isolation
of all three proteins. Lysis was achieved by passing the cell
suspension through a French pressure cell, following lysozyme
treatment (15 min, 37 �C, 5 mg of lysozyme/g of cell paste).
Removal of cell debris (30 min at 27000g) and subsequent
purification steps were performed at 4 �C.

The clarified lysate was diluted with an equal volume of cold
deionizedwater and loaded ontoDEAE-Sepharose (4mL/g of cell
paste), preequilibrated with 20 mM Hepes, pH 7.4. The column
was eluted, at 0.5 mL/min, with a NaCl gradient (0-0.6 M, 10
column bed volumes). Fractions containing the protein of interest
were identified by nondenaturing PAGE, combined, concentrated
(to 6 mL), and loaded onto Sephadex G-75 (3.0 cm � 90 cm),
preequilibrated with 0.15 M NaCl and 0.025 M Hepes, pH 7.4
(Hepes-buffered saline, HBS). Lacking tryptophan (Bet v 4 and
Bra n 1 lack tyrosine as well) the polcalcins have characteristic
absorption spectra that permit their elution from the column to be
monitored by UV absorbance measurements.

The material collected from the G-75 column was subjected to
a second round of anion-exchange chromatography, conducted
in the presence of EDTA. Following extensive dialysis against
20 mM Hepes and 1 mM EDTA, pH 7.4, the preparation was

loaded onto DEAE-Sepharose that had been equilibrated with
the same buffer and then eluted with a NaCl gradient. The purity
of the preparations exceeded 95% in all cases.

The D55S mutation was introduced into the Phl p 7 coding
sequence, in pET11b, with the QuikChange site-directed muta-
genesis kit (Stratagene), employing oligonucleotide primers from
Integrated DNA Technologies, Inc. (Coralville, IA). The fidelity
of the mutated coding sequence was confirmed by automated
DNA sequencing. The purification protocol for theD55S variant
was identical to that described previously for the wild-type
protein.

Protein concentrations were estimated spectrophotometri-
cally, employing molar extinction coefficients of 1400 M-1

cm-1 (at 257 nm) for Bet v 4, Bra n 1, Phl p 7, and Phl p 7
D55S and 3000 M-1 cm-1 (at 274 nm) for Bra n 2.
Fluorescence Spectroscopy. The emission spectrum of ANS

was examined in the absence and presence of the various
polcalcin isoforms using an SLM-Aminco 8100 fluorometer,
modified for photon counting. Emission data were collected at
1 nm intervals between 380 and 600 nm, averaging for 1 s at each
point, with excitation at 365 nm. A nominal 4 nm bandpass was
employed for both excitation and emission channels.

A nominal 1.0 mM ANS solution was prepared in Hepes-
buffered saline and standardized spectrophotometrically (ε =
4950M-1 cm-1) (17). This stock solutionwas diluted to 10 μMin
HBS containing either 200 μMCa2þ, 50 mM EDTA, or 2.0 mM
Mg2þ and 1.0 mM EGTA. After collecting the spectrum of the
ANS alone, additions of Ca2þ-free polcalcin were made to yield
final concentrations of 25, 50, 75, and 100 μMprotein. Data were
collected at 25 �C in a 1.0 cm quartz cuvette.
Chemical Denaturation. Samples (2.0 mL, 50 μM) of Ca2þ-

free protein, in PBS/EDTA, were titrated with urea while
monitoring ellipticity at 240 nm in an Aviv 62DS circular
dichroism spectrometer. Aliquots of denaturant solution were
added with an automated titrator (Hamilton Microlab 500),
operated in constant volume mode. Following each injection of
titrant, the sample was allowed to equilibrate with stirring for
120 s prior to data acquisition (30 s).

FIGURE 1: (A) Primary structures of Bet v 4, Bra n 1, Bra n 2, and Phl p 7. (B) Comparison of the Bet v 4 and Phl p 7 amino acid sequences. Black
denotes residues that are identical in the two proteins; gray denotes highly conservative sequence substitutions. The numbering scheme employed
in panels A and B is based on Phl p 7, the shortest of the four isoforms.
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Toprepare the nominal 10.0M titrant solution, 60.07 g of urea
was transferred to a 100mL volumetric flask, along with 10.0mL
of 10� PBS solution. Following addition of sufficient water to
effect dissolution of the urea and equilibration to room tempera-
ture, the solution was diluted to 100 mL, and the pH was
readjusted to 7.40. The actual urea concentrationwas determined
by refractometry, using the relationship M = 117.66(Δη) þ
29.753(Δη)2 þ 185.56(Δη)3 (18), where Δη is the difference
between the refractive index of the urea solution and that of
the buffer.
Sedimentation Equilibrium. Analyses were conducted at

20 �C in a Beckman XL-I analytical ultracentrifuge. The Ca2þ-
free proteins were produced by extensive dialysis against HBS
containing 5.0 mM EDTA. The Ca2þ-bound proteins were
dialyzed extensively vs HBS containing 100 μM Ca2þ prior to
analysis. THP (2.0 mM) was also included in the buffer used for
dialysis of Phl p 7 and Phl p 7 D55S. Sedimentation was
conducted in six-sector charcoal-Epon centerpieces, permitting
examination of three loading concentrations in a single cell.
Radial solute distributions, monitored at 257 nm (Bra n 1, Bet v
4, Phl p 7 D55S) or 274 nm (Bra n 2), were collected at 1 h
intervals until successive data sets were indistinguishable. Typi-
cally, 10 absorbance readings were averaged at each radial
position. Data were collected at 20000, 30000, and 40000 rpm.

The absorbance profiles for all nine sample-solvent pairs were
subjected to global weighted nonlinear least-squares analysis in
Origin v.7.5 (OriginLab). The data were satisfactorily accom-
modated by an equation describing the radial distribution of a
single ideal species:

a ¼ ao exp
Mω2ð1- vFÞ

2RT
ðr2 - ro

2Þ
" #

þ bl ð1Þ

where a is the absorbance at radial position r, ao is the absorbance
at an arbitrary reference position ro,M is themolecular weight,ω
is the angular velocity, v is the partial specific volume, F is the
solution density, R is the gas constant, T is the absolute
temperature, and bl is a baseline offset to account for optical
mismatch between the sample and solvent sectors. The partial
specific volume was set to 0.71 cm3/g, based on the amino acid
compositions of the proteins (19), and the solvent density was
measured with an Anton-Paar DMA 5000 densimeter.
Isothermal Titration Calorimetry (ITC). Prior to analysis,

residual Ca2þ was removed from the protein preparations by
treatment with EDTA-derivatized agarose (20, 21), as described
previously for Phl p 7 (14). The resulting material contained less
than 0.02mol equiv of Ca2þ, as determined by atomic absorption
spectrometry. Similarly treated buffer contained undetectable
levels of Ca2þ (<0.2 μM).

