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ABSTRACT 

 

 Parvalbumin is an abundant divalent cation binding protein of fast vertebrate skeletal 

muscle.  Its proposed function is to sequester calcium after contraction, thus facilitating 

relaxation.  The binding function of proteins is often sensitive to temperature; the physiological 

processes of poikilothermic organisms like teleost fish must be capable of functioning at 

temperatures common to native environment.  Calcium and magnesium equilibrium dissociation 

constants and instantaneous rate constants of parvalbumins from two Antarctic teleosts 

(Gobionotothen gibberifrons and Chaenocephalus aceratus), two temperate zone teleosts 

(Cyprinus carpio and Micropterus salmoides), and one Arctic teleost (Boreogadus saida) were 

determined to assess potential differences in protein function.  PV was isolated by 

homogenization followed by gel filtration and ion exchange chromatography.  Sample purity was 

checked by 2-D PAGE.   Dissociation constants were determined by a competitive binding assay 

between parvalbumin and either fluo-3 or Magnesium Green.  Thermodynamic parameters were 

determined by calorimetry.  Instantaneous rate constants were determined by stopped-flow 

spectrometry.  Deduced amino acid sequences were also determined for several teleost 

parvalbumins.  Functional data showed that parvalbumins from different teleost fish can exhibit 

markedly different patterns of thermal sensitivity.  However, a general pattern of conservation 

for several binding parameters at native temperature was observed.  Sequence data indicated that 

the major structural features, including the coordinating residues of the binding loops, were 

conserved in parvalbumins.  Substitutions leading to variability of thermal function are likely to 

have occurred outside the binding loops of the protein. 
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CHAPTER 1 

 

PROTEINS AND TEMPERATURE 

 

The kinetic energy of a system, measured as temperature, is one of the most pervasive 

influences on the biology of organisms.  While endotherms are able to regulate their body 

temperature at a more or less constant level, ectothermic organisms face the constant challenge 

of maintaining physiological function across the range of ambient temperatures that they 

experience.  Not surprisingly, it has long been acknowledged that temperature is a primary 

shaping force of biogeography, and the thermal characteristics of a habitat often define to a great 

extent its suitability for a given organism.  For example, Antarctic teleosts of the suborder 

Notothenioidei are able to live in the Southern Ocean, where the water temperature rarely varies 

from –1.9°C, but die almost immediately in water above 5°C (Sidell, 2000).  Conversely, the 

force-producing abilities of skeletal muscle fibers from topical frogs (Leptodactylus insularis) is 

abolished at temperatures below 5-10°C (Gerday et al., 1991).  The physiology of Notothenioid 

fishes is uniquely adapted to function at temperatures below freezing.  In fact, ectothermic 

species that primarily inhabit the water (such as teleost fish) are even more susceptible to the 

effects of temperature than terrestrial organisms.  The relative uniformity of temperature in an 

aquatic environment combined with the high specific heat of water almost insure that water-

based ectotherms will be at or near thermal equilibrium with their environment. 

Essentially every aspect of physiology is affected in some way by temperature.  It has a 

profound influence on every level of biological organization, from whole organ systems 

(respiration rate, fluid balance) to minute biomolecules (lipid fluidity, diffusion rate, heat shock 

protein aggregation).   An organism must therefore be adapted to function in the typical thermal 

environment that it experiences. 

Of the numerous processes influenced by temperature, few are affected as greatly or as 

ubiquitously as the fundamental activity of proteins.  Temperature is a measure of the energy 

content of a system and to a large extent determines the available kinetic energy within that 

system.  Molecules at high temperature (and therefore high kinetic energy) will undergo more 

motion and, in a closed system, will interact with one another more rapidly and more often.  

These interactions are critical for proteins, the functions of which often rely on association with 
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ligands, substrates, cofactors, and other molecules.  Often, these interactions must occur with the 

proper geometry for the protein to perform its function.  At low temperatures, the reduction in 

molecular motion may drastically reduce the likelihood of proteins from associating with 

ligands. 

In addition, the protein itself must often be in a very specific conformation to function 

properly.  In any specific population of proteins, only a small percentage may be in a binding-

competent conformation.  This phenomenon directly influences the activation energy (Ea) of 

protein activity, the energy required for a reaction to occur (Hochachka and Somero, 2002).  At 

high temperatures, increased molecular motions of proteins will increase the percentage of the 

population that are capable of binding a substrate, in turn increasing the rate of activity.  

However, excessive thermal energy can cause proteins to denature, compromising its secondary 

and tertiary structure.  In this state, proteins are unlikely to function properly and may even 

disrupt other cellular functions.  For a protein to function optimally at a specific temperature, 

there must be a balance between the need for kinetic energy to overcome activation energy and 

the need to maintain sufficient structural integrity to function. 

The thermal sensitivity of protein function is directly linked to the conformational 

flexibility of the protein (Hochachka and Somero, 2002).  Flexibility is in turn a function of the 

weak bonds that stabilize protein structure.  Bonds that have a negative enthalpy of formation are 

more favorable, and therefore more difficult to disrupt, at low temperatures.  These include 

hydrogen bonds, electrostatic interactions, and van der Waals interactions (Hochachka and 

Somero, 2002).  Conversely, bonds that have a positive enthalpy of formation, such as 

hydrophobic interactions, become less stable at low temperature and eventually collapse when 

the decreasing favorability of the T∆S term (the product of temperature and change in entropy) is 

overcome by the large negative thermal capacity of the hydrophobic effect. 

Much of our current knowledge concerning thermal adaptation of proteins comes from a 

series of investigations by Somero, Hochachka, and coworkers on lactate dehydrogenase A 

(LDH-A), an enzyme that catalyzes the conversion of pyruvate to lactate using NADH as a 

cofactor.  For instance, orthologs of LDH-A from barracuda fishes can exhibit markedly 

different thermal sensitivity of binding parameters (Holland et al., 1997), particularly the 

Michaelis-Menten constant (Km) and the catalytic rate constant (kcat).  These differences are 

directly related to the native temperature of the fish; LDH-A orthologs from cold-adapted 
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teleosts had a significantly higher kcat at 0°C than orthologs from warm-adapted teleosts 

(Hochachka and Somero, 2002).  Strikingly, when measured at the native temperature of each 

fish, kcat values were very similar (Holland et al., 1997), indicating that the catalytic rate of this 

enzyme is a conserved characteristic. 

These observed differences in thermal sensitivity of substrate binding and catalytic 

activity derive from alterations to the primary structure of LDH-A that adjust the conformational 

flexibility of the enzyme.  Enzymes adapted to function at low temperatures are more flexible at 

any given temperature than those that function at high temperatures.  This observation is not 

surprising, because increased flexibility can help the cold orthologs to achieve a binding 

conformation more easily in an environment with less kinetic energy and molecular motion.  

Increased flexibility is derived from amino acid substitutions that disrupt weak bonds, decreasing 

the structural rigidity of the protein.  Although these substitutions are directly linked to the 

function of the enzyme, they do not occur in the active sites of LDH-A (Holland et al., 1997; 

Fields and Somero, 1998).  Amino acid changes in the binding site would be too likely to disrupt 

the activity of the enzyme.  Instead, adaptive substitutions occur away from the binding regions, 

in regions of the protein responsible for maintaining structural integrity.  In fact, only a very few 

substitutions between orthologs can lead to large differences in binding ability.  The sensitivity 

of cardiac troponin C to calcium is greatly increased in rainbow trout native to cold water, and 

yet the trout troponin C shares 92% sequence homology with cardiac troponin C from mammals 

(Gillis and Tibbits, 2002). 

Despite this wealth of information about enzymes, many fundamental questions 

concerning the thermal adaptation of proteins remain.  Are the binding characteristics of non-

catalytic proteins conserved in the same manner as catalytic proteins?  How do complex systems 

of proteins adapt to function at specific temperatures?  How can organisms maintain their 

physiological function while invading new habitats? 

In this study, we thoroughly characterized the thermal sensitivity of calcium and 

magnesium function for parvalbumins from teleost fish.  Our aim was to determine whether 

cold-adapted non-catalytic proteins followed similar patterns of thermal adaptation to those 

documented in LDH-A and other enzymes.  Ultimately, we hope to elucidate some of the 

mechanisms of thermal adaptation in parvalbumin specifically, and proteins in general. 
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CHAPTER 2 

 

CALCIUM AFFINITY OF PARVALBUMINS FROM ANTARCTIC AND TEMPERATE 

ZONE TELEOSTS IS CONSERVED AT NATIVE TEMPERATURE 

 

Introduction 

 

 Parvalbumin is a small (mw ~ 10,000-12,000), water-soluble member of the E-F hand 

family of proteins, which also includes calmodulin, troponin C, myosin light chain, and over 100 

others.  The consensus view of PV function in muscle is that it promotes rapid relaxation from 

the active contractile state (Rall, 1996), a role that depends critically upon its high affinity for 

calcium.  This view is supported by the observation that a positive correlation exists between PV 

concentration and speed of contraction/relaxation cycles in skeletal muscle fibers (Heizmann, 

1984; Muntener et al., 1995). 

PV is particularly abundant in the fast-twitch muscle fibers of amphibians and fish, 

including Antarctic teleosts (Laforet et al., 1991).  Yet, the temperature dependence of PV 

function has not been rigorously characterized, nor have possible differences in the functional 

characteristics among PVs from poikilotherms from different thermal environments been 

investigated.  Conservation of ligand binding parameters in a narrow range of values is seen 

when comparing the function of orthologous enzymes at their typical physiological temperature 

(Holland et al., 1997).  This observation has led to the development of tentative paradigms for 

thermal adaptation of enzymes.  In this study, the reversible calcium binding activity of PV 

provides an alternative system for examining thermal adaptation in a non-catalytic protein. 

The thermal sensitivity of the calcium dissociation constant (KD) was determined for PVs 

isolated from teleost fish native to temperate zone (Cyprinus carpio and Micropterus salmoides) 

and Antarctic waters (Gobionotothen gibberifrons and Chaenocephalus aceratus).  The water 

temperature range for Florida bass and carp collection locations is 7-30°C with a mean yearly 

temperature of about 21°C.  Conversely, G. gibberifrons and C. aceratus (representatives of 

families Nothotheniidae and Channichthyidae, respectively) are restricted to the Southern Ocean, 

where water temperatures range only between –1.9 and +1.5°C.  Because blood serum 

osmolarity and intracellular ion concentration are elevated in Antarctic teleosts compared to 
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temperate zone marine fishes (O'Grady and DeVries, 1982), experiments also addressed the 

effects of variation in pH, ionic strength, and specific ions on PV binding function.  Enthalpic 

and entropic contributions to calcium binding in a subset of these species (Cyprinus carpio and 

Gobionotothen gibberifrons) also were determined by isothermal microcalorimetry.    

Across the range of temperatures tested, KDs for calcium of PVs from the two Antarctic 

species are consistently greater than those from the two temperate zone species, and the 

thermodynamic parameters (∆G, ∆H, and ∆S) are increased for PVs isolated from G. 

gibberifrons relative to those from C. carpio.  The data also suggest that calcium KDs of PVs are 

relatively conserved in the range 6-8 nM among species when measured at or near normal 

physiological temperatures.   

 

Methods 

 

Animals 

   Cyprinus carpio were collected by electroshock from the Ochlockonee River, Leon 

County, Florida with assistance from the Florida Fish and Wildlife Service.  Micropterus 

salmoides were caught by hook and line from Lake Jackson, Leon County, Florida.  

Gobionotothen gibberifrons and Chaenocephalus aceratus were captured at depths of 80 - 150 

meters by 18 foot Otter trawl or baited trap deployed from the ARSV Laurence M. Gould in 

Dallman Bay, Antarctica, 62°40’ S, 64°10’ W.  Specimens were euthanized by overdose of 3-

aminobenzoic acid ethyl ester (MS-222) or by blunt trauma.  Fillets of white muscle were 

removed, immediately transferred to ice, and then stored at –80°C until use.   

Protein Purification 

PV purification was modified from a previously established procedure (Laney et al., 

1997).  Muscle samples were homogenized in a MOPS buffer (20 mM MOPS, 240 mM KCl, 1 

mM DTT, pH 7.5, 20% weight to volume) using a Tekmar Tissumizer.  Crude homogenates 

were centrifuged at 12,000 X g for 30 min and the supernatant was then subjected to 70% and 

100% ammonium sulfate (AMS) precipitation cuts.  PV was then separated from high molecular 

weight proteins in the 100% AMS precipitate by gel filtration chromatography (Sephacryl S100 

column with 0.1 M NH4HCO3 at pH 7.8 as the eluant).  PV was separated from other proteins of 

similar molecular weight by anion exchange chromatography (DEAE Sephacel column eluted 
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with a linear gradient of 0-0.2 M NaCl in 25 mM MES, pH 5.7).  PV purity was confirmed by 

two-dimensional gel electrophoresis using a pH range of 4-6 for isoelectric focusing followed by 

17.5% tricine-SDS PAGE.  Antarctic species expressed a single isoform of PV that was used for 

analysis; both temperate zone species expressed two isoforms (pI ~ 4.25 and 4.45), the most 

prevalent of which (pI ~ 4.25) was utilized. 

Divalent cation contaminants were removed from all solutions by a two-step procedure.  

First, solutions were treated with Chelex resin (Bio-Rad) and dialyzed overnight in a HEPES 

buffer (20 mM HEPES, 150 mM KCl, pH 7.2).  Second, solutions were subjected to passage 

through a 10 mL bed of Chelex beads in a sterile 50 mL syringe case.  A disposable sterile 

syringe filter (0.20 micron) was used to separate Chelex beads from the buffers.   