ITC experiments were conducted in Hepes-buffered saline, at
25 �C, employing a VP-ITC calorimeter (MicroCal, LLC).
Following thermal equilibration, titrant was added to the 1.41
mL sample at 240 s intervals. All titrations included a 2 μL
preaddition, the heat from which was neglected during data
analysis. Ca2þ and Mg2þ concentrations were determined by
titrating standard EDTA solutions, prepared from analytical
reagent grade Na2EDTA 3 2H2O.

Samples of protein (typically 50-60 μM) were titrated with
Ca2þ in the presence and absence of competitive chelators
(EDTA, EGTA, and NTA) or Mg2þ and with Mg2þ in the
presence and absence of EDTA. Following integration of the raw
data, using software supplied with the instrument, the resulting

composite data set, which typically included 11 experiments, was
subjected to simultaneous least-squares minimization. This glo-
bal approach yields estimates of the binding constants and
enthalpies for Ca2þ and Mg2þ that are consistent with all of
the titrations.

After identifying the optimal parameter values and the lowest
chi square, χ2(min), confidence limits are estimated by increment-
ing the parameter of interest, fixing its value, and repeating the
least-squares minimization, allowing the remaining parameters
to vary. This procedure is repeated until the chi square value,
χ2(par), exceeds a specified threshold, given by

χ2ðparÞ ¼ 1þ p

ν
Fðp, ν,PÞ

� �
ðχ2ðminÞÞ ð2Þ

In eq 2, p is the number of fitting parameters, ν the degrees of
freedom, P the probability that the increase in χ2 could be the
result of random errors (0.32 for the 68% confidence limit), and
F(p, ν,P) the correspondingF statistic (22). After determining the
upper limit, the parameter value is decremented from its optimal
value until χ2(par) again exceeded the specified threshold. More
detailed discussions of the data analysis have been presented
elsewhere (23-25).

As observed for Phl p 7, the binding ofCa2þ to Bet v 4, Bra n 1,
and Bra n 2 occurs with positive cooperativity, necessitating the
use of macroscopic binding constants. The equations used to
treat these data have been presented elsewhere (14). In our
previous analysis of Phl p 7, we set the enthalpy change associated
with the formation of the mixed Ca2þ-Mg2þ species equal to the
sum of the enthalpies associated with the first Ca2þ-binding event
and the second Mg2þ-binding event. In the analyses described
here, we allowed this enthalpy value to float. In every case, the
improvement in chi square justified inclusion of the additional
fitting parameter. For example, the reduced chi square value
associated with fitting the Phl p 7 data decreased from 5.14 to
3.05, a ratio of 1.69. For a data set with more than 120 degrees of
freedom, the ratio of the two values would only need to exceed
1.09 to be judged significant at the 68% confidence limit or 1.53
to be judged significant at the 99% confidence limit.
Differential Scanning Calorimetry (DSC). DSC was

performed in amodified nano-DSC (Calorimetry Sciences Corp.)
equipped with cylindrical hastalloy cells, having nominal vo-
lumes of 0.32 mL. Temperature calibration was verified with
DMPC, DPPC, and DSPC, and the accuracy of the differential
power measurements was verified with internally generated
electrical calibration pulses.

Samples were dialyzed extensively against 0.15 M NaCl, 0.01
M NaPi, and 0.005 M EDTA, pH 7.4 (PBS/EDTA), which then
served as the reference. Sample and reference solutions were
briefly degassed under vacuum prior to loading. A scan rate of
60�/h was employed for all experiments. Each of the proteins
included in the study exhibits an endotherm on rescan, indicating
reversible denaturation. A baseline, obtained with sample and
reference cells filled with buffer, was subtracted from the protein
data prior to analysis. Data collected at four protein concentra-
tions were subjected to global nonlinear least-squares analysis to
extract estimates of Tm, ΔHcal, ΔHvH, and ΔCp, as described
elsewhere (26).

The posttransition baselines of Phl p 7 and Phl p 7 D55S
include an additional exothermic contribution not observed
with the other three proteins included in the study. This signal
might reflect the onset of aggregation of the unfolded protein.
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Consequently, least-squares analysis must be conducted on
truncated heat capacity files. The previous analysis of Phl p 7
returned a low value for theΔCp, 0.20 kcal mol-1 K-1. Although
this result was qualitatively consistent with the enhanced thermal
stability of the stability, we were concerned that the absence of
posttransition baseline data compromised our estimate of ΔCp.

To improve our parameter estimates, we supplemented the
DSC data with urea denaturation data. The application of
chemical denaturation data to the determination of ΔCp was
originally suggested by Pace and Laurents (27). The strategy that
we employed is modeled after the analysis byMcCrary et al. (28).
Samples were titrated with urea, and the resulting ellipticity data
were analyzed simultaneously with the DSC data. The following
equation for a two-state unfolding transition (29) was used to
treat the chemical denaturation data:

y ¼ ðyn þmn½urea�Þþ ðyu þmu½urea�Þ expð-ðΔGo -m½urea�Þ=RTÞ
1þ expð-ðΔGo -m½urea�Þ=RTÞ

ð3Þ
where ΔGo is the conformational stability in the absence of urea,
m is the sensitivity of the protein to the denaturant concentration,
yn andmn are the intercept and slope of the pretransition baseline,
and yu andmu are the corresponding values for the posttransition
baseline. Instead of treating ΔGo as a fitting parameter, its value
was calculated using the Gibbs-Helmholtz equation:

ΔGo ¼ ΔHvH 1-
T

Tm

� �
þΔCp½ðT -TmÞ-T lnðT=TmÞ� ð4Þ

Thus, least-squares minimization selects for values of Tm, ΔHvH,
and ΔCp that are consistent with both the chemical and thermal
denaturation data. Phl p 7 and Phl p 7 D55S were each titrated
with urea at 40, 45, 50, 55, and 60 �C.The other three proteins, for
which posttransition baseline data were available, were titrated
with urea at a single temperature (25 �C). Parameter uncertainties
were evaluated by confidence interval analysis, as described
above.

To examine the impact of Ca2þ on stability by DSC, the
proteins were first dialyzed extensively against HBS containing
0.005 M EDTA and then against three changes of HBS contain-
ing 20 μM Ca2þ.

RESULTS

Sedimentation Equilibrium Analyses. Samples of Bet v 4,
Bra n 1, and Bra n 2 and the D55S variant of Phl p 7 were
sedimented to equilibrium in the presence and absence of Ca2þ.
In every case, the data were satisfactorily accommodated by an
ideal single species model, yielding an average molecular weight
consistent with a monomeric quaternary structure. Radial solute
distributions for the Ca2þ-bound proteins are displayed in
Figure 2. Bet v 4, with a sequence-derived molecular mass of
9316 Da, exhibited apparent molecular weights of 9250( 60 and
9330( 70 in the Ca2þ-free and -bound states, respectively. Bet v 4
has been examined previously by analytical ultracentrifugation
(30). Our results are entirely consistent with the earlier study. The
analyses ofBra n 1 yielded corresponding values of 8590( 30 and
8610 ( 30; Bra n 2 afforded values of 9090 ( 70 and 9240 ( 70,
and Phl p 7 D55S afforded values of 8520 ( 30 and 8610 ( 40.
Divalent Ion Binding. The divalent ion-binding properties of

Bet v 4, Bra n 1, Bra n 2, and the D55S variant of Phl p 7 were
characterized by isothermal titration calorimetry. Raw data from

the titrations of each protein with Ca2þ and Mg2þ are displayed
in Figure 3. For comparison, corresponding data for Phl p 7 have
also been included. The proteins exhibit pronounced differences
in Ca2þ-binding enthalpy. Notably, the enthalpy associated with
the second Ca2þ-binding event in both Bet v 4 and Bra n 2 is
substantially more exothermic than that associated with the
initial binding event. By contrast, the binding enthalpies in Bra
n 1 and Phl p 7, wild type and D55S, are more comparable in
magnitude.

Binding parameters were estimated for each protein by global
least-squares minimization of ITC data. A representative analy-
sis, for Bra n 2, is displayed in Figure 4. The resulting parameters
and parameter uncertainties for all of the proteins, including Phl
p 7, are listed in Table 1. Divalent ion-binding energetics for Bet v
4, Bra n 1, Bra n 2, Phl p 7, and Phl p 7 D55S are summarized
in Figure 5. Corresponding numerical values are presented in
Table 2.

As explained in Materials and Methods, during the least-
squares analyses conducted as part of this study, we allowed the
enthalpy change associated with the formation of the mixed
Ca2þ-Mg2þ species to float. In our previous analysis of Phl p 7,
we had set this value at the sum of the enthalpy changes for first
Ca2þ-binding event and the second Mg2þ-binding event. Upon
reflection, it eventually occurred to us that there was, in fact, no
cogent basis for that simplification of the data treatment. Mixed
species can, in principle, be formed during the titrations with
Ca2þ conducted in the presence of fixed levels ofMg2þ. The exact
nature of the species, i.e., whether sites 1 and 2 are occupied by

FIGURE 2: Sedimentation equilibrium analyses of Bet v 4 (A), Bra n 1
(B), Bra n 2 (C), and Phl p 7 D55S (D). Samples of the proteins were
sedimented to equilibrium, at 20 �C, at rotor speeds of 20000 (0),
30000 (O), and 40000 (4) rpm, in Hepes-buffered saline, pH 7.4,
containing 100 μM Ca2þ. In some cases, the data and least-squares
fits have been offset vertically for clarity.
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Ca2þ or Mg2þ, is not readily predictable and could vary during
the course of the titration.

Allowing the heat associated with formation of the mixed
species to float significantly lowered the reduced chi square value
for the Phl p 7 analysis. Unsurprisingly, the improvement was
reflected primarily in the quality of the fit to the Ca2þ-binding
data collected in the presence ofMg2þ. Inclusionof the additional
fitting parameter had a perceptible impact on the resulting
estimates for the binding constants. The Ca2þ-binding constants
changed from 1.73 � 106 and 8.06 � 106 M-1 to 1.90 � 106 and
6.44 � 106 M-1. The influence on the Mg2þ-binding parameters
was larger, moving from 2.77 � 104 and 170 M-1 to 1.25 � 104

and 131 M-1. The average formation constant for the mixed
Ca2þ-Mg2þ species, previously 1.08 � 109 M-2, increased to
4.53 � 109 M-2.

Tables 1 and 2 are noteworthy for the absence of large diff-
erences in divalent ion-binding behavior among the four polcal-
cin isoforms. The overall standard free energies for Ca2þ binding
span the narrow range between -17.3 and -18.2 kcal/mol. The

overallMg2þ affinities are likewise tightly clustered, ranging from
-8.1 to -8.6 kcal/mol. These data suggest that the divalent ion-
binding signature of Phl p 7 is quite unremarkable. In light of the
major impact resulting from introduction of a fifth anionic ligand
into the parvalbumin metal ion-binding sites, this finding was
unexpected.

To better assess the impact of the additional carboxylate side
chain in site 2 of Phl p 7, we characterized the D55S variant, in
which the aspartyl residue at the-xposition has been replacedby
the consensus residue, serine. Whereas elimination of the anionic
residue would lower Ca2þ affinity in the parvalbumin back-
ground, it actually improves the overall standard free energy for
Ca2þ binding from-17.84 ((0.13) to-18.17 ((0.13) kcal/mol in
the context of Phl p 7. Overall Mg2þ affinity, which is highly
sensitive to the presence or absence of the additional carboxylate
in the parvalbumin CD site, is unaltered by the substitution.

If the two polcalcin EF-hands had the same intrinsic affinity
for Ca2þ, then the macroscopic association constants should
differ by a factor of 4; i.e., K2 would equal 0.25K1. Thus, if K2 is

FIGURE 3: Raw ITC data. Titration of Bet v 4 with Ca2þ (A) andMg2þ (B); titration of Bra n 1 with Ca2þ (C) andMg2þ (D); titration of Bra n 2
with Ca2þ (E) and Mg2þ (F); titration of Phl p 7 with Ca2þ (G) and Mg2þ (H); titration of Phl p 7 D55S with Ca2þ (I) and Mg2þ (J).
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greater than 0.25K1, the system exhibits macroscopic positive
cooperativity, and the apparent coupling free energy is equal to
-RT ln(4K2/K1). This value reflects the minimum coupling free
energy because it is likely that the two sites have intrinsically
different Ca2þ affinity.