PV samples were stripped of divalent cations by a three-step dialysis procedure.  First, 

approximately 10 mL of a 100 µM PV solution was dialyzed in 2 L of 20 mM HEPES buffer 

with 4M urea, 10 µM EDTA, and 0.5% Chelex to denature the protein and scavenge cations.  

Second, PV solutions were dialyzed against 2 L of 20 mM HEPES buffer with only EDTA and 

Chelex to renature the protein while maintaining a cation free environment.  Third, PV solutions 

were dialyzed against 4 L of 20 mM HEPES with Chelex to remove EDTA.  Parvalbumin 

concentration was determined after dialysis by microbiuret assays and spectrophotometric 

measurements (wavelengths of 260 and 280 nm). 

 

KD Competitive Binding Assay 

Fluorescent competitive binding assays for determination of calcium KDs were modified 

from a previously established protocol (Eberhard and Erne, 1994).  Experiments were performed 

in 20 mM HEPES buffer with ionic strength (I) adjusted to 150, 200, or 250 mM using KCl, 

NaCl, KC2H3O2, or NaC2H3O2.  In most experiments, buffer pH was adjusted to 6.95 at 20°C 

and allowed to vary with temperature (∆pH�∆T
-1

 = -0.014 °C
-1

) to approximate the temperature 

sensitivity of water pKa and the protonation state of imidazole (∆pH�∆T
-1

 = -0.017 °C
-1

).  The 

inherent fluorescence of imidazole precluded its use as a buffer system in these measurements.  

In one set of trials, the pH was held constant (pH = 7.2) over the range of temperatures tested (0-

25°C).   

   6 

 



Total Ca
++

 Concentration (µM)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

R
e

la
ti
v
e

 F
lu

o
re

s
c
e

n
c
e

0

20

40

60

80

100

120

140

 

 

Figure 2.1.  Representative curves for KD determination of Gobionotothen gibberifrons 

parvalbumin using the fluorescent indicator fluo-3.  In this trial, experiments were performed in 

20 mM Hepes containing 150 mM KCl at 25°C.  Samples (2 mL total volume) containing 25 µM 

fluo-3 were titrated with 5 µL aliquots of 10 µM CaCl2 in the presence (○) or absence (●) of 25 

µM parvalbumin. 
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Titration of a 2 mL solution of 25 µM fluo-3 (Molecular Probes) in HEPES buffer with 5 uL 

aliquots of 100 µM CaCl2 generated standard curves of calcium concentration versus relative 

fluorescence.  Experimental curves were generated similarly but with 25 µM PV present in the 

initial solution.  Calcium aliquots were added with vigorous mixing and measurements were 

taken after three-minutes equilibration period.  Fluorescence assays were performed on a Varian 

Cary Eclipse 3E fluorescence spectrometer with internal temperature control, and solution 

temperature was verified by direct thermocouple measurement.  The excitation wavelength was 

505 nm and emission wavelength was 530 nm.  Representative curves of fluo-3 titration with 

ionic calcium (Ca
++

) in the absence (i.e. standard curve) and presence of PV are shown in Fig. 

2.1.   

Estimates of KDs for the fluorescent indicator and PV were calculated as described by 

Eberhard and Erne (1994).  In brief, KDs for fluo-3 in the absence of PV were determined in 

control experiments by performing least-squares fits of fluorescence data to concentration of the 

ligand (Ca
++

).  PV KDs were then determined from competition experiments using the calculated 

KDs for fluo-3 to subtract the binding of the fluorophore to yield a binding curve for PV alone.  

PV KDs are derived from non-linear (hyperbolic) least squares fit analysis of binding curves.  

Intrinsic PV fluorescence was nominal (< 5 fluorescence units) relative to fluo-3 fluorescence 

values and was subtracted from experimental trials. 

 

Isothermal Titration Calorimetry (ITC) 

For a subset of species from this study (G. gibberifrons and C. carpio), thermodynamic 

parameters of protein/ligand interaction were measured by ITC.  These determinations also 

provided independent estimates of KD.  Contaminating divalent cations were removed from 

buffers and PV samples prior to experiments as described above.  All buffers used in calorimetry 

were identical in composition to those used for the final dialysis of PV to minimize heat changes 

associated with mixing.  Calorimetric titrations were performed in a MicroCal VP-ITC 

microcalorimeter.  The sample cell of the calorimeter contained 0.1 mM PV in a buffer 

comprised of 150 mM KCL and 20 mM PIPES with pH 7.2.  The injection syringe contained 10 

mM CaCl2.  Limiting the volume and time of injection to 3 uL of titrant for 6 seconds minimized 

heat associated with the molecular motion of injection and dilution.  Spacing periods of five 

minutes were used to allow the contents of the reference and sample cells to reach equilibrium.  
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Control experiments consisted of trials in which no PV was present in the sample cell to allow 

subtraction of heats associated with injection kinetics and titrant interactions with the 

components of the buffer.  Data were analyzed using the Origin 6.1 ITC software package.  

Estimates of KD and ∆H were derived from non-linear (hyperbolic) least-squares regression of 

the calorimetry data after background subtraction.  Estimates of ∆G were calculated from the 

equation ∆G = -RT ln (KD)
-1

.  Estimates of ∆S were calculated from the equation ∆G = ∆H – 

T∆S.   

 

Results 

 

Calcium KD measurements using the fluorescent indicator fluo-3 

PV has two E-F hand sites capable of binding calcium ions.  For proteins from each 

species tested the two sites were found to be functionally equivalent as determined by least-

squares fit evaluation using one or two classes of binding site, an observation that is consistent 

with other α-lineage PVs (Pauls et al., 1993; Eberhard and Erne, 1994).  Estimates of KD derived 

from ITC were compared to those derived from fluorescence titration (Table 2.1); KDs 

determined by the two methods were not significantly different as measured by Two Way 

Analysis of Variance (ANOVA) tests (p > 0.05).  For each species, affinity of PV for calcium 

was sensitive to temperature across the range tested, with KD values increasing as temperature 

increased (Fig. 2.2).  The temperature coefficient (Q10) was 2.27 and 2.43 for temperate zone 

fishes (C. carpio and M. salmoides, respectively) and 1.45 and 1.55 for Antarctic fishes (G. 

gibberifrons and C. aceratus, respectively).  Further, at any given temperature tested in this 

study, KD was consistently lower for the PVs isolated from temperate zone species than those 

isolated from Antarctic species.   

 

KD measurements and thermodynamic parameters using ITC 

PVs from C. carpio and G. gibberifrons were titrated with CaCl2 at assay temperatures of 

5, 15, and 25°C.  In the representative calorimetric assay (Fig. 2.3), the top panel represents raw 

ITC data after baseline correction.  Each peak in the top panel represents one calcium injection.  

The downward displacement of peaks indicates that the binding of calcium to E-F hand sites on 

PV is an exothermic process.  The bottom panel represents the same trial transformed into  

   9 

 



 

 

 

Table 2.1.  Dissociation constants of calcium binding to parvalbumin as measured by 

fluorometric titration and isothermal microcalorimetry.  Values are means of six trials for 

fluorometric experiments and three trials for calorimetric experiments ± standard deviation.  No 

significant difference was found between values derived from the two techniques. 

 

Species Temp. (°C) KD (nM) - fluorometric KD (nM) - calorimetric

C. carpio 5 1.16 ± 0.27 1.09 ± 0.39

15 3.93 ± 0.35 3.55 ± 0.44

25 6.63 ± 0.57 7.43 ± 0.52

G. gibberifrons 5 8.34 ± 0.65 7.76 ± 0.53

15 13.29 ± 0.73 13.22 ± 0.87

25 17.98 ± 0.78 18.03 ± 0.79
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Figure 2.2.  Plot of the dissociation constant, KD, versus temperature for parvalbumin isolated 

from the Antarctic teleosts G. gibberifrons (□) and C. aceratus (○) and the temperate zone 

teleosts C. carpio (■) and M. salmoides (●). KD values were obtained by fluorometric 

competition assay; all experiments were performed at an ionic strength of 150 mM.  Each point 

is the mean of six trials; vertical bars depict ± one standard deviation. 
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Figure 2.3.  Representative calorimetric titration series of Gobionotothen gibberifrons 

parvalbumin at 25°C for determination of KD and ∆H.  Experiments were performed in 20 mM 

PIPES containing 150 mM KCl.  Samples containing 0.1 mM parvalbumin were titrated with 3 

µL aliquots of 10 mM CaCl2.  The top panel shows raw ITC data.  Each peak is associated with 

one injection of titrant.  The bottom panel shows normalized integration data.  Each point 

corresponds to the matching transient shown in the top panel. 
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Table 2.2.  Thermodynamic parameters of calcium binding to parvalbumin as measured by 

isothermal microcalorimetry.  Values are means of three trials ± standard deviation.  

Experiments were performed in 20 mM PIPES buffer and 150 mM KCl at pH 7.2.  Sample cell 

contents were 0.1 mM parvalbumin.  Injection syringe contents were 10 mM CaCl2.   

 

Species Temp. (°C) ∆H (kJ mol
-1

) T∆S (kJ mol
-1

) ∆G (kJ mol
-1

)

C. carpio 5 -42.7 ± 1.04 1.4 ± 0.3 -47.7 ± 3.6

15 -39.1 ± 0.78 2.2 ± 0.2 -46.6 ± 3.0

25 -37.0 ± 0.56 2.8 ± 0.2 -46.4 ± 1.3

G. gibberifrons 5 -33.9 ± 1.21 2.6 ± 0.6 -43.1 ± 0.7

15 -27.5 ± 0.47 4.6 ± 0.2 -43.4 ± 1.5

25 -23.4 ± 0.59 6.2 ± 0.3 -44.2 ± 0.7

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   13 

 



integrated ITC data.  Each point corresponds to the area under the matching peak.  As PV 

binding sites become saturated with calcium, the net change in heat associated with an injection 

event is greatly reduced.   

Thermodynamic parameters derived from calorimetric experiments show differences 

among species (Table 2.2).  The enthalpy change (∆H) associated with calcium-PV interaction is 

consistently greater (i.e. less negative) at any given temperature for the Antarctic species than for 

the temperate zone species.  The entropic change (∆S) associated with calcium-PV interaction is 

also consistently greater (i.e. more positive) at any given temperature for the Antarctic species 

than for the temperate zone species.  Values derived for ∆G of calcium binding to PV isolated 

from the Antarctic teleost were significantly greater than those for PV from the temperate zone 

species. 

 

Sensitivity of KD to pH 

Additional experiments were performed to determine the sensitivity of PV KD to pH.  

Control experiments indicated that both the absolute value of fluo-3 KD and the temperature 

dependence of calcium binding to fluo-3 were insensitive to pH fluctuations in the range of 6.5- 

8.5, a finding consistent with prior experiments and technical data (Eberhard and Erne, 1994).  

To test whether the same is true for PV, additional experiments were performed using PV 

isolated from C. carpio and G. gibberifrons in which pH was held at a constant 7.2 across the 

entire range of temperatures tested.  No significant difference was observed between the two 

conditions tested for PV from either species as measured by Two Way ANOVA tests (p > 0.05), 

indicating that the affinity of PV for calcium is not acutely sensitive to pH in this physiologically 

relevant range of values (Fig. 2.4). 

Sensitivity of KD to ionic environment 

 The effects of variation in total buffer ionic strength and specific ion effects on KD were 

assessed for PVs from C. carpio and G. gibberifrons.  Samples were tested at increased ionic 

strength (200 and 250 mM KCl) and in buffers containing alternate ionic components (Na
+
, Ac

-
).  

Estimates of KD for PVs from both species when measured at elevated total buffer ionic strength 

were significantly higher, as measured by Two Way ANOVA tests (p < 0.05, Fig. 2.5).  The 

calcium KD of PV isolated from G. gibberifrons when measured in a buffer containing 250 mM 

KCl at 0°C was 7.84 nM compared to 7.03 nM in 150 mM KCl.  Changes to the ionic  
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Figure 2.4.  Dependence of KD on pH.  KDs of parvalbumins isolated from C. carpio (dark 

symbols) and G. gibberifrons (light symbols) were determined at constant pH 7.2 (circles) and at 

pH values that varied with temperature as described in the Methods section (squares).  Constant 

pH data points are the mean of six trials while variable pH points are the mean of three trials; 

vertical bars depict ± one standard deviation. 
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Figure 2.5.  Dependence of KD on total ionic strength.  KDs of parvalbumins isolated from C. 

carpio (dark symbols) and G. gibberifrons (light symbols) were determined at total ionic strength 

of 150 mM (squares), 200 mM (circles), and 250 mM (triangles).  Ionic strength was adjusted by 

adding KCl. 150 mM data points are the mean of six trials while other are the mean of three 

trials; vertical bars depict ± one standard deviation. 
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Figure 2.6.  Dependence of KD on ionic composition.  KDs of parvalbumins isolated from C. 

carpio (dark symbols) and G. gibberifrons (light symbols) were determined in solutions 

containing 250 mM KCl (squares), 180 mM KCl and 60 mM NaCl (circles), and 180 mM 

KC2H302 and 60 mM NaC2H302 (triangles).  Each point is the mean of three trials; vertical bars 

depict ± one standard deviation. 
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composition of assay buffers with constant total ionic strength had only a modest influence on 

KD estimates as measured by Two Way ANOVA tests (p = 0.07, Fig. 2.6).  At 0°C, values for 

KD were found to be 7.58 nM and 7.46 nM in a mixed chloride buffer (180 mM KCl and 50 mM 

NaCl) and mixed acetate buffer (180 mM KAc and 50 mM NaAc), respectively.   