Inspection of Table 1 reveals that all four polcalcin isoforms
exhibit macroscopically cooperative Ca2þ binding. However, the
magnitudes of the apparent coupling free energies measured for
Bet v 4 (-0.44( 0.10 kcal/mol) and Bra n 2 (-0.72 ( 0.10 kcal/
mol) are significantly smaller than those of Bra n 1 (-1.46( 0.09
kcal/mol) and Phl p 7 (-1.54 ( 0.14 kcal/mol). The D55S
mutation reduces the magnitude of the coupling free energy in
Phl p 7 to -1.17 ( 0.11 kcal/mol.
Impact of Phl p 7 D55S, Bet v 4, Bra n 1, and Bra n 2 on

ANS Emission. As observed previously for Phl p 7, addition of

the Ca2þ-bound proteins to samples of ANS provokes a sig-
nificant increase in fluorescence emission. Whereas Bet v 4 and
Bra n 1 had comparable effects on ANS quantum yield, Bra n
2 produced a substantially larger increase. The intensity of
the emission spectrum observed in the presence of Bra n 2
(Figure 6A) was approximately 3-fold higher than those observed
in the presence of either Bet v 4 or Bra n 1. Additionally, the peak
maximum was shifted to perceptibly shorter wavelength.
Conformational Stability. The stabilities of Bet v 4, Bra n 1,

and Bra n 2 were examined by DSC. Each protein was analyzed
at four protein concentrations (Figure 7, panels A-C) in PBS
containing 5.0 mM EDTA. The resulting data were subjected to
global least-squares minimization to obtain estimates for the
melting temperature (Tm), the van’t Hoff enthalpy (ΔHvH), the
calorimetric enthalpy (ΔHcal), and the denaturational heat

FIGURE 4: Analysis of divalent ion binding byBra n 2. (A) Titrationwith 1.10mMCa2þ: 56μMBra n 2 (red); 27μMBra n 2 (green); 55μMBra n
2, 0.10 mMNTA (blue); 55 μMBra n 2, 1.0 mMNTA (pink). (B) Titration with 1.99 mMMg2þ: 56 μMBra n 2 (red); 55 μMBra n 2, 100 μM
EDTA (green). (C) Titration with 1.10 mMCa2þ in the presence ofMg2þ: 54 μMBra n 2, 1.00 mMMg2þ (red); 53 μMBra n 2, 5.00 mMMg2þ

(green); 55μMBran 2, 10.0mMMg2þ (blue). (D)Titrationwith 1.10mMCa2þ: 55μMBran 2, 60μMEDTA(red); 60μMBran 2, 60μMEGTA
(green).

Table 1: Divalent Ion-Binding Properties

protein

K1
a

(M-1)

ΔH1

(kcal/mol)

K2
a

(M-1)

ΔH2

(kcal/mol)

K1M
a

(M-1)

ΔH1M

(kcal/mol)

K2M
a

(M-1)

ΔH2M

(kcal/mol)

βCM
(M-1)

ΔHCM

(kcal/mol)

Bet v 4 5.13 � 106 0.42 2.68 � 106 -6.28 8.50 � 103 4.78 106 3.58 8.50 � 108 6.52

(4.77, 5.49) (0.35, 0.49) (2.44, 2.95) (-6.41, -6.16) (7.82, 9.18) (4.64, 4.93) (87, 122) (3.22, 3.93) (6.97, 10.0) (5.34, 7.43)

Bra n 1 2.65 � 106 -2.37 7.76 � 106 -4.30 1.75 � 104 3.90 98 6.65 4.03 � 109 6.50

(2.45, 2.78) (-2.44, -2.27) (7.29, 8.45) (-4.40, -4.21) (1.66, 1.87) (3.82, 3.99) (92, 106) (6.25, 6.91) (3.83, 4.35) (6.09, 6.76)

Bra n 2 2.40 � 106 2.63 2.04 � 106 -3.28 1.16 � 104 3.80 190 3.05 9.00 � 108 4.82

(2.26, 2.55) (2.55, 2.72) (1.84, 2.27) (-3.38, -3.19) (1.06, 1.26) (3.68, 3.92) (157, 220) (2.84, 3.29) (7.02, 12.5) (4.39, 5.79)

Phl p 7 1.90 � 106 -1.96 6.44 � 106 -3.95 1.76 � 104 3.24 84 6.63 4.53 � 109 0.59

(1.71, 2.09) (-2.07, -1.85) (5.72, 7.27) (-4.07, -3.84) (1.58, 1.92) (3.14, 3.34) (76, 92) (6.24, 7.08) (3.72, 5.71) (0.34, 0.83)

Phl p 7 D55S 3.44 � 106 -2.73 6.17 � 106 -4.47 1.25 � 104 3.23 131 3.98 4.98 � 109 0.35

(3.19, 3.82) (-2.83, -2.62) (5.68, 6.98) (-4.57, -4.36) (1.16, 1.37) (3.13, 3.36) (119, 147) (3.67, 4.24) (4.23, 5.82) (0.11, 0.53)

aStepwise macroscopic association constants.
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capacity increment (ΔCp), which are listed in Table 3. The
resulting values were then substituted into eq 3 to calculate the
conformational stabilities for theCa2þ-free proteins at 25 �C.The
thermal stability parameters are plotted in Figure 8.

The stability of Phl p 7 was also re-examined, employing
simultaneous least-squares analysis of DSC and chemical dena-
turation data, with the goal of obtaining a more reliable estimate
of ΔCp. That analysis, the details of which are described in
Materials and Methods, is displayed in Figure 7E and 7G.
Inclusion of the urea denaturation data, intended to compensate
for the dearth of posttransition baseline data, has a significant
impact on the fitting parameters. The composite analysis affords
a Tm of 77.3 ( 0.3 �C, as compared to the value of 78.5 �C
reported previously. The estimate for the van’t Hoff enthalpy, at
52.1 ( 1.3 kcal/mol, is somewhat lower than the previously
determined value of 55.6 kcal/mol. By contrast, the calorimetric
enthalpy, at 61.3 ( 0.8 kcal/mol, is substantially higher than the
previous estimate of 54.5 kcal/mol. The value obtained for ΔCp

(0.34 ( 0.03 kcal mol-1 K-1) is substantially lower than the
values obtained for the other three polcalcin isoforms but some-
what higher than the estimate obtained by analysis of the DSC
data alone (0.20 kcal mol-1 K-1).