 

Discussion 

 

 This study is the first to characterize thoroughly the thermal sensitivity of calcium-

binding function of PV from fish.  Our data reveal two patterns of thermal response for calcium 

binding to PV (Fig. 2, Table 1).  PVs from fish that are native to temperate zone waters 

(Cyprinus carpio and Micropterus salmoides) are characterized by lower calcium KDs across the 

range of temperatures tested, Q10 values of approximately 2.35, and a KD value of 6-7 nM 

between 20°C and 25°C, temperatures that are within the physiological range for these species.  

In contrast, PVs from fishes native to Antarctic waters (Gobionotothen gibberifrons and 

Chaenocephalus aceratus) have higher KDs at each temperature, Q10 values of approximately 

1.50, and a KD value of 6-7 nM at 0°C.  

The KDs for calcium of PVs thus appear to be conserved within a relatively narrow range 

of values (6-7 nM) when the parameter is determined at temperatures that each Antarctic and 

temperate zone species normally experiences in nature (approximately -1.5°C and 21°C, 

respectively).  We recognize that the phlyogenetic disparity between the temperate zone and 

Antarctic species examined in this study raises the possibility that observed differences are 

related more to genetic distance than adaptation to temperature.  If, however, the functional 

differences observed between the groups were related to thermal habitat, it would indicate that 

this non-catalytic protein is shaped by environmental temperature in a manner similar to that 

documented for catalytic proteins. 

An interpretation of thermal adaptation assumes implicitly that the experimentally 

measured KD values reflect values in vivo.  In this context, the effects of ionic strength and ionic 

composition on PV’s affinity for calcium are primary considerations.  The affinity of rat PV for 

calcium has been shown to be sensitive to the concentrations of monovalent cations in solution 

(Eberhard and Erne, 1994; Henzl et al., 2000), and serum ionic strength and the intracellular 

sodium and chloride concentration of muscle fibers of representative Antarctic teleosts are 
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elevated relative to temperate zone marine fish (O'Grady and DeVries, 1982).  Hence, we 

conducted an additional set of experiments with PV isolated from G. gibberifrons and C. carpio 

in which ionic strength (Fig. 2.5) and concentration of potassium and sodium were varied in a 

manner to bracket the range of possible intracellular conditions in Antarctic teleost muscle fibers 

(Fig. 2.6).  Increasing ionic strength led to a small (but statistically significant) increase in KD 

across the range of temperatures tested, possibly due to competition for binding sites or structural 

destabilization.  Likewise, alteration in the adjustment of the buffer’s ionic composition (Na
+
, 

Ac
-
) had only modest effects (p = 0.07) on the measured KDs for both species.  The overall 

pattern of functional response, including the apparent conservation of KD at native temperature, 

was unchanged.  While we concede that other intracellular muscle solutes (ex. glycerol, sucrose) 

may play a role in protein stabilization or disruption for Antarctic teleosts, the initial work in this 

study indicate that differences in specific ion composition are not sufficient to alter the observed 

patterns of thermal response.    

Additional experiments were performed in which pH was held constant at 7.2 (Fig. 2.4) 

to test for pH-dependent effects resulting from temperature sensitivity of water pKa and changes 

in the protonation state of imidazole.  Estimates of KD measured in constant and varying pH 

conditions were statistically indistinguishable.  Taken in concert, these findings indicate that 

changes in experimental pH and ionic strength within the range tested in this study have finite 

effects, but these effects do not profoundly influence the KD data, nor do they alter the basic 

pattern of functional response to temperature. 

Calorimetry experiments were performed on PV isolated from G. gibberifrons and C. 

carpio.  These measurements provided the thermodynamic parameters associated with calcium 

binding to PV from these two species (Table 2.2), as well as corroborating KD values derived 

from fluorometric titrations (Table 2.1).  Calorimetric KD values obtained by ITC were not 

significantly different from those derived by fluorescence titration.  Further, KD values in general 

agreed favorably with data for PV from other species, including toad and rat (Tanokura et al., 

1986; Eberhard and Erne, 1994). 

As is true of other PVs, calcium binding to PV from G. gibberifrons and C. carpio is an 

exergonic reaction (∆G < 0) with favorable changes in both enthalpy (∆H < 0) and entropy (∆S > 

0) values (Moeschler et al., 1980; Yamada, 1999; Henzl et al., 2003).  The entropic favorability 

of calcium binding may initially seem counterintuitive but has been demonstrated to derive from 
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a decrease in the area of exposed nonpolar regions on the surface of the protein that more than 

offset the decrease in vibrational entropy of the molecules as a bound system (Tanokura and 

Yamada, 1987).  Values for ∆G were significantly different between the two species, with 

calcium binding to PV from C. carpio ~ 3 kJ mol
-1

 more negative than that from G. gibberifrons.   

Across the range of temperatures tested, ∆H was more positive for PV from the Antarctic species 

than from the temperate zone species, indicating that the change in enthalpy is less favorable for 

PV from the Antarctic species.  Estimates of ∆S were also more positive for PV from the 

Antarctic species, indicating that the change in entropy is more favorable for PV from the 

Antarctic species.  The contribution of ∆S to free energy change, thus, is greater in PVs from the 

Antarctic species than those from temperate zone species, when measured at any given 

temperature.  Examination of changes in enthalpy and entropy at physiologically relevant 

temperatures for each species yields additional insight.  For G. gibberifrons at 5°C, ∆H and ∆S 

were -33.9 ± 1.21 kJ mol
-1

 and 9.2 ± 2.1 J °C
-1

 mol
-1

, respectively, while for C. carpio at 25°C, 

∆H and ∆S were -37.0 ± 0.56 kJ mol
-1

 and 9.4 ± 0.6 J °C
-1

 mol
-1

, respectively.  Hence, the data 

also suggest similarity in ∆H and ∆S at or near the respective physiological temperatures.     

This study has demonstrated that calcium affinity, binding enthalpy, and binding entropy 

are conserved among PVs from species native to different thermal environments.  The generally 

accepted view of PV function in muscle is that it accelerates relaxation by sequestering calcium 

from the regulatory sites of troponin C (Rall, 1996).  This model for PV function provides a 

context to interpret the physiological relevance of binding affinity conservation.  Because the 

frequency of contraction/relaxation cycles in skeletal muscle fibers is directly correlated to the 

intracellular concentration of PV (Heizmann, 1984; Muntener et al., 1995), conservation of 

calcium KD may lead to a concurrent conservation of calcium buffering capacity of PVs. 

A current paradigm of thermal adaptation of catalytic proteins is that cold orthologs 

possess fewer weak bonds to stabilize protein structure relative to warm orthologs.  Fewer weak 

bonds lead to a lower aggregate bond energy, which results in greater conformational flexibility 

at any given temperature for cold orthologs (Fields and Somero, 1998; Hochachka and Somero, 

2002).  Cold orthologs will therefore exhibit similar conformational flexibility at low 

temperature to that of warm orthologs at a higher temperature.  Our data demonstrate a 

conservation of ∆S for PVs when examined at their physiologically relevant temperatures, a 

finding that is consistent with the above paradigm. 
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PV binds calcium reversibly; it has no catalytic activity.  That PV appears to follow the 

same paradigms of thermal adaptation documented in enzymes may serve to expand this 

paradigm to a new class of proteins.  Molecular motions in the loop region of the ligand-binding 

site are necessary for calcium binding and release from PV to occur (Blancuzzi et al., 1993; 

Laberge et al., 1997; Cates et al., 2002).  These motions may be analogous to the conformational 

changes associated with ligand binging and release by enzymes.  The binding activity of E-F 

hand proteins in general, and PV specifically, is therefore directly related to the flexibility of the 

loop.  The similarity we have observed in thermal adaptation between PV and catalytic proteins 

may be the result of a parallel requirement for conservation of flexibility for their respective 

functions.  Loop flexibility is an additional determinant of cation specificity for E-F hand sites, 

which plays a key functional role in their varied activities (Falke et al., 1994; Rall, 1996).  The 

structural link between ligand binding and ligand specificity in PV, and possibly other E-F hand 

proteins, may be an additional selective factor in temperature compensation. 
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CHAPTER 3 

 

MAGNESIUM AFFINITY MEASURED USING THE FLUORESCENT INDICATOR 

MAGNESIUM GREEN 

 

Introduction 

 

 We report a novel and readily implemented assay for the determination of equilibrium 

ligand affinity for magnesium binding proteins using the fluorescent probe Magnesium Green.  

Intracellular ionic magnesium (Mg
++

) plays an important role in the mediation of a number of 

physiological processes.  Many metabolic enzymes that utilize ATP, including hexokinase and 

creatine kinase, are specific for the ATP- Mg
++

 complex (Lawson and Veech, 1979; Laughlin 

and Thompson, 1996).  Other enzymes, such as pyruvate kinase, require free Mg
++

 (Kayne and 

Price, 1972).  Ionic magnesium has possible roles as a regulator of Na
+
/K

+
 ATPase pump activity 

in erythrocytes (Resnick et al., 1984) and as a mediator of insulin activity in many cell types 

(Lostroh and Krahl, 1973).  In muscle tissue, Mg
++

 concentration can vary widely in response to 

environmental influences such as pH and ionic strength (Doumen and Ellington, 1992).  

Additionally, Mg
++

 concentration has been shown to vary with muscle type within the same 

organism (Kushmerick et al., 1986).  These findings suggest the possibility of a regulatory role 

for Mg
++

 in muscle. 

To fully understand the physiological role of intracellular Mg
++

, it is often necessary to 

examine the dynamic interplay between Mg
++

 and the proteins that bind it.  A variety of methods 

have been developed and utilized to characterize ion-binding affinity of proteins in vitro.  

Equilibrium dialysis, calorimetry, and NMR spectroscopy have all yielded the Mg
++

 binding 

affinity for a variety of proteins (Moeschler et al., 1980; Malmendal et al., 1999; Henzl et al., 

2003).  However, some of these techniques require specialized, dedicated instrumentation that 

may not be readily available.  Furthermore, they may require rigorous set-up and long times for 

each determination, creating a very slow turnover of trials.  For studies involving a large matrix 

of physiological factors, such as temperature, pH, ionic strength, and others, a technique that 

combines accuracy of measurement with high throughput of individual trials is highly desirable.   
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Fluorescent Mg
++

 indicators can be used in conjunction with several microscopic 

applications to visualize Mg
++

 transients during physiological processes.  Additionally, these 

indicators are utilized to quantify intracellular Mg
++

 concentration for in vitro techniques.   

Another potential application for fluorescent Mg
++

 indicators is the indirect measurement of 

Mg
++

 affinity using competitive fluorescence assays.  Magnesium Green is particularly well 

suited for physiological studies because its affinity for Mg
++

 (KD ~ 1.0 mM) closely matches 

commonly observed intracellular levels (Kushmerick et al., 1986; Doumen and Ellington, 1992). 

The procedure outlined in this study was derived from a previously published assay for 

calcium affinity based upon fluo-3 (Eberhard and Erne, 1991).  It combines accurate, 

reproducible results with rapid assay time compared to many other current techniques.  To 

confirm the method, we also measured Mg
++

 binding affinity of parvalbumin using two other 

techniques, an indirect competitive binding assay with the calcium indicator fluo-3 and 

microcalorimetric titration.  Values derived for Mg
++

 of KD using the three techniques were 

found to be statistically indistinguishable, thus validating the accuracy and applicability of the 

Magnesium Green assay. 

  

Methods 

   

Protein Purification 

Common carp, Cyprinus carpio, were collected by electroshock from the Ochlockonee 

River, Leon County with assistance from the Florida Fish and Wildlife Service.  Fillets of white 

muscle were removed and immediately transferred to ice.  Parvalbumin purification was 

modified from Laney et al (Laney et al., 1997), as described previously (Erickson et al., 2005).  

Parvalbumin purity was confirmed by 1D and 2D 17.5% tricine-SDS-PAGE gels; 2D gels used a 

pH range of 4-6.  Two isoforms of parvalbumin were expressed, but only the most prevalent 

isoform was utilized for this study.   

Parvalbumin samples were stripped of divalent cations by a three-step dialysis procedure.  

First, approximately 10 mL of a 100 µM parvalbumin solution was dialyzed in 2 L of 20 mM 

Hepes buffer with 4M urea, 10 µM EDTA, and 0.5% Chelex to denature the protein and 

scavenge cations.  Second, parvalbumin solutions were dialyzed against 2 L of 20 mM Hepes 

buffer with only EDTA and Chelex to renature the protein while maintaining a cation free 
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environment.  Third, parvalbumin solutions were dialyzed against 4 L of 20 mM Hepes with 

Chelex to remove EDTA. 

Reagent Preparation 

 Magnesium Green pentapotassium salt was obtained from Molecular Probes (Eugene, 

Oregon).  Magnesium Green was stored in salt form at -20°C and protected from the light to 

preserve stability.  Before experiments were performed, Magnesium Green was diluted into 1 

mM aliquots in ddH2O.  The final concentration of Magnesium Green for each experiment was 

25 µM in a Hepes buffer (20 mM Hepes, 150 mM KCl, pH 7.2).  The pentapotassium constituent 

of the salt indicator was diluted to a final concentration of 0.125 mM, creating an error of about 

0.08% in the expected potassium concentration, which was considered acceptable for these 

experiments. 

Divalent cation contaminants were removed from all solutions by a two-step procedure.  

First, solutions were treated with Chelex resin (Bio-Rad) and dialyzed overnight in a Hepes 

buffer (20 mM Hepes, 150 mM KCl, pH 7.2).  Second, solutions were subjected to passage 

through a 10 mL bed of Chelex beads in a sterile 50 mL syringe case.  A disposable sterile 

syringe filter (0.20 micron) was used to separate Chelex beads from the buffers.   