The stability of Phl p 7 D55S was also evaluated by global
analysis of DSC and urea denaturation data (Figure 7F,H).
Replacement of Asp-55 by serine has a minor impact on Phl p 7
stability. TheTm increases by 0.7 degree, to 78.0( 0.2 �C.ΔHvH is
increased to 54.6( 0.3 kcal/mol, whereasΔHcal decreases to 56.1(
1.1 kcal/mol. The value obtained for ΔCp (0.32( 0.08 kcal mol-1

K-1) remains low by comparison to the other three polcalcins.
The ratio of the van’t Hoff and calorimetric enthalpies

furnishes information on the size of the cooperative unit involved
in unfolding. Values close to unity indicate that denaturation is
two state, proceeding directly from the native to the unfolded
state. Ratios less than one imply that the unfolding occurs with
significant population of partially unfolded intermediates. Values
greater than one, on the other hand, imply that denaturation

proceeds from an oligomeric state to the unfolded state. The
ΔHvH/ΔHcal ratios obtained for Bet v 4, Bra n 1, Bra n 2, and the
D55S variant of Phl p 7 range between 0.97 ( 0.02 and 1.00 (
0.04, indicating that thermal denaturation of these Ca2þ-free
polcalcins closely approximates a two-state process. The ratio
obtained for Phl p 7 is somewhat lower (0.85( 0.06), suggesting
that unfolding of the protein is accompanied by higher popula-
tion of partially unfolded intermediates.

Samples of the proteins were also examined in the presence of
20 μM Ca2þ (Figure 7D). The observed Tm values range from
106� for Bra n 2 to 107� for Bet v 4 to 116� for Bra n 1. The D55S
mutation evidently increases the Tm of Ca2þ-bound Phl p 7.
Whereas the heat capacity curve for the wild-type Phl p 7 solution
is approaching itsmaximumat 120 �C, the high-temperature limit
for our calorimeter, the heat capacity of the Phl p 7 D55S sample
is still increasing, with no clear indication of an inflection point.

DISCUSSION

The consensus residue at the -x coordination position in
polcalcin EF-hand 2 is serine. In Phl p 7, however, aspartate
occupies the -x position. Consequently, the site 2 ion-binding
loop in Phl p 7 harbors five potential anionic ligands, rather than
four. In fact, the crystal structure of Ca2þ-bound Phl p 7 (31)
reveals that just four of the five participate directly in metal ion
binding. The -x carboxylate has withdrawn from the coordina-
tion sphere and functions as a helix cap, hydrogen bonding to the
amide proton of the -z glutamyl residue. Similar coordination
geometry is observed for the CD site of rat R-PV S55D/
E59D (32), which likewise includes five anionic residues.

The pentacarboxylate site confers heightened divalent ion
affinity on the rat R- and β-parvalbumin isoforms. To determine

Table 2: Divalent Ion-Binding Energeticsa

Ca2þ binding Mg2þ binding

protein ΔGb ΔH -TΔSc ΔG�0 ΔH -TΔS

Binding Event 1

Bet v 4 -9.15 (0.04) 0.42 -9.57 -5.36 (0.05) 4.78 -10.14

Bra n 1 -8.76 (0.05) -2.37 -6.39 -5.79 (0.04) 3.90 -9.69

Bra n 2 -8.70 (0.04) 2.63 -11.33 -5.54 (0.05) 3.80 -9.34

Phl p 7 -8.56 (0.06) -1.96 -6.60 -5.79 (0.06) 3.24 -9.03

Phl p 7 D55S -8.91 (0.06) -2.73 -6.18 -5.59 (0.05) 3.23 -8.82

Binding Event 2

Bet v 4 -8.76 (0.06) -6.28 -2.48 -2.76 (0.12) 3.58 -6.34

Bra n 1 -9.39 (0.05) -4.30 -5.09 -2.71 (0.05) 6.65 -9.36

Bra n 2 -8.60 (0.06) -3.28 -5.32 -3.11 (0.11) 3.05 -6.16

Phl p 7 -9.28 (0.07) -3.95 -5.33 -2.62 (0.06) 6.63 -9.25

Phl p 7 D55S -9.26 (0.07) -4.47 -4.79 -2.89 (0.07) 3.98 -6.87

Overall

Bet v 4 -17.91 (0.10) -5.86 -12.05 -8.12 (0.17) 8.36 -16.48

Bra n 1 -18.15 (0.10) -6.67 -11.48 -8.50 (0.09) 10.55 -19.05

Bra n 2 -17.30 (0.10) -0.65 -16.65 -8.65 (0.16) 6.85 -15.50

Phl p 7 -17.84 (0.13) -5.91 -11.93 -8.41 (0.12) 9.87 -18.28

Phl p 7 D55S -18.17 (0.13) -7.20 -10.97 -8.47 (0.12) 7.21 -15.68

aEnergies in kcal/mol. Binding data were collected in Hepes-buffered
saline, pH 7.4, at 25 �C. bEqual to-RT lnK, whereR is the gas constant, T
the absolute temperature, andK the relevantmacroscopic binding constant.
Uncertainties are shown in parentheses. cEqual to ΔG - ΔH.

FIGURE 5: Comparison of divalent ion-binding energetics for Bet v 4
(white), Bra n 1 (diagonal shading), Bra n 2 (cross-hatch), Phl p 7
(black), and Phl p 7 D55S (dark gray).
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whether the introduction of the additional carboxylate has a
similar impact in the polcalcin background, we have compared
the metal ion-binding signatures of Phl p 7 and three additional
isoforms. Although the aligned polcalcin core sequences exhibit
roughly 70% identity, they harbor shortN-terminal extensions of
varying length. Relative to Phl p 7, perhaps the shortest member
of the polcalcin family, the sequences of Bra n 1, Bra n 2, and Bet
v 4 contain one, five, and seven additional residues, respectively,
at the N-terminal end (Figure 1A).

The four polcalcins exhibit similar divalent ion-binding beha-
vior. The standard free energy change for Ca2þ binding ranges
between -17.3 ( 0.1 and -18.2 ( 0.1 kcal mol-1; the corre-
sponding Mg2þ value ranges from-8.1( 0.2 to-8.6( 0.2 kcal
mol-1. The divalent ion-binding properties of Phl p 7 are
unexceptional. At -17.8 ( 0.1 kcal mol-1, overall Ca2þ affinity
is exceeded by both Bet v 4 and Bra n 1; overall Mg2þ affinity, at
-8.4 ( 0.1 kcal mol-1, is exceeded both by Bra n 1 and Bra n 2.
Evidently, substitution of aspartate for the consensus serine at the
-x position in Phl p 7 site 2 does not produce a protein with
anomalously high divalent ion affinity.

To obtain further insight into this issue, we examined the
impact of replacing D55 in Phl p 7 with serine. Based upon the
behavior of the pentacarboxylate PV variants, removal of the
fifth carboxylate in Phl p 7 site 2 was predicted to cause a
significant reduction in divalent ion affinity. Unexpectedly, the
D55S mutation affords a perceptible increase in Ca2þ affinity,
from -17.8 to -18.2 ( 0.1 kcal mol-1, and leaves the Mg2þ

affinity essentially unchanged. In fact, the binding properties of
Phl p 7 D55S strongly resemble those of Bra n 1.