KD Competitive Binding Assay 

Experiments were performed in 20 mM Hepes buffer at pH 7.2 and ionic strength (I) 

adjusted with 150 mM KCl.  Solutions (2 mL total volume) of 25 µM Magnesium Green were 

titrated as per the following triphasic program: (1) five 5 µL aliquots of 80 mM MgCl2, (2) two 5 

µL aliquots of 800 mM MgCl2, and (3) six 5 µL aliquots of 2 M MgCl2.  Mg
++

 aliquots were 

added with vigorous mixing and measurements were taken after three-minutes equilibration 

period.  Fluorescence assays were performed on a Varian Cary Eclipse 3E spectrometer with 

internal temperature control, and solution temperature was verified by direct thermocouple 

measurement.  The excitation wavelength was 505 nm and emission wavelength was 530 nm.  

Standard curves were generated with only Magnesium Green present, while experimental curves 

were generated similarly but with 25 µM parvalbumin added to the initial solution (Fig. 3.1).  

Background and intrinsic protein fluorescence were determined by titrating parvalbumin with  
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Figure 3.1.  Representative curves for KD determination of Cyprinus carpio parvalbumin using 

the fluorescent indicator Magnesium Green. Experiments were performed in 20 mM Hepes 

containing 150 mM KCl at 25°C.  2 mL samples containing 25 µM fluo-3 were titrated with 5 µL 

aliquots of MgCl2 (see methods) in the presence (○) or absence (●) of 25 µM parvalbumin.  

Panel A shows titration of Magnesium Green to saturation.  Panel B shows the data points 

indicated by the dashed box in Panel A to highlight the sigmoidal portion of the +PV curve. 
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MgCl2 in the absence of Magnesium Green; background fluorescence was subtracted from each 

trial. 

Estimates of KDs for the fluorescent indicator and parvalbumin were calculated in a 

manner similar to that described by Eberhard and Erne (Eberhard and Erne, 1994) for 

determination of calcium KD with fluo-3.  In brief, KDs for Magnesium Green in the absence of 

parvalbumin were determined in control experiments by performing least-squares fits of 

fluorescence data to concentration of the ligand (Mg
++

) using the following equation: 

][

][max

++

++

+
=

MgK

MgF
F

MG

D

 

where F is the observed fluorescence, Fmax is the derived fluorescence at saturation, and is 

the dissociation constant of Mg

MG

DK

++
 from Magnesium Green.  Parvalbumin KDs were then 

determined from competition experiments using the calculated KDs for Magnesium Green to 

subtract the binding of the fluorophore to yield a binding curve for parvalbumin alone.  

Parvalbumin KDs are derived from non-linear (hyperbolic) least squares fit analysis of binding 

curves of the form: 

][

][][
][ max

++

++

+
•

=•
MgK

MgPVMg
PVMg

PV

D

 

where [Mg�PV] is the concentration of magnesium bound to parvalbumin, [Mg�PV]max is the 

derived concentration of magnesium bound to parvalbumin at saturation, and is the 

dissociation constant of Mg

PV

DK

++
 from parvalbumin.  Intrinsic parvalbumin fluorescence was 

nominal (< 5 fluorescence units) relative to Magnesium Green fluorescence values and was 

subtracted from experimental trials.  Free energy change (∆G) associated with Mg
++

 binding to 

parvalbumin was calculated using the following equation: 

DKRTG ln−=∆  

where R is the universal gas constant (8.31 J mol
-1

 K
-1

) and T is the assay temperature (25°C). 

KD measurement by ITC and Fluo-3 

 To verify the Magnesium Green method described here, values for Mg
++ 

KD were also 

determined by a competition assay with the fluorescent calcium indicator fluo-3 and by 

isothermal microcalorimetry (ITC).  Fluo-3 experiments were modified from Eberhard and Erne 

(Eberhard and Erne, 1994).  In brief, samples containing 25 µM fluo-3 and 25 µM parvalbumin 
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were titrated with 100 µM CaCl2 aliquots in the presence of varying Mg
++

 concentrations (0-100 

µM).  In this indirect assay, the dependence of apparent calcium KD (Kapp) is linearly related to 

Mg
++

 concentration; thus, Mg
++

 KD (KMg) can be calculated from the following equation: 

 
Caapp

Ca

Mg
KK

KMg
K

−
=

++ ][
 

where KCa is the known dissociation constant for calcium.   

Calorimetric titrations were performed in a MicroCal VP-ITC microcalorimeter.  The 

sample cell of the calorimeter contained 0.1 mM parvalbumin in a buffer comprised of 150 mM 

KCl and 20 mM PIPES with pH 7.2.  The injection syringe contained 100 mM MgCl2.  Limiting 

the volume and time of injection to 3 uL of titrant for 6 seconds minimized heat associated with 

the molecular motion of injection and dilution.  Spacing periods of five minutes were used to 

allow the contents of the reference and sample cells to reach equilibrium.  Control experiments 

consisted of trials in which no parvalbumin was present in the sample cell to allow subtraction of 

heats associated with injection kinetics and titrant interactions with the components of the buffer.  

Data were analyzed using the Origin 6.1 ITC software package.  Estimates of KD and ∆H 

(contribution of enthalpy to free energy change) were derived from non-linear (hyperbolic) least-

squares regression of the calorimetry data after background subtraction using Origin70 ITC 

software (MicroCal).  Estimates of entropic contribution to free energy change (∆S) were 

determined from the equation: 

T

HG
S

−
∆−∆

=∆  

 

Results and Discussion 

 

Titration of Magnesium Green in the presence of parvalbumin yielded estimates of KD for 

Mg
++

 binding to parvalbumin.  Because parvalbumin has two E-F hand sites capable of binding 

magnesium ions, the data were evaluated using least-squares fits for both one and two classes of 

binding sites.  In both cases, the two sites were found to be functionally equivalent, an 

observation that is consistent with other PVs (Pauls et al., 1993; Eberhard and Erne, 1994).  

Using this method, Mg
++

 KD values were estimated to be 21.4 ± 1.0 µM at 25°C and ∆G values 

were calculated to be –26.6 ± 0.9 kJ mol
-1

.  Estimates of KD and ∆G for carp parvalbumin in the 
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present study were in excellent agreement with previously reported values for carp (Moeschler et 

al., 1980) as well as other species (Cox et al., 1990; Eberhard and Erne, 1994). 

 Fluorescence titration of fluo-3 and microcalorimetry were also utilized to determine the 

Mg
++

 KD of parvalbumin (Table 3.1).  Fluo-3 titration yielded Mg
++

 KD values of 21.9 ± 1.8 µM 

and ∆G values of –26.6 ± 1.2 kJ mol
-1

 at 25°C, while calorimetric titrations yielded Mg
++

 KD 

values of 20.5 ± 1.8 µM and ∆G values of –26.7 kJ ± 1.5 mol
-1

 at 25°C.  Analysis of calorimetry 

data also yielded the contribution of enthalpy (∆H) and entropy (∆S) to free energy change 

during Mg
++

 binding, which were –20.9 ± 2.1 kJ mol
-1

 and 19.6 ± 1.4 J °C
-1

 mol
-1

, respectively.  

Estimates of KD derived from these two alternate techniques were not significantly different from 

the values derived from Magnesium Green titration as measured by a One Way Analysis of 

Variance (ANOVA) test (p > 0.05).   

This study presents a novel method for measuring the Mg
++

 affinity of proteins using the 

fluorescent indicator Magnesium Green.  Our procedure provides data that are reproducible as 

well as accurate, evidenced by the agreement of Mg
++

 KD values among the various techniques 

used.  Additionally, fluorescence titration is a very rapid method for the determination of Mg
++

 

KD.  Many standard fluorescence spectrometers come equipped with multi-cell capabilities 

allowing for multiple trials simultaneously, a possible advantage over slower measurement 

techniques such as calorimetry, which must be performed individually.  Parvalbumin, similarly 

to many divalent cation binding proteins, does not exchange magnesium and calcium rapidly due 

to very slow cation release kinetics (Rall, 1996).  Measurement of Mg
++

 equilibrium affinity in 

the presence of calcium as in the previously established fluo-3 method is limited by slow cation 

exchange dynamics, possibly introducing error if the equilibration time is not carefully 

controlled during trials.  The Magnesium Green assay we have outlined does not utilize calcium 

as a binding competitor and can be performed with significantly shorter equilibration times and 

no risk of interference between the competing cations.   
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Table 3.1.  Comparison of the dissociation constant and free energy change for magnesium 

binding to Cyprinus carpio parvalbumin as measured by two fluorometric titration methods and 

calorimetry.  Trials were performed at 25°C and a total ionic strength of 150 mM.  Values are 

means of six trials for fluorometric experiments and three trials for calorimetric experiments ± 

standard deviation.  No significant difference was found between values derived from the three 

techniques. 

 

 Technique KD (µM) ∆G (kJ mol
-1

) 

Magnesium Green 21.4 ± 1.0 -26.6 ± 0.9 

Fluo3 Competition 21.9 ± 1.8 -26.6 ± 1.2 

Calorimetry 20.5 ± 1.8 -26.7 ± 1.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

   29 

 



CHAPTER 4 

 

SIMILARITY IN CALCIUM AFFINITY AMONG PARVALBUMINS FROM POLAR 

TELEOSTS 

 

Introduction 

 

In chapter 2, we showed that the calcium affinity of parvalbumins isolated from species 

of teleost fishes native to different thermal environments can exhibit distinct patterns of thermal 

sensitivity.  Estimates of the dissociation constant (KD) for calcium binding to parvalbumins 

from two Antarctic teleost species (Gobionotothen gibberifrons and Chaenocephalus aceratus) 

were found to be significantly different from KDs for parvalbumins from two temperate zone 

teleost species (Cyprinus carpio and Micropterus salmoides) across a wide range of temperatures 

(0-25°C).  Even more striking was the observation that KD values for the Antarctic species 

measured at 0°C were virtually identical to values for the temperate zone species at 20-25°C, 

indicating a possible conservation of calcium affinity at the native physiological temperature of 

each fish.  Conservation of functional properties at native temperature has been observed in other 

EF-hand proteins; the structural conformations of cardiac TnCs from rainbow trout and 

mammalian species were similar at the respective mean body temperature of each organism 

(Blumenschein et al., 2004).  Our findings were also consistent with previously established 

paradigms for the thermal adaptation of enzymes (Somero, 1995).   The Michaelis constant (Km) 

of lactate dehydrogenase homologs are “tuned” to similar values at normal habitat temperature 

for several species of barracuda fishes (Holland et al., 1997).  Structural analysis of the enzyme 

homologs showed that this tuning of catalytic activity was the result of amino acid substitutions 

outside the active site of lactate dehydrogenase.   

In this study, we measured the calcium affinity as a function of temperature for 

parvalbumin isolated from the Arctic cod (Boreogadus saida).  In addition, we determined the 

primary sequence of B. saida parvalbumin and compared it to known sequence for carp 

parvalbumin to assess whether any substitutions leading to thermal adaptation had occurred 

inside or outside the binding regions of the protein.  B. saida has a circumpolar distribution in 

Arctic and Northern Atlantic waters.  This polar climate yields an average water temperature 
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between 2 and 8°C.  Much like the Notothenioid fishes of the Southern Ocean, the Arctic cod has 

undergone thermal adaptation to compensate for life in a very cold habitat.  In contrast to the 

closely interrelated Notothenioids, however, the Gadiform B. saida is phylogenetically disparate 

from the cold-adapted Antarctic species examined in our previous study.   

Our data indicate that despite great geographical and phylogenetic separation, the pattern 

of thermal sensitivity of calcium KD for the Arctic cod parvalbumin was very similar to that for 

parvalbumins from the Antarctic species.  Further, the specific KD value (6.68 ± 0.59 nM) for the 

estimated native physiological temperature of B. saida (~5°C) closely matched KD values 

determined for both Antarctic and temperate zones species at their native temperatures (~0°C 

and ~20-25°C, respectively).  Despite the functional differences observed, parvalbumins isolated 

from B. saida and carp shared 83% sequence identity overall and 100% sequence identity in the 

characteristic cation binding regions.  These current findings support the hypothesis that the 

calcium affinity of parvalbumin, a key determinant of its intracellular function, is specifically 

tuned to be conserved at typical native temperature and that this tuning is likely to be the result 

of substitutions outside the binding sites of parvalbumin. 

 

Methods 

 

Protein Purification 

Boreogadus saida samples were acquired through the generous assistance of Dr. Jørgen 

S. Christiansen, University of Tromso, Norway.  Animals (8-12 cm total length) were collected 

by bottom trawl from the Barents Sea (76°N, 31°E).  Specimens were euthanized and 

immediately frozen.  White muscle samples from several individuals were combined during 

purification to result in sufficient yield of protein.   Parvalbumin purification was performed as 

previously described (Laney et al., 1997; Erickson et al., 2005).  In brief, white muscle tissue 

was homogenized and centrifuged to remove insoluble muscle components.  The supernatant 

was then subjected to ammonium sulfate (AMS) precipitation.  Parvalbumin was separated from 

higher molecular weight proteins by gel filtration chromatography and from other proteins of 

similar molecular weight by anion exchange chromatography.  Two-dimensional gel 

electrophoresis (isoelectric focusing using a pH range of 4-6 followed by 17.5% tricine-SDS 

PAGE) confirmed purity of parvalbumin samples.  B. saida expressed a single isoform of 
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parvalbumin.  Divalent cation contaminants were removed from all solutions using Chelex resin 

(Bio-Rad) as previously described (Erickson et al., 2005).  Parvalbumin samples were stripped of 

divalent cations by a three-step dialysis procedure, also as previously described (Erickson et al., 

2005). 