TheD55S substitution in Phl p 7 is analogous to reversal of the
G98D variant in the parvalbumin molecule. In rat β-PV, for

example, that reversal decreases Ca2þ affinity by 1.3 kcal mol-1.
As illustrated in Figure 9A, the reduction in affinity derives from
a 0.4 kcal mol-1 stabilization of the unliganded protein, pre-
sumably by diminished electrostatic repulsion, and 0.9 kcal
mol-1 stabilizing of the bound protein, presumably by the
aforementioned hydrogen bonding between the -x carboxylate
and the amide proton of the -z glutamate.

Correspondingly, one anticipates that replacement of D55 by
serine in Phl p 7 would stabilize the protein by reducing
electrostatic repulsion in site 2. Consistent with that expectation,
the extrapolated stability for the apo-D55S variant is 0.5 kcal/
mol greater than that of wild-type Phl p 7 at 25 �C.The side-chain
entropies of serine and aspartate are comparable, and theΔCp for
unfolding is virtually unchanged by the mutation, implying that
the increased stability of apo-D55S reflects stabilization of the
folded apoprotein. As shown in Figure 9B, this stabilization of
the Ca2þ-free protein, coupled with the 0.4 kcal mol-1 increase in
Ca2þ affinity, positions the free energy of the Ca2þ-bound D55S
variant approximately 1.0 kcal mol-1 lower than the wild-type
protein.

Thus, replacement of the -x aspartyl residue has a disparate
impact on the bound form of the protein depending onwhether it
is performed in the polcalcin or parvalbumin background.
Whereas the modification destabilizes the Ca2þ-bound form of
rat β-PVG98D by 0.9 kcal/mol, it increases the stability of Ca2þ-
bound Phl p 7 by roughly that same amount. Parenthetically, the
heightened stability of the Ca2þ-bound variant is consistent with
the limited DSC data available for the Ca2þ-bound proteins. As
shown in Figure 7D, the Tm for Phl p 7 D55S occurs at higher
temperature than that observed with the wild-type protein in the
presence of Ca2þ.

FIGURE 6: Impact of polcalcin on ANS emission. (A) Ca2þ-free Bra n 2 was added to 10 μMANS (O) in Hepes-buffered saline, pH 7.4, 200 μM
Ca2þ, to yield nominal final concentrations of 25 (0), 50 (4), 75 (3), and 100 (]) μM. The emission spectrum was acquired following each
addition, exciting at 365 nm. (B) Relative intensity at the emission maximum vs Bra n 2 concentration in 200 μMCa2þ (black circle), 50.0 mM
EDTA(black square), and 1.0MEGTA, 2.0mMMg2þ (gray circle).Comparable studieswere also conductedwithBran 1 (C),Bet v 4 (D),Phl p 7
(E), and Phl p 7 D55S (F).
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The differing impact of the removal of the -x carboxylate in
the parvalbumin and polcalcin backgrounds may reflect the
allosteric nature of polcalcin Ca2þ binding; i.e., the first Ca2þ-

binding event is linked to a major conformational change that
facilitates the second binding event. Indeed, the fact that Mg2þ

affinity is unchanged by the D55S mutation suggests that the

FIGURE 7: Polcalcin conformational stability. (A) DSC analysis of Bet v 4 in PBS/EDTA, pH 7.4, at 6.98 mg/mL (3), 5.59 mg/mL (0), 4.19mg/
mL (4), and 2.79 mg/mL (O). (B) DSC analysis of Bra n 1 under identical solution conditions at 9.17 mg/mL (3), 6.88 mg/mL (0), 4.95 mg/mL
(4), and 2.47 mg/mL (O). (C) DSC analysis of Bra n 2 in PBS/EDTA at 12.4 mg/mL (4), 9.3 mg/mL (0), 6.2 mg/mL (O), and 3.1 mg/mL (]).
(D) DSC analysis of Ca2þ-bound polcalcins. Each protein was dialyzed to equilibrium against HBS, pH 7.4, containing 20 μM Ca2þ. Bet v 4
(5.76mg/mL,O); Bra n 1 (6.56mg/mL,0); Bra n 2 (6.17mg/mL,4); Phl p 7 (4.30mg/mL,3); Phl p 7D55S (4.97mg/mL,]). Solid lines have been
included solely to guide the eye. (E) DSC analysis of Phl p 7 in PBS/EDTA, pH 7.4, at 7.86 mg/mL (O), 5.89 mg/mL (0), 3.89 mg/mL (4), and
1.96mg/mL (]). (F) DSC analysis of Phl p 7D55S in PBS/EDTAat 9.1mg/mL (O), 6.82mg/mL (0), 4.55mg/mL (4), and 2.27mg/mL (]). (G)
Urea denaturation of Phl p 7 in PBS/EDTA at 40 (O), 45 (0), 50 (4), and 55 (3), and 60 �C (]). (H) Urea denaturation of Phl p 7 D55S in PBS/
EDTA at 40 (O), 45 (0), 50 (4), and 55 (3), and 60 �C (]). The DSC data in panels E and F were simultaneously fit along with the urea
denaturation data in panels G and H, respectively, as described in the text. Similarly, the DSC data in panels A-C were simultaneously fit with
urea denaturation data (not shown) collected at 25 �C.For clarity, a small subset of the data is displayed in panelsA-C,E, andF. Similarly, every
other data point is included in panels G and H.

Table 3: Summary of Polcalcin DSC Analysesa

protein Tm ΔHvH ΔHc ΔHvh/ΔHc ΔCp ΔGconf
b

Bet v 4 56.1 43.9 43.7 1.00 0.66 3.1( 0.2

(55.9, 56.4) (43.2, 44.2) (42.6, 45.3) (0.95, 1.04) (0.55, 0.74)

Bra n 1 57.9 48.7 49.9 0.98 0.95 3.2 ( 0.2

(57.7, 58.9) (48.3, 49.2) (48.6, 51.3) (0.94, 1.01) (0.87, 1.00)

Bra n 2 56.8 56.1 55.9 1.00 0.95 3.9( 0.2

(56.6, 57.1) (55.3, 56.9) (54.6, 57.2) (0.97, 1.04) (0.88, 1.01)

Phl p 7 77.3 52.1 61.3 0.85 0.34 6.4( 0.3

(77.0, 77.6) (51.0, 52.4) (60.7, 64.2) (0.79, 0.86) (0.31, 0.37)

Phl p 7 D55S 78.0 54.6 56.1 0.97 0.32 6.9( 0.4

(77.8, 78.2) (54.3, 54.9) (55.6, 57.2) (0.95, 0.98) (0.26, 0.40)

aTemperatures are reported in �C, energies in kcal mol-1, and ΔCp in kcal mol-1 K-1. The 95% confidence intervals are shown in parentheses. bApparent
conformational stability at 25 �C, calculated with eq 4.
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energetic difference is related to the Ca2þ-triggered conforma-
tional change.We have previously noted thatMg2þ binding does
not provoke a similar structural modification in Phl p 7 (14).