 

KD Competitive Binding Assay 

Fluorescent competitive binding assays for determination of calcium KDs were modified 

from previously established protocols (Eberhard and Erne, 1994; Erickson et al., 2005).  

Experiments were performed in 20 mM HEPES buffer at pH 7.2 with ionic strength (I) adjusted 

to 150 mM using KCl.  Previously, it was shown that the effects of small variations in pH and 

ionic strength on calcium affinity of parvalbumin were nominal for the temperature range 

investigated in this study (Erickson et al., 2005).  Titration of a solution of 25 µM fluo-3 

(Molecular Probes) in HEPES buffer with 5 uL aliquots of 100 µM CaCl2 generated standard 

curves of calcium concentration versus relative fluorescence.  Experimental curves were 

generated similarly but with 25 µM parvalbumin added to the initial solution.  Calcium aliquots 

were added with vigorous mixing and measurements were taken after three-minute equilibration 

periods.  Fluorescence assays were performed on a Varian Cary Eclipse 3E spectrometer with 

internal temperature control, and solution temperature was verified by direct thermocouple 

measurement.  The excitation wavelength was 505 nm and emission wavelength was 530 nm.  

Estimates of KDs for the fluorescent indicator and parvalbumin were calculated as previously 

described (Erickson et al., 2005).  To determine whether the two binding sites were equivalent, 

curves from fluorescence trials were fit for one and two classes of binding sites.   

Isothermal Titration Calorimetry (ITC) 

Thermodynamic parameters of protein/ligand interaction were measured by ITC, which 

also provided independent estimates of KD.  Contaminating divalent cations were removed from 

buffers and parvalbumin samples prior to experiments, as described above.  All buffers used in 

calorimetry were identical in composition to those used for the final dialysis of parvalbumin to 

minimize heat changes associated with mixing.  Calorimetric titrations were performed as 

previously described (Erickson et al., 2005).  Control experiments consisted of trials in which no 

parvalbumin was present in the sample cell to allow subtraction of heats associated with injection 

kinetics and titrant interactions with the components of the buffer.  Data were analyzed using the 
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Origin 6.1 ITC software package.  Estimates of KD and thermodynamic parameters (∆G, ∆H, 

∆S) were derived as previously described (Erickson et al., 2005). 

 

Parvalbumin Sequence Determination   

 Samples of natively expressed B. saida parvalbumin were purified as described above 

and subjected to 17.5% SDS-PAGE.  After staining, the protein band corresponding to 

parvalbumin was excised from the gel with a scalpel and placed in a prewashed 1.5 mL 

microcentrifuge tube.  Samples were washed with a combination of acetonitrile and ammonium 

bicarbonate solutions and dried under vacuum centrifugation.  In-gel digests were performed in a 

10 mM ammonium bicarbonate solution with 0.2 µg of sequencing-grade trypsin added.  Peptide 

extraction was performed in 5% trifluoroacetic acid/60% acetonitrile.  Direct sequencing was 

performed by reversed phase HPLC. 

 Once a partial sequence specific to B. saida parvalbumin had been generated, gene 

specific primers were designed to amplify parvalbumin cDNA using rapid amplification of 

cDNA ends (RACE-PCR).  Total RNA was isolated from B. saida white muscle tissue using 

TRIzol Reagent (Invitrogen).  First strand cDNA was synthesized by reverse transcriptase-

polymerase chain reaction (RT-PCR).  PCR products were cloned and transformed using typical 

methods as per manufacturer’s instructions (Invitrogen).  Plasmids from positive clones were 

purified using a miniprep kit (Qiagen) and the resulting samples were sequenced with an ABI 

3100 using the BDT Version 3.1 sequencing mix (Applied Biosciences Incorporated). 

 

Results 

 

Calcium KD measurements derived from fluorescent competition assay 

Parvalbumin has two E-F hand sites capable of binding calcium ions.  For parvalbumin 

isolated from B. saida, trials analyzed for one and two classes of binding site yielded nearly 

identical KD values.  The two sites were judged to be functionally equivalent, consistent with 

observations for other parvalbumins (Pauls et al., 1993; Eberhard and Erne, 1994; Agah et al., 

2003; Erickson et al., 2005).       

Estimates of KD derived from ITC were compared to those derived from fluorescence 

titration (Table 4.1); KDs determined by the two methods were not significantly different as 
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measured by two-way analysis of variance (ANOVA) tests (p > 0.05).  Estimates of KD at 0-

25°C derived from the fluorescence competition assay for parvalbumin isolated from the Arctic 

species B. saida are shown in Figure 1.  Also shown is information previously published for 

parvalbumins from teleosts native to Antarctic (Gobionotothen gibberifrons and Chaenocephalus 

aceratus) and temperate zone (Cyprinus carpio and Micropterus salmoides) waters (Erickson et 

al., 2005).  In general, the affinity of parvalbumin for calcium is sensitive to temperature across 

the range tested, with KD values increasing as temperature increases (Figure 4.1).  Estimates of 

KD for B. saida were not significantly different from those previously reported for the Antarctic 

species at 0, 5, 10, and 25°C (p > 0.05).  They were, however, significantly different from those 

for the Antarctic species at 15 and 20°C, temperatures that are not physiologically relevant for 

Arctic or Antarctic teleosts.  Values of KD were also significantly different from those for the 

temperate zone species at all the temperatures tested (p < 0.05).  For B. saida, the temperature 

coefficient (Q10) was 1.70 for 0-25°C, a value that more closely matched the Antarctic pattern of 

response (mean Q10 = 1.50) than the temperate zone pattern of response (mean Q10 = 2.35). 

 

KD measurements and thermodynamic parameters using ITC 

Parvalbumin from B. saida was titrated with CaCl2 at assay temperatures of 5, 15, and 

25°C.  Thermodynamic parameters derived from calorimetric experiments for B. saida are 

compared to previously acquired data (Erickson et al., 2005) for C. carpio and G. gibberifrons in 

Table 4.2.  As is true for other parvalbumins, calcium binding to parvalbumin isolated from B. 

saida is an exergonic reaction (∆G < 0) with favorable changes in both enthalpy (∆H < 0) and 

entropy (∆S > 0) values.  Values derived for ∆G of calcium binding to parvalbumin isolated 

from the B. saida were significantly greater than those for parvalbumin from carp as measured 

by one-way ANOVA (p<0.05) but were not significantly different from the Antarctic species 

(p>0.05).  The enthalpy change (∆H) associated with calcium-parvalbumin interaction is 

consistently greater (i.e. less negative) at any given temperature for the two cold-adapted species 

than for the temperate zone species.  The entropic change (∆S) associated with calcium- 

parvalbumin interaction is also consistently greater (i.e. more positive) at any given temperature 

for the two cold-adapted species than for the temperate zone species.   
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Table 4.1.  Dissociation constants of calcium binding to parvalbumin as measured by 

fluorometric titration and isothermal microcalorimetry.  Previously determined values (Erickson 

et al. 2005) are indicated with (1).  Values are means of six trials for fluorometric experiments 

and three trials for calorimetric experiments ± standard deviation.  No significant difference was 

found between values derived from the two techniques. 

 

 
Species Temp. (°C) KD (nM) - fluorometric KD (nM) - calorimetric 

B. saida 5 6.68 ± 0.59 6.84 ± 0.35 

  15 15.49 ± 1.34 15.76 ± 0.89 

  25 18.51 ± 1.58 18.46 ± 0.66 

C. carpio 5 1.16 ± 0.27 1.09 ± 0.39 

(1) 15 3.93 ± 0.35 3.55 ± 0.44 

  25 6.63 ± 0.57 7.43 ± 0.52 

G. gibberifrons 5 8.34 ± 0.65 7.76 ± 0.53 

(1) 15 13.29 ± 0.73 13.22 ± 0.87 

  25 17.98 ± 0.78 18.03 ± 0.79 
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Figure 4.1.  Plot of the dissociation constant, KD, versus temperature for parvalbumin isolated 

from an Arctic teleost, B. saida (■).  Also shown are previously determined 95% confidence 

intervals of the mean for KD values for two Antarctic and two temperate zone species (Erickson 

et al. 2005).  KD values were obtained by fluorometric competition assay; all experiments were 

performed at pH 7.2 and an ionic strength of 150 mM.  Each point is the mean of six trials; 

vertical bars depict ± one standard deviation. 
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Table 4.2.  Thermodynamic parameters of calcium binding to parvalbumin as measured by 

isothermal microcalorimetry.  Previously determined values (Erickson et al. 2005) are indicated 

with (1).  Values are means of three trials ± standard deviation.  Experiments were performed in 

20 mM PIPES buffer and 150 mM KCl at pH 7.2.  Sample cell contents were 0.1 mM 

parvalbumin.  Injection syringe contents were 100 µM CaCl2. 

 

 Species Temp. (°C) ∆H (kJ/mol) T∆S (kJ/mol) ∆G (kJ/mol) 

B. saida 5 -35.6 ± 1.11 2.2 ± 0.3 -43.5 ± 0.11 

  15 -29.0 ± 1.10 4.0 ± 0.3 -43.0 ± 0.17 

  25 -25.2 ± 2.59 5.6 ± 0.8 -44.1 ± 0.10 

C. carpio 5 -42.7 ± 1.04 1.4 ± 0.3 -47.7 ± 0.17 

(1) 15 -39.1 ± 0.78 2.2 ± 0.2 -46.6 ± 0.15 

  25 -37.0 ± 0.56 2.8 ± 0.2 -46.4 ± 0.06 

G. gibberifrons 5 -33.9 ± 1.21 2.6 ± 0.6 -43.1 ± 0.03 

(1) 15 -27.5 ± 0.47 4.6 ± 0.2 -43.4 ± 0.06 

  25 -23.4 ± 0.59 6.2 ± 0.3 -44.2 ± 0.10 
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Figure 4.2.  Deduced amino acid sequence for parvalbumin isolated from B. saida aligned with a 

known parvalbumin sequence from carp, 5CPV (Kretsinger and Nockolds 1973).  CD and EF 

binding sites, as well as the non-functional AB binding region, are labeled.   

B. saida     1  MAFAGILNDA DITAALKACE AADSFCYKDF FAKVGLSAKS  

C. carpio    1  .....V.... ..A...E..K .....NH.A. ......TS.. 

 
  

 
B. saida     41 ADDIKKAFFL IDQDKSGFIE EDELKLFLQN FSAGARALTD 
C. carpio    41 ...V....AI .......... .......... .K.D...... 

  

 
 

B. saida     81 AETKAFLKAG DSDGDGKIGV DEFAALVKG 
C. carpio    81 G...T..... .......... ...T....A 

 
 

 

  

  

 

 

CD binding site 

EF binding site 
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Full-length B. saida parvalbumin sequence 

 The generated primary structure of B. saida parvalbumin, aligned against a known full 

carp parvalbumin sequence (Kretsinger and Nockolds, 1973), is shown in Figure 4.2.  Carp 

andB. saida parvalbumins share 83% sequence homology with 18 total substitutions between the 

two species.  Both the CD and EF binding sites share 100% sequence homology between B. 

saida and carp.  Of the 18 substitutions, six have occurred in the non-functional AB domain, 

while the other nine have occurred within structural domains between binding sites. 

 

Discussion 

 

In our earlier study, we demonstrated that the calcium KD for parvalbumins isolated from 

Antarctic and temperate zone teleosts was very different over a wide range of temperatures 

(Erickson et al., 2005).  However, the estimate of calcium KD for all parvalbumins was nearly 

identical when measured at the native temperature of each fish, yielding values of 6-8 nM at 0°C 

for the Antarctic teleosts and 20-25°C for the temperate zone teleosts.  These observations  

indicated a possible conservation of calcium affinity at the native temperature of teleosts, similar 

to the patterns of thermal adaptation recognized in catalytic proteins (Somero, 1995; Holland et 

al., 1997; Fields and Somero, 1998). 

We investigated the functional properties of parvalbumin from B. saida, a species 

distributed throughout Arctic waters.  B. saida live in near-freezing waters (2-8°C) while 

Antarctic teleosts live in sub-freezing waters (-1.9°C).  The Arctic cod is phylogeneticly 

disparate from the Notothenioid fishes, a characteristic that it shares with the temperate zone  

teleosts.  The present data clearly demonstrate that the pattern of thermal response for 

parvalbumins isolated from B. saida is more similar to that of the Antarctic teleosts than the 

temperate zone teleosts.  There was no significant difference between estimates of calcium KD 

for the cold-adapted species at several of the temperatures tested (0-10°C and 25°C), while the 

temperate zone species had a significantly decreased KD across the range of 0-25°C.  Further, the 

Q10 for calcium binding to B. saida (1.70) more closely matched that of the Antarctic species 

(1.50) than the temperate zone species (2.35).  The similarity in binding function between the 

Arctic and Antarctic species despite great geographical and phylogenetic separation lends 
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credence to the hypothesis that calcium affinity has been conserved at the native body 

temperatures of these teleosts. 

When examined at native physiological temperature (~5°C), B. saida parvalbumin has a 

mean calcium KD of 6.68 ± 0.59 nM.  This value is consistent with the 6-8 nM range that we 

have previously found for KD at native physiological temperature for Antarctic and temperate 

zone teleosts.  The consensus view of parvalbumin function in muscle fibers is that it acts as a 

freely diffusible relaxation agent, a role that relies solely on its ability to reversibly bind calcium 

with high affinity (Rall, 1996).  Parvalbumin sequesters calcium from the regulatory sites of 

troponin C and accelerates muscle relaxation.  The concentration of parvalbumin in muscle fibers 

directly correlates to the frequency of contraction/relaxation cycles (Heizmann, 1984; Muntener 

et al., 1995).  This is consistent with a scenario in which adaptive pressure to maintain the 

calcium buffering capacity of parvalbumin led to conservation of calcium KD.   

Calorimetry experiments provided the thermodynamic parameters associated with 

calcium binding to parvalbumin from these two species (Table 2), as well as corroborating KD 

values derived from fluorometric titrations (Table 1).  Calorimetric KD values obtained by ITC 

were not significantly different from those derived by fluorescence titration.  Values for ∆G were 

not significantly different between the two cold-adapted species.  Estimates of ∆H and ∆S for the 

Antarctic species were both greater than for the Arctic species at any given temperature.  This 

finding may be a result of the slight difference in native temperature between the Antarctic (-

1.9°C) and the Arctic (2-8°C) species, but it should be noted that for all three temperatures, the 

differences in enthalpy and entropy were not statistically significant.  

Across the range of temperatures tested, estimates of ∆H and ∆S were more positive for 

parvalbumins from the cold-adapted species than from the temperate zone species.  The change 

in enthalpy associated with calcium binding was thus less favorable for parvalbumins from the 

cold-adapted species, while change in entropy was more favorable.  The contribution of ∆S to 

free energy change, an indicator of conformational flexibility in proteins, is greater for 

parvalbumins from the two cold-adapted species.  We have previously postulated that 

parvalbumins adapted to function in a cold environment will have increased conformational 

flexibility to compensate for the reduced kinetic activity associated with low temperatures 

(Erickson et al., 2005).  The increased favorability of entropy change observed for B. saida 

parvalbumin is consistent with this hypothesis. 
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Sequence alignment of B. saida and carp parvalbumins shows 83% homology overall.  

However, within the CD and EF binding sites the two species share 100% homology.  Of the 18 

amino acid substitutions observed between B. saida and carp parvalbumins, six are found within 

the AB domain, a region with no notable binding activity.  Work by others has shown that 

alteration or deletion of the AB domain in rat parvalbumin can have a profound effect on calcium 

binding of parvalbumin (Cox et al., 1999; Thepaut et al., 2001).  Our sequence data show that the 

temperature-dependent differences in calcium binding affinity of parvalbumins from Arctic and 

temperate zone fishes arise from substitutions outside the binding domains of the proteins, and 

possibly within the non-binding AB domain. 

Over the past few decades, work primarily by Somero and colleagues on the functional 

and structural adaptation of enzymes (notably lactate dehydrogenase) has led to the postulation 

of specific adaptive paradigms for catalytic proteins (Somero, 1995).  Enzymes are adapted to 

possess similar binding characteristics at the native body temperature of the organism in which 

they operate.  This adaptation occurs via mutations that influence conformational flexibility of 

the protein, a way of counteracting the kinetic influence of environmental temperature.  

Although parvalbumin is not a catalytic protein, molecular motions in the loop region of the EF-

hand are required for calcium binding and release to occur (Blancuzzi et al., 1993; Laberge et al., 

1997; Cates et al., 2002).  Any structural changes that alter the conformational flexibility of 

parvalbumin would influence the molecular motions associated with binding events, and in turn 

likely alter functional properties of the protein.  For example, alterations in loop flexibility have 

been shown to determine cation specificity in many calcium-signaling proteins (Falke et al., 

1994). 

The results of this study are consistent with the possibility that calcium affinities of 

parvalbumins from teleost fish are conserved at their native temperatures.  Therefore, 

temperature may be a primary shaping force of functional adaptation in non-catalytic proteins.  

The present data show that, like enzymes, mutations that conserve the thermal sensitivity of 

calcium affinity in parvalbumin have occurred outside the binding sites of the protein.   
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CHAPTER 5 

 

TEMPERATURE SENSITIVITY OF MAGNESIUM BINDING BY PARVALBUMIN 

 

Introduction 

 

 In fast-twitch skeletal muscle fibers, calcium is released from the sarcoplasmic reticulum 

(SR) and bound by the regulatory sites of troponin C (TnC), initiating a contraction.  For 

relaxation to occur, calcium must be sequestered from TnC.  Parvalbumin has a greater 

intracellular concentration (~0.75 mM) and affinity for calcium (KA ~10
8
 M

-1
) than TnC (~0.09 

mM, KA ~10
6
 M

-1
) (Robertson et al., 1981; Rall, 1996).  The consensus view of the physiological 

role of parvalbumin is that it promotes rapid relaxation from the active contractile state by 

sequestering calcium from TnC (Rall, 1996).  This interpretation of parvalbumin function is 

supported by experimental evidence, including: (1) a positive correlation between parvalbumin 

concentration and the speed of contraction/relaxation cycles (Heizmann, 1984; Muntener et al., 

1995), and (2) slowing of the speed of twitch relaxation in parvalbumin knockout mice (Chen et 

al., 2001). 

   The calcium affinity of parvalbumins isolated from different species of teleost fish can 

exhibit markedly different sensitivity to temperature (Chapters 2 and 4).  Parvalbumin also has a 

relatively high affinity for magnesium (Robertson et al., 1981; Rall, 1996), which is present at 

high concentration in resting muscle fibers (~1 mM Mg
++

).  Thus, before a contraction, the 

binding sites of parvalbumin are occupied with magnesium.  Our prior studies do not address 

magnesium binding of parvalbumin, a process that is also likely sensitive to temperature.  In this 

study, we measured the magnesium affinity as a function of temperature for parvalbumin isolated 

from Antarctic, Arctic, and temperate zone teleosts.  Estimates of KD were obtained 

independently by fluorescence titration and isothermal microcalorimetry (ITC).  Calorimetry 

measurements additionally provided thermodynamic parameters (∆G, ∆H, ∆S) associated with 

magnesium binding of parvalbumin.  Our data indicate that, similar to prior observations of 

calcium KD, estimates of magnesium KD for parvalbumins from Antarctic and Arctic teleosts 

were very similar to one another at 0-25°C, but significantly different from those for 

parvalbumin from temperate zone teleosts.  Further, estimates of KD at the typical physiological 
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temperature of each teleost species were nearly identical (21.0-23.5 µM), suggesting that 

magnesium affinity of parvalbumin is conserved at native temperature.  Examination of the 

thermodynamic parameters associated with magnesium binding indicates that the change in 

entropy (∆S) is also conserved at native temperature.  These findings recapitulate our prior 

observations of cation binding in parvalbumin and emphasize the importance of both calcium 

and magnesium to parvalbumin function.  

      

Methods 

 

Protein Purification 

Cyprinus carpio were collected by electroshock from the Ochlockonee River, Leon 

County, Florida with assistance from the Florida Fish and Wildlife Service.  Micropterus 

salmoides were caught by hook and line from Lake Jackson, Leon County, Florida.  

Gobionotothen gibberifrons and Chaenocephalus aceratus were captured at depths of 80 - 150 

meters by 18 foot Otter trawl or baited trap deployed from the ARSV Laurence M. Gould in 

Dallman Bay, Antarctica, 62°40’ S, 64°10’ W.  Boreogadus saida samples were acquired by 

bottom trawl from the Barents Sea (76°N, 31°E) through the generous assistance of Dr. Jørgen S. 

Christiansen, University of Tromso, Norway.  Specimens were euthanized by overdose of 3-

aminobenzoic acid ethyl ester (MS-222) or by blunt trauma and immediately frozen.  For 

purification of B. saida (8-12 cm total length), muscle samples from several individuals were 

combined to result in sufficient yield of protein.  Parvalbumin purification was performed as 

previously described (Laney et al., 1997; Erickson et al., 2005).  Purity and identity of 

parvalbumin samples were confirmed by two-dimensional gel electrophoresis (isoelectric 

focusing using a pH range of 4-6 followed by 17.5% tricine-SDS PAGE) followed by Western 

blots.  Divalent cations were removed from all buffers and from the protein as previously 

described (Erickson et al., 2005). 

 

Fluorescence competition assay for magnesium KD 

Fluorescent competitive binding assays for determination of magnesium KDs were 

performed as previously described (Erickson and Moerland, in press).  In brief, experiments were 

performed in 20 mM Hepes buffer at pH 7.2 and ionic strength (I) adjusted with 150 mM KCl.  
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Standard curves were generated by titration of Magnesium Green alone, while experimental 

curves were generated by titration of the indicator in the presence of 25 µM parvalbumin.  

Background and intrinsic protein fluorescence were determined by titrating parvalbumin with 

MgCl2 in the absence of Magnesium Green; background fluorescence was subtracted from each 

trial.  Estimates of KD for the fluorescent indicator and parvalbumin were calculated as 

previously described (Erickson and Moerland, in press).  Magnesium Green and parvalbumin 

have one and two binding sites, respectively.  Control curves were fitted for one class of binding 

site.  Experimental curves, after subtraction of ligand bound to Magnesium Green, were fitted for 

one and two classes of sites to check for differences in the magnesium affinity.  The two binding 

sites of parvalbumin were considered equal if both methods yielded statistically indistinguishable 

KD values.    

 

Calorimetric titrations for magnesium KD and thermodynamic parameters 

Calorimetric titrations were performed for a subset of the above species (C. carpio, G. 

gibberifrons, and B. saida) both as an independent check of KD and to determine the 

thermodynamic parameters (∆G, ∆H, ∆S) associated with magnesium binding to parvalbumin.  

As above, divalent cations were removed from buffers and parvalbumin samples prior to 

experiments.  Calorimetric titrations were modified from previously described methods 

(Erickson et al., 2005).  The sample cell of the calorimeter contained 0.1 mM parvalbumin in a 

buffer comprised of 150 mM KCl and 20 mM PIPES with pH 7.2.  The injection syringe 

contained 100 mM MgCl2.  Control experiments were performed in which no parvalbumin was 

present in the sample cell to allow subtraction of heats associated with injection kinetics and 

titrant interactions with the components of the buffer.  Data were analyzed using the Origin 6.1 

ITC software package.  Calculations for magnesium KD and thermodynamic parameters were 

modified from calcium titrations (Erickson et al., 2005) as previously described (Erickson and 

Moerland, in press). 

 

Results 

 

Magnesium KD derived from fluorescence competition assay 
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Figure 5.1.  Plot of the dissociation constant, KD, versus temperature for parvalbumin isolated 

from temperate zone (C. carpio, ●, and M. salmoides, ○), Antarctic (G. gibberifrons, ■, and C. 

aceratus, □), and Arctic (B. saida, ♦) teleosts.  Estimates of KD were obtained by fluorometric 

competition assay; all experiments were performed at pH 7.2 and an ionic strength of 150 mM.  

Each point is the mean of six trials; vertical bars depict ± one standard deviation.   
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The magnesium KDs for parvalbumins from two Antarctic teleosts (G. gibberifrons and 

C. aceratus), two temperate zone teleosts (C. carpio and M. salmoides), and an Arctic teleost (B.  

saida) were determined using fluorescence competition assays.  Estimates of magnesium KD at 

0-25°C as determined by curves fitted for one class of binding site are shown in Figure 5.1.  

Trials analyzed for two classes of binding sites yielded very similar KD values and, therefore, 

were judged to be functionally equivalent.  This result was consistent with prior observations of  

magnesium binding to rat parvalbumins (Pauls et al., 1993; Eberhard and Erne, 1994; Agah et 

al., 2003; Henzl et al., 2003), as well as calcium binding to parvalbumins from teleost fish 

(Erickson et al., 2005).   

The affinity of parvalbumin for magnesium exhibits thermal sensitivity across the range 

of temperatures tested; from 0-25°C, magnesium KD varies directly with assay temperature.   

Estimates of magnesium KD for parvalbumin isolated from the two Antarctic species were 

statistically indistinguishable, as were KDs for parvalbumin from the two temperate zone species.  

However, magnesium KDs for both Antarctic teleost parvalbumins were significantly greater 

than for the temperate zone teleost parvalbumins at all temperatures.  Magnesium KDs for 

parvalbumin from the Arctic teleost were, for the most part, statistically indistinguishable from 

the Antarctic teleost parvalbumins.  Estimates of KD for the Arctic teleost parvalbumin were 

significantly lower than one Antarctic teleost (C. aceratus) at 25°C, a temperature that is not 

physiologically relevant for these species.  At all temperatures tested, magnesium KDs for the 

Arctic teleost parvalbumin were significantly higher than for temperate zone teleost 

parvalbumins.  

Of particular note are magnesium KD values determined at the most physiologically 

relevant temperature for each teleost species.  Estimates of KD for G. gibberifrons and C. 

aceratus at 0°C were 22.6 ± 1.2 µM and 23.1 ± 0.5 µM, respectively.  For B. saida at 5°C, 

magnesium KD was 23.5 ± 0.9 µM.  For C. carpio and M. salmoides at 25°C, magnesium KDs 

were 21.4 ± 1.0 µM and 22.2 ± 1.4 µM, respectively 

 

Magnesium KD and thermodynamic parameters derived from ITC 

Parvalbumins from C. carpio, C. aceratus, and B. saida were titrated with MgCl2 at assay 

temperatures of 5, 15, and 25°C to derive estimates of KD independently of the fluorescence  
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Table 5.1.  Magnesium dissociation constants for parvalbumins measured by fluorometric 

titration and isothermal microcalorimetry.  Values are means of six trials for fluorometric 

experiments and three trials for calorimetric experiments ± standard deviation.  No significant 

difference was found between values derived from the two techniques. 