As discussed previously (14), the major unliganded polcalcin
conformation evidently has low affinity for Ca2þ, requiring the

sacrifice of binding free energy to promote a transition to a
conformation competent for Ca2þ binding. Data for model EF-
hand peptide systems indicate that EF-hand binding loops
containing four coordinating carboxylates possess greater affi-
nity for Ca2þ results than sites containing just three (33-35).
Thus, it is likely that polcalcin site 2 is preferentially occupied by
Ca2þ, at least in Bet v 4, Bra n 2, and Phl p 7. Both sites in Bra n 1
harbor four coordinating carboxylates. A priori, an increase in
the Ca2þ affinity of site 2, by introduction of an additional
carboxylate to the coordination sphere, should increase the
affinity of the first binding event. In fact, the free energy change
associated with the initial Ca2þ-binding event is lower for Phl p 7
than that measured for the other three polcalcin isoforms. In this
context, it is noteworthy that the heightened Ca2þ affinity of the
D55S variant is realized in the first binding event. The second
binding event is isoenergetic for the wild-type and variant
proteins.

It is possible that formation of the H-bond between the
carboxylate of D55 and the amide of E58 requires an additional
conformational adjustment not required for polcalcin isoforms
harboring the consensus serine residue at -x in site 2. High-
resolution structural data for Ca2þ-free and Ca2þ-bound Phl p 7
might provide some insight into this question.

At present, there are no structural data for the unliganded
protein, and under the conditions employed for crystallization of
the Ca2þ-bound protein, Phl p 7 partially unfolds and assumes an
unusual domain-swapped dimeric structure (31). The character-
istic intramolecular pairing of the two EF-hand motifs has been
lost, replaced by a pairing of site 1 from one monomer and site 2
from the other. Because sedimentation equilibrium data for Phl p
7 clearly indicate that Phl p 7 is monomeric in saline at neutral
pH, the physiological significance of the domain-swapped dimer
is questionable. Although, as noted above, the hydrogen bond
between the carboxylate of D55 and the amide proton of E58 is
observed in the crystal structure of the Ca2þ-bound state, it may
not be formed in the monomeric Ca2þ-bound protein. Clearly,
additional structural data are needed for the Ca2þ-bound Phl p 7
monomer.

A secondary objective of this study was to explore the
influence, if any, of the N-terminal extension on polcalcin
divalent ion-binding behavior. Although there is no correlation
between overall divalent ion affinity, either for Ca2þ or Mg2þ,
and the length of the N-terminal extension, the second Ca2þ-
binding event is 0.5-0.8 kcal mol-1 less favorable for the two
proteins with the longer extension, Bet v 4 and Bra n 2. This
difference is likewise reflected in the magnitudes of the minimal
coupling free energies, which are significantly smaller for Bet v 4
and Bra n 2 (-0.44 ( 0.10 and -0.72 ( 0.10 kcal mol-1,
respectively) than those of Bra n 1 and Phl p 7 (-1.46( 0.09 and
-1.54( 0.14 kcal mol-1, respectively). Relative to the other two
proteins, the conformational change associated with the initial
Ca2þ-binding event in either Bet v 4 or Bra n 2 evidently does not
produce a conformation as well suited for binding of the second
Ca2þ.

The Ca2þ-binding enthalpies are interesting. Whereas the
initial binding event is exothermic for the two shorter polcalcins,
it is endothermic for Bet v 4 and Bra n 2. In fact, the initial
binding enthalpy for Bra n 2 is sufficiently endothermic (2.6( 0.1
kcal/mol) that the overall binding enthalpy is just slightly
exothermic (-0.6 ( 0.1 kcal/mol). Interestingly, however, the
endothermic ΔH terms do not impose a free energy penalty, as
they are balanced by a proportionally more favorable entropy

FIGURE 9: Free energy diagrams comparing the relative energies of
the unfolded state (U), the unliganded native state (N), and the Ca2þ-
loaded state (Ca2N). The analysis neglects the impact of replacement
of the-x aspartyl residue on the denatured ensemble. (A) TheG98D
variant of rat β-PV andwild-type rat β-PV. (B)Wild-type Phl p 7 and
the D55S variant of Phl p 7.

FIGURE 8: Summary of polcalcin thermal stability analysis. (A)
Melting point. (B) Denaturational enthalpies: van’t Hoff (black);
calorimetric (white). (C)Denaturational heat capacity increment. (D)
Extrapolated conformational stability at 25 �C, calculated with eq 3.
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change. Consequently, the resulting free energy changes (ΔGCa,1)
associated with Bet v 4 and Bra n 2 are comparable to those
observed for Bra n 1 and Phl p 7, and ΔGCa,1 is actually more
favorable for Bet v 4 than for Bra n 1 and Phl p 7.

The N-terminal four residues are relatively disordered in the
solution structure of Ca2þ-bound Bet v 4. If the N-terminal
extension were to participate in noncovalent contacts with the
polcalcin core sequence in the apo form, then Ca2þ binding
would require disruption of those contacts: enthalpically unfa-
vorable, entropically favorable. A similar scenario might likewise
operate in Bra n 2.

Although Bet v 4, Bra n 1, Bra n 2, and Phl p 7 have
qualitatively similar effects on ANS fluorescence, there are some
quantitative differences. In each case, addition of the Ca2þ-
bound protein to a dilute ANS solution substantially raises the
quantum yield. Interestingly, the increase in ANS emission
observed with Bra n 2 exceeds that observed with either Bet v
4, Bra n 1, or Phl p 7 by a factor of 3. This finding suggests that
Bra n 2 has higher affinity for the fluorescent probe. The binding
of ANS to proteins can involve both hydrophobic and electro-
static components (36-39). Whereas the naphthyl ring can
associate with solvent-accessible apolar surface, the sulfonate
group can interact with cationic side chains.A priori, it is possible
that Bra n 2 exposes more apolar surface in the Ca2þ-bound state
than Bet v 4, Bra n 1, or Phl p 7. Alternatively, the Bra n 2
sequence may harbor a strategically placed cationic side chain,
with which the ANS sulfonate can interact. However, based on
inspection of the sequences of the other three proteins (Figure 1),
there do not appear to be any lysyl or arginyl side chains unique
toBra n 2.H36 is a potential candidate (proline or alanine occupy
the corresponding position in the other three proteins) provided
that the pKa of the imidazolium side chain is shifted upward by
interaction with the sulfonate. However, H36 is not immediately
adjacent to the presumptive site of ANS association, a hydro-
phobic groove exposed uponCa2þ binding (30). Thus, at present,
the basis for the greater impact of Ca2þ-bound Bra n 2 on ANS
emission is unclear. The apo- and Mg2þ-bound forms of all four
proteins have a smaller impact on ANS fluorescence. In the case
of Bra n 1, Bra n 2, and Phl p 7, the increase in emission is
negligible. However, addition of apo- or Mg2þ-bound Bet v 4 to
an ANS solution produces an increase in fluorescence roughly
one-third of that seen with the Ca2þ-bound protein.