 

 
Species Temp. (°C) KD (nM) - fluorometric KD (nM) - calorimetric 

C. carpio 5 12.4 ± 1.0 12.9 ± 0.7 

  15 16.7 ± 0.5 16.2 ± 0.8 

  25 21.4 ± 1.0 21.6 ± 1.6 

C. aceratus 5 26.4 ± 1.4 24.8 ± 1.4 

 15 32.0 ± 0.9 30.3 ± 1.4 

  25 37.9 ± 0.9 36.6 ± 0.8 

B. saida 5 23.5 ± 0.9 25.0 ± 1.5 

 15 29.8 ± 1.2 30.8 ± 0.8 

  25 35.7 ± 0.9 34.9 ± 1.2 
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assay as well as to determine the thermodynamic parameters associated with magnesium binding 

to parvalbumin.  Estimates of KD derived from ITC were not significantly different from those 

derived from fluorometric titration (Table 5.1) as measured by two-way analysis of variance 

(ANOVA) tests (p > 0.05).  Calorimetric titration also yielded the free energy change (∆G), 

change in enthalpy (∆H), and change in entropy (∆S) associated with magnesium binding to 

parvalbumin.  For each species and temperature examined, magnesium binding to parvalbumin is 

an exergonic reaction (∆G < 0), combining favorable enthalpy (∆H < 0) and entropy (∆S > 0) 

changes (Table 5.2).  Values derived for all three thermodynamic parameters were statistically 

indistinguishable between C. aceratus and B. saida parvalbumins as measured by one-way 

ANOVA (p>0.05) but in all cases the Arctic and Antarctic species were significantly different 

from C. carpio parvalbumin (p<0.05).  Both the enthalpy change (∆H) and entropy change (∆S) 

associated with calcium-parvalbumin interaction were consistently greater for the two cold-

adapted species than for the temperate zone species.     

 

Discussion 

 

Interactions between proteins and ligands are often influenced by temperature, an 

environmental challenge posed to poikilothermic organisms like teleost fish (Hochachka and 

Somero, 2002).  This study is the first to characterize thoroughly the thermal sensitivity of 

magnesium binding function of parvalbumin from fish.  We have demonstrated that the 

magnesium affinity of parvalbumin is sensitive to temperature over a range of 0-25°C.  Further, 

the pattern of thermal response for magnesium binding to parvalbumin from temperate zone 

fishes is very different from that of Arctic and Antarctic fishes.   

Antarctic teleosts are native to a region termed the Southern Ocean, a geographically 

isolated water mass surrounding the Antarctic continent.  Sea temperatures in this region have 

been approximately -2°C for over 10 million years.  The dominant fish fauna in the Southern 

Ocean (90% of fish biomass by capture) are the Nototheniods, a suborder of the Perciformes 

(Sidell, 2000).  Conversely, the Arctic cod (B. saida), from the order Gadiformes, has a 

circumpolar distribution in Arctic and Northern Atlantic waters with an average water 

temperature between 2 and 8°C.  Although both Arctic and Antarctic teleosts have undergone 

thermal adaptation to compensate for life in a very cold habitat; they represent extremes of  
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Table 5.2.  Enthalpy (∆H), entropy (∆S), and free energy (∆G) change for magnesium binding to 

parvalbumins measured by isothermal microcalorimetry.  Values are means of three trials ± 

standard deviation.  Experiments were performed in 20 mM PIPES buffer and 150 mM KCl at 

pH 7.2.   

 

Species Temp. (°C) ∆H (kJ mol
-1

) T∆S (kJ mol
-1

) ∆G (kJ mol
-1

)

C. carpio 5 -17.6 ± 1.4 8.4 ± 0.3 -26.6 ± 1.5

15 -13.7 ± 0.7 12.7 ± 0.3 -26.4 ± 1.7

25 -9.8 ± 1.5 17.4 ± 0.4 -26.0 ± 1.4

C. aceratus 5 -12.5 ± 0.6 12.0 ± 0.3 -25.3 ± 0.7

15 -8.7 ± 0.8 16.2 ± 0.4 -24.9 ± 1.5

25 -4.9 ± 0.5 21.0 ± 0.3 -24.5 ± 0.7

B. saida 5 -11.7 ± 1.7 12.2 ± 0.4 -24.8 ± 0.8

15 -7.6 ± 1.8 16.9 ± 0.4 -24.5 ± 1.0

25 -4.4 ± 2.6 21.3 ± 0.6 -24.3 ± 1.2
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geographic and phylogenetic disparity among teleost fish.  The similar pattern of thermal 

response for parvalbumins from these species is therefore striking. 

Examination of the thermodynamic parameters derived from ITC shows that the change 

in enthalpy (∆H) and entropy (∆S) for magnesium binding were greater for parvalbumins from 

the cold-adapted species than from the temperate zone species.  Therefore, the entropic 

contribution of magnesium binding to parvalbumins from Arctic and Antarctic teleosts is 

increased, while the enthalpic contribution is decreased.  These concurrent shifts of favorability 

tend to balance free energy change (∆G).  An increase in entropic favorability of ligand 

association often indicates increased conformational flexibility of a protein.  Proteins adapted to 

function in cold temperatures often possess greater conformational flexibility than orthologs that 

function in warm temperatures (Fields and Somero, 1998; Hochachka and Somero, 2002).  This 

flexibility allows the cold orthologue to counteract decreased kinetic energy associated with low 

temperatures.  Substitutions to the primary structure of cold-adapted proteins decrease the 

number of weak bonds that stabilize their conformational rigidity.  Thus, our data, which suggest 

increased flexibility of Arctic and Antarctic parvalbumins, are consistent with prior observations 

of cold-adapted proteins.   

When examined at the native temperature of each teleost species, magnesium KD values 

are nearly identical (~21.0-23.5 µM).  This observation suggests that magnesium affinity is a 

conserved property of parvalbumins from teleost fish.  In prior studies, we have demonstrated 

that calcium KDs also are conserved (~ 6-8 nM) for teleost parvalbumins at native temperature 

(Erickson et al., 2005; Erickson and Moerland, submitted).  Taken in concert, it appears that the 

affinities of two different ligands are simultaneously constrained to specific ranges.  This would 

not be altogether surprising; since parvalbumin binds calcium and magnesium with at the same 

sites, substitutions that adjust the thermal sensitivity of one ligand are likely to affect the other in 

a similar fashion.  Calcium and magnesium binding are both integral to parvalbumin function in 

fast-twitch muscle fibers (Rall, 1996).  Whether the simultaneous conservation of both calcium 

and magnesium affinity is a result of selective pressure to maintain the affinity of one ligand 

which affects the other passively, or whether equal selective pressure exists to maintain the 

affinities of both ligands, is yet to be determined.   
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CHAPTER 6 

 

THERMAL SENSITIVITY OF RATE CONSTANTS FOR  

TELEOST PARVALBUMINS 

 

Introduction 

 

 The consensus view of parvalbumin function in muscle is that it acts in parallel with the 

sarcoplasmic reticulum (SR) to sequester calcium and promote rapid relaxation from the active 

contractile state (Rall, 1996).  Parvalbumin is able to sequester calcium from the regulatory sites 

of troponin C (TnC) because the intracellular concentration (~0.75 mM) and calcium affinity (KA 

~10
8
 M

-1
) of parvalbumin are one and two orders of magnitude greater than TnC, respectively 

(Robertson et al., 1981; Rall, 1996).  In fact, there is a strong positive correlation between 

parvalbumin concentration and the absolute speed of contraction/relaxation cycles (Heizmann, 

1984; Muntener et al., 1995).  Additionally, the relaxation time and fatigue resistance of fast-

twitch muscle are increased in parvalbumin knockout mice, indicating a shift towards slower 

fiber dynamics (Chen et al., 2001). 

 Parvalbumin also binds magnesium with moderate affinity (KA ~10
4
 M

-1
).  The free 

magnesium concentration in resting muscle (~1 mM) is sufficiently high to insure that EF-hand 

sites on parvalbumin are fully occupied with magnesium prior to a contraction.  When calcium is 

released from the SR, pre-bound magnesium blocks the binding sites of parvalbumin allowing 

calcium to activate TnC, initiating a contraction.  Thus, despite lower calcium affinity and 

intracellular concentration, TnC is afforded a “window of opportunity” to bind calcium, the 

length of which is defined by the dissociation rate (koff) of magnesium from parvalbumin (Hou et 

al., 1993).  After that time, parvalbumin can sequester intracellular calcium, ultimately releasing 

it back to the SR at a rate limited by the calcium dissociation rate, effectively resetting the 

system. 

 In chapters 2, 4, and 5, we have demonstrated that calcium and magnesium affinity (KD) 

of teleost parvalbumins are acutely sensitive to temperature.  When examined at the native 

temperature of each teleost fish, parvalbumins bind both calcium and magnesium within a very 

narrow range of affinity (Ca
++

 KD ~6-8 nM; Mg
++

 KD ~21.0-23.5 µM).  This observation 
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suggests calcium and magnesium affinity might be conserved parameters in the function of 

teleost parvalbumins, a possible reflection of the physiological importance of both ions to the 

proposed function of parvalbumin in muscle.  The next step was a series of experiments 

measuring dissociation rate, another factor likely to be sensitive to temperature.  In addition, 

such experiments might give some context to the relative importance of conservation of calcium 

and magnesium binding.     

In this study, calcium and magnesium dissociation rate constants were measured as a 

function of temperature for parvalbumins isolated from Antarctic, Arctic, and temperate zone 

teleosts.  Estimates of koff were obtained at 0, 5, 15, and 25°C by stopped-flow spectrometry.  

Our data indicate that both calcium and magnesium koff are sensitive to temperature in the range 

examined.  At the native temperature of each teleost, estimates of magnesium koff were in a very 

narrow range of values (5-7 s
-1

), while estimates of calcium koff were much more widely 

dispersed.  This observation indicates that the dissociation rate constant of magnesium may be 

tightly conserved for teleost parvalbumins at their typical physiological temperature.  

Furthermore, the rate of magnesium dissociation may be the primary shaping force of functional 

adaptation in parvalbumin.         

 

Methods 

 

Protein Purification 

Specimens were collected as previously described (Erickson et al., 2005), euthanized by 

overdose of 3-aminobenzoic acid ethyl ester (MS-222) or by blunt trauma, and immediately 

frozen and stored at -80°C.  Parvalbumin purification was performed also as previously 

described (Laney et al., 1997; Erickson et al., 2005).  If multiple isoforms of parvalbumin were 

present in a single species (C. carpio, M. salmoides, B. saida), the most prominent isoform was 

used for kinetic experiments.  Purity and identity of parvalbumin samples were confirmed by 

two-dimensional gel electrophoresis (isoelectric focusing using a pH range of 4-6 followed by 

17.5% tricine-SDS PAGE) followed by Western blots.  Divalent cations were removed from all 

buffers and from the protein as previously described (Erickson et al., 2005). 

 

Stopped-flow spectrometry for dissociation rate constants 
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 Rates of calcium and magnesium dissociation from parvalbumin were determined by 

stopped-flow spectrometry at 0, 5, 15, and 25°C in an SFA-20 Rapid Kinetics Accessory (Hi-

Tech Scientific, United Kingdom).  Experimental procedures were modified from Hou et al. 

(1992).  Terbium was used as a reporter of ligand dissociation from parvalbumin, as parvalbumin 

fluorescence increases upon binding of terbium ions (Hou et al., 1991).  Terbium can substitute 

for calcium or magnesium on EF-hand sites.  Experiments were initiated by rapidly mixing (~2 

ms) a solution of 500 µM TbCl3 with a solution of 10 µM parvalbumin plus either 500 µM CaCl2 

or 10 mM MgCl2.  The buffer for all solutions contained 20 mM MOPS and 150 mM KCl at pH 

7.2.  The time course of fluorescence change for parvalbumin was measured by an LS 50B 

fluorescence spectrometer (Perkin Elmer).  Representative curves of fluorescence time course are 

shown in Fig. 6.1.  Excitation wavelength was 250 nm and emission wavelength was 545 nm.  

Temperature was controlled using an external water bath and monitored with a local 

thermocouple. 

 

Statistical analysis 

 Curves were fit to exponential equations by non-linear least-squares regression.  Because 

parvalbumin has two binding sites, regressions were performed for single and double exponential 

equations to test for equality of sites (Hou et al., 1992).  Kinetic association constants (kon) were 

calculated from the equation: 

D

off

on
K

k
k =   

where koff is the kinetic dissociation constant, and KD is the equilibrium dissociation constant 

from previous studies (Erickson et al., 2005). 

 

Results 

  

Curves generated by stopped-flow spectrometry were fit to single and double exponential 

regressions.  Values of koff for calcium were virtually identical using both methods, indicating 

that the two parvalbumin sites are identical in calcium dissociation rate.  For magnesium, double 

exponential regressions yielded two rate constants, one fast (on the same order as the single 

exponential value) and one very slow (~10
-4

 s
-1

).  The fast rate constant from the double 
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exponential regression was generally greater than the single exponential value by 10-20%.  

However, the coefficient of variance for double exponential fits were in all cases greater than for  

single exponential fits.  We therefore accepted the single exponential values as the better overall 

fits for the generated curves.  No temperature or species dependence was found for the equality 

of the binding sites.  