Our previous study of Phl p 7 noted the disparate conforma-
tional stabilities of Phl p 7 and Bet v 4. At the time, we did not
know whether the stability of Bet v 4 was an anomaly. Having
now examined the thermal stabilities of Bet v 4 and two
additional polcalcin isoforms in some detail, it would appear
that the thermal stability of Bet v 4 is the more representative and
that Phl p 7 is, in fact, the outlier. The Ca2þ-free forms of Bet v 4,
Bra n 1, and Bra n 2 possess free energies for unfolding of 3.1 (
0.2, 3.2( 0.2, and 3.9( 0.2 kcal mol-1, respectively. By contrast,
the corresponding values for Phl p 7 and Phl p 7 D55S are 6.4 (
0.3 and 6.9 ( 0.4 kcal mol-1, respectively. The stability para-
meters exhibit little correlation withN-terminal extension length.
Although it is true that the two proteins with the longer
sequences, Bet v 4 and Bra n 2, have Tm values lower than that
of Bra n 1, the Tm of the latter is still 21� lower than that of Phl p
7. Evidently, the explanation for the enhanced conformational
stability of Phl p 7 must be found elsewhere.

The most glaring difference in the thermal stability parameters
for Phl p 7 is seen in the denaturational heat capacity increment,
ΔCp. Bet v 4, Bra n 1, and Bra n 2 exhibit values of 0.66 ( 0.11,

0.95 ( 0.08, and 0.95 ( 0.07 kcal mol-1 K-1, respectively. By
contrast, theΔCp values determined for Phl p 7 and Phl p 7 D55S
are 0.34 ( 0.03 and 0.32 ( 0.08 kcal mol-1 K-1, respectively.
Assuming that the magnitude of ΔCp scales with the change in
solvent-accessible apolar surface, this result suggests that unfold-
ing of Phl p 7 is accompanied by substantially less exposure of
hydrophobic surface, relative to the other three proteins. Em-
ploying the scaling factors suggested by Xie and Freire (40) for
relating exposed surface area to ΔCp, we estimate that thermal
denaturation of Bet v 4 is accompanied by exposure of 2750 (
310 Å2 of apolar surface. By contrast, unfolding of either Phl p 7
or Phl p 7 D55S results in exposure of just 1900 ( 100 Å2 of
apolar surface.

Figure 1B compares the sequences of Bet v 4 and Phl p 7, with
regions depicted in black indicating identity and residues depicted
in gray indicating conservative substitutions. Evidently, the
discrepancy in the ΔCp values does not arise from major
differences in apolar residue composition. Furthermore, the
absence of correlation among the ΔCp values for Bet v 4, Bra n
1, andBra n 2 implies that theN-terminal extension is not amajor
contributing factor.

Increased electrostatic repulsion in Phl p 7 could produce an
expansion of the nativeCa2þ-free form, and the resulting increase
in solvent penetration might explain the reduced ΔCp value. The
predicted isoelectric point of Phl p 7, at 3.98, is somewhat lower
than those of Bet v 4 (4.57), Bra n 1 (4.29), and Bra n 2 (4.50).
However, this difference does not translate into a large difference
in net charge. Whereas the latter three proteins are predicted to
have net charges at pH 7.5, in the Ca2þ-free state, of -6.0, -7.0,
and -6.0, respectively, the predicted charge for Phl p 7 is only
slightly higher, at -8.1. Significantly, elimination of a negative
charge in the latter, via the D55S mutation, causes very minimal
perturbation of ΔCp.

An alternative explanation for the reduced ΔCp value is the
retention of residual structure in the unfolded state. It has been
suggested that the enhanced thermal stability displayed by
proteins from thermophilic organisms derives in part from a
reduction in the denaturational heat capacity increment (41, 42),
which has the effect of lowering and, more importantly, broad-
ening the protein stability curve. Relative to the enzyme from the
mesophile E. coli, RNase H from the thermophile Thermus
aquaticus has a substantially higher Tm and substantially smaller
ΔCp for unfolding: 86 vs 66 �C and 1.8 vs 2.7 kcal mol-1 K-1,
respectively. Robic et al. (43) presented evidence that the
diminished heat capacity change reflects the retention of residual
structure in the unfolded thermophilic protein. NMR studies
have shown that native-like structure and topology can be
retained in the unfolded state, even at high denaturant concen-
trations (44, 45). Perhaps the atypically low ΔCp that we observe
for Phl p 7 has a similar origin. If so, the diminutive size of the
protein would make it an attractive model system for exploring
the sequence dependence of this phenomenon.
Concluding Remarks. Whereas the polcalcin EF-hand 2

consensus sequence includes four anionic ligands, the Phl p 7 site
2 harbors five. This pentacarboxylate site exhibits superior
divalent ion affinity in engineered variants of rat R- and β-
parvalbumins. By contrast, the divalent ion-binding signature of
Phl p 7 is singularly unremarkable, as judged by comparison with
three other polcalcin isoforms (Bet v 4, Bra n 1, and Bra n 2). In
fact, if D55 in Phl p 7, which occupies the-x position of site 2, is
replaced with the consensus residue serine, the affinity for Ca2þ

increases. This behavior, in direct conflict with that observed in
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the parvalbumin background,may be a reflection of the allosteric
nature of Ca2þ binding in the polcalcin system.

Phl p 7 exhibits anomalously high thermal stability when
compared to the other three polcalcin isoforms. The heightened
stability is apparently the consequence of an atypically smallΔCp

value. Inspection of the primary structures of Phl p 7 and the
other three isoforms reveals no obvious origin for the diminutive
ΔCp. We suggest that it is a consequence of residual ordered
structure in the denatured ensemble.
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