Estimates of calcium and magnesium koff as a function of temperature are shown in 

Figures 6.2 and 6.3, respectively.  Dissociation rate constants for both cations are sensitive to 

temperature across the range examined, with koff generally increasing as temperature is 

increased.  Calcium and magnesium koff values were used in conjunction with equilibrium 

dissociation constants to calculate calcium and magnesium kon (Appendix).  Estimates of calcium 

koff for parvalbumins from Antarctic (G. gibberifrons and C. aceratus) and Arctic (B. saida) 

teleosts were nearly indistinguishable as measured by one-way ANOVA (p>0.05).  Parvalbumin 

from C. aceratus at 25°C did have a significantly higher calcium koff, but this temperature is not 

physiologically relevant for Arctic and Antarctic species.  Estimates of magnesium koff for 

parvalbumins from the Antarctic teleosts were significantly greater than for parvalbumins from 

B. saida at all temperatures examined (p<0.05).  For both calcium and magnesium, values of koff 

were significantly greater at all temperatures examined for parvalbumins from the cold-adapted 

teleosts than for parvalbumins from the temperate zone teleosts (C. carpio and M. salmoides). 

 

Discussion 

 

 In prior studies, we have demonstrated that the affinity for calcium and magnesium of 

parvalbumins from teleost fish has been conserved at native temperature (Erickson et al., 2005).  

These observations likely reflect the physiological importance of calcium and magnesium 

binding to parvalbumin function.  However, an even more important factor is the rate of calcium 

and magnesium dissociation from parvalbumin.  The kinetic rate constants of frog parvalbumin 

are sensitive to temperature changes of 10°C (Hou et al., 1992).  To fully characterize the effects 

of temperature on parvalbumin function, we needed to determine the thermal sensitivity of 

calcium and magnesium rate constants in addition to previously reported equilibrium binding 

constants. 

For both calcium and magnesium, and for all teleost species investigated, the rate of 
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Figure 6.1.  Representative curves for magnesium koff determination of C. carpio parvalbumin 

fit for one (left) and two (right) classes of binding sites.  These trials were performed in 20 mM 

MOPS containing 150 mM KCl at 25°C. 
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Figure 6.2.  Calcium dissociation rate constants measured as a function of temperature.  

Experiments were performed in 20 mM MOPS and 150 mM KCl at pH 7.2.  Data points are the 

mean of four trials; bars represent standard deviation.   
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Figure 6.3.  Magnesium dissociation rate constants measured as a function of temperature.  

Experiments were performed in 20 mM MOPS and 150 mM KCl at pH 7.2.  Data points are the 

mean of four trials; bars represent standard deviation.   

 

 

 

 

 

 

 

 

 

 

 

 

   57 

 



dissociation increases with temperature.  This finding is consistent with previous observations of 

frog parvalbumins (Hou et al., 1992).  For calcium koff, the pattern of thermal sensitivity was 

very similar among parvalbumins from the cold-adapted (Arctic and Antarctic) species, but very 

different from temperate zone teleost parvalbumins.  Conversely, the pattern of thermal response 

for magnesium koff was significantly different for parvalbumins from teleosts native to the three 

regions (Arctic, Antarctic, and temperate zone). 

When measured at the native temperature of each teleost species, calcium koff values vary 

widely.  Calcium koff was about 2.4 s
-1

 at 0°C for the Antarctic teleosts, 3.6 s
-1

 at 5°C for the 

Arctic teleost, and up to 5.3 s
-1

 at 25°C for the temperate zone teleosts.  Estimates of magnesium 

koff at the native temperature of each species were between 5 and 7 s
-1

.  Taking each 

measurement done at the native temperature of all five teleost species, we were able to calculate 

the variance of calcium and magnesium koff values to determine which cation had undergone a 

greater degree of conservation.  Calcium koff at native temperture had a mean value of 3.73 s
-1

 

with a variance of 1.62 s
-2

; magnesium koff had a mean value of 6.19 s
-1

 with a variance of 0.78 s
-

2
.  The lower variance of magnesium dissociation rate among parvalbumins from teleost species 

suggests that magnesium koff is more tightly conserved at native temperature. 

Parvalbumin functions as a facilitator of relaxation in fast muscle.  The EF-hand sites of 

parvalbumin have a very high affinity for calcium, sufficiently high to sequester calcium from 

the regulatory sites of TnC.  However, parvalbumin does not bind calcium immediately after 

release from the SR, but rather delays calcium binding until after TnC has been activated and a 

contraction has occurred.  This observation is an apparent paradox – if the concentration and 

calcium affinity of parvalbumin are so great, how can TnC bind calcium at all?  The answer lies 

in the ability of parvalbumin to bind magnesium, an abundant intracellular ion in muscle.  

Magnesium ions are pre-bound to the EF-hand sites of parvalbumin, blocking the association of 

calcium.  As magnesium slowly dissociates, calcium has ample time to activate TnC and initiate 

contraction. 

From this view of the physiological role of parvalbumin, it is clear that the rate of 

magnesium dissociation is critical to function of this protein.  If the magnesium dissociation rate 

is too fast, parvalbumin will disrupt muscle contraction by binding calcium and preventing 

activation of TnC.  In that case, the presence of parvalbumin would delay onset of contraction 

considerably.  If the rate is too slow, magnesium will block calcium association with 
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parvalbumin, increasing the relaxation time of the fiber.  This effect was reproduced by 

stimulating a fiber rapidly and repeatedly until parvalbumin sites were saturated with calcium; 

indeed, relaxation time was slowed considerably (Hou et al., 1991). 

Conservation of binding parameters in proteins is not an unprecedented observation.  A 

number of studies on the functional and structural adaptation of enzymes have led to the 

postulation of specific paradigms of thermal adaptation for catalytic proteins (Hochachka and 

Somero, 2002).  For example, the Km and kcat of enzymes (lactate dehydrogenase, malate 

dehydrogenase, etc.) are highly conserved among species at their physiological temperatures 

(Somero, 1995; Holland et al., 1997; Hochachka and Somero, 2002).  Although parvalbumin is 

not a catalytic protein, calcium and magnesium binding are accompanied by molecular motions 

within the loop of the EF-hand (Blancuzzi et al., 1993; Laberge et al., 1997; Cates et al., 2002).  

These motions are parallel to the conformational changes required for enzyme activity.  Prior 

observations that calcium and magnesium affinity (KD) are conserved at native temperature led 

us to postulate that parvalbumin may undergo thermal adaptation according to the same 

paradigms observed in enzymes.  The present observation that magnesium koff, a kinetic constant 

akin to kcat in enzymes, has undergone similar conservation is another strong argument that 

parvalbumin follow the paradigms of thermal adaptation observed for catalytic proteins. 
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CHAPTER 7 

 

DEDUCED AMINO ACID SEQUENCE OF TELEOST PARVALBUMINS 

 

Introduction 

  

The preceding experiments demonstrate conclusively that calcium and magnesium 

binding to parvalbumin are parameters that are sensitive to temperature.  Further, parvalbumins 

from different teleosts can exhibit markedly different patterns of thermal sensitivity of binding 

function.  Chapters 2 through 6 have established the functional differences among teleost 

parvalbumins, but differences in parvalbumin structure have been mentioned only briefly 

(Chapter 4).  Naturally, protein function and structure are linked inexorably.  The amino acid 

sequence of a protein determines its shape and flexibility, as well as the ligands and cofactors 

with which it can interact. 

 Structural analysis of LDH-A orthologs has elucidated many of the relationships between 

the structure of enzymes and the thermal habitat of the organisms from which they were isolated 

(Hochachka and Somero, 2002).  For instance, the structure of cold adapted orthologs of LDH-A 

is supported by fewer weak bonds, resulting in a protein with greater conformational flexibility 

than orthologs from warm-adapted species at the same temperature.  This increased flexibility for 

cold-adapted teleosts is integral to the conservation of catalytic rate at low temperatures because 

molecular motions required for enzyme activity can occur more easily despite the reduced 

kinetic energy of a cold environment, relative to a warmer one.  Conversely, enzymes from 

organisms that live at very high temperatures exhibit amino acid changes that allow more weak 

bonds to stabilize protein structure (Somero and Low, 1977).  In the case of very high 

temperatures, proteins must prevent denaturation of three-dimensional structure, which would 

cease protein function altogether. 

 Another observation concerning changes in enzyme structure is that substitutions that 

affect the thermal sensitivity of enzyme function occur outside the active regions.  The structure 

of a catalytic active region is often very uniform, reflected in the high degree of homology seen 

among a wide range of species.  Rather than incurring substitutions for amino acids that directly 

interact with a ligand, substitutions occur in regions of the enzyme that are responsible only for 
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shape and/or flexibility.  In addition, very few substitutions are necessary to produce distinct 

patterns of thermal sensitivity.  Although a difference of only two or three amino acids might 

seem like a subtle change indeed, these small adjustments are sufficient to explain significant 

differences in the thermal response of orthologous enzymes (Somero, 1995). 

 The differences in thermal sensitivity of cation binding function of parvalbumins from 

different teleost fish that we have observed are reminiscent of those seen in catalytic proteins.  In 

particular, the conservation of KD and koff at native temperature closely mimic similar 

conservation of Km and kcat for enzymes.  If the functional parameters of parvalbumin, like 

enzymes, are conserved as a function of temperature, then does the structure of parvalbumin 

follow similar patterns of substitutions to those seen for enzymes as well?  In this study, we 

deduced the amino acid sequence of an Arctic (B. saida, Fig. 4.2), Antarctic (N. coriiceps), and 

temperate zone (M. salmoides) teleost parvalbumin and compared them to two previously 

published parvalbumins from carp (Kretsinger and Nockolds, 1973) and C. aceratus 

(Hendrickson, 2005 M.S. Thesis, University of Maine, unpublished).  Our findings indicate that 

despite the differences in thermal sensitivity of function for these proteins, the homology among 

them is very high, and residues in the loop that coordinate calcium and magnesium are entirely 

conserved. 

 

Methods 

 

Species were collected and euthanized as previously described (Chapters 1 and 3).  Full-

length amino acid sequences were determined as previously described (Chapter 3).  In brief, 

samples of natively expressed parvalbumin were purified and subjected to trypsin digest.  Direct 

sequencing was performed by reversed phase HPLC.  From partial sequence, gene specific 

primers were designed for use with RACE-PCR.  PCR products were cloned and transformed; 

positive clones were purified using a miniprep kit (Qiagen) and sequenced with an ABI 3100 

(Applied Biosciences Incorporated). 

 

Results 
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Deduced amino acid sequence for all five teleost species are aligned against carp 

parvalbumin 5CPV (Kretsinger and Nockolds, 1973) in Figure 7.1.  Note that C. aceratus 

sequence was determined by Jamie Hendrickson and Bruce Sidell, University of Maine (M.S. 

thesis, unpublished), and that B. saida sequence was determined in a previous study (Chapter 3).  

Deduced sequences were, in general, very similar to carp sequence.  M. salmoides parvalbumin 

was the most similar (92% homology), while the Antarctic teleost (N. coriiceps and C. aceratus) 

parvalbumins were the least similar (78% and 75% homology, respectively).  The Arctic telesot 

(B. saida) parvalbumin was of intermediate similarity (83% homology).  While the Antarctic 

teleost parvalbumins were the most dissimilar from carp parvalbumin, pairwise they were the 

most homologous proteins of the five with only 3 total substitutions (97% homology) separating 

them. 

For parvalbumins from carp, bass, and B. saida, the CD and EF binding sites of all three 

shared 100% sequence homology.  Substitutions were primarily in the non-binding AB region (3 

for bass, 6 for B. saida) and the region between the CD and EF binding sites (3 for bass, 4 for B. 

saida).  The CD and EF sites for the two Antarctic species were not identical to the temperate 

zone and Arctic species.  Substitutions were present at positions 4 and 11 of the CD site, as well 

as positions 2 and 10 of the EF site, for both Antarctic species.  In addition, a unique methionine 

residue was present in the deduced sequence for C. aceratus (Hendrickson, University of Maine, 

M.S. Thesis, unpublished) at position 7 of the EF site.   

  

Discussion 

  

Functional data detailed in previous chapters indicate that Antarctic teleost parvalbumins 

behave very similarly as a function of temperature, as do carp and bass parvalbumins.  It is not 

surprising, then, that the amino acid sequences of Antarctic teleost parvalbumins are much more 

similar to one another (97% homology), than to carp or bass parvalbumins (~75-80% homology).  

Parvalbumin from the Arctic teleost (B. saida) seems to be of intermediate similarity between 

temperate zone (83% homology) and Antarctic (88% homology) teleost parvalbumins. 

Several factors can lead to divergence of protein sequence for orthologs from different 

species.  Species of highly disparate phylogeny will often have less sequence homology of 

orthologous proteins than closely related species.  The two Antarctic species (C. aceratus and N. 
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Figure 7.1.  Deduced amino acid sequence for parvalbumins isolated from several teleost species 

aligned with a known parvalbumin sequence from carp (1), 5CPV (Kretsinger and Nockolds 

1973).  Sequence for C. aceratus (2) is from Hendrickson, 2005 M.S. Thesis, University of 

Maine, unpublished. CD and EF binding sites, as well as the non-functional AB binding region, 

are labeled.   

C. carpio(1)    1  AFAGVLNDAD IAAALEACKA ADSFNHKAFF AKVGLTSKSA  

M. salmoides    1  .......... .T...A.... ....K..... .....SG... 

C. aceratus(2)  1  .L..T.KE.. .T...A..T. .E..K..E.. .....SA... 

N. coriiceps    1  .L..T.KE.. .T...A..T. .E..K..E.. .....SA... 

B. saida        1  ....I..... .T...K..E. ....CY.D.. .....SA... 

 
  

 
C. carpio(1)   41 DDVKKAFAII DQDKSGFIEE DELKLFLQNF KADARALTDG 

M. salmoides   41 .......... .......... .......... S.S......A 

C. aceratus(2) 41 ..I....GV. ...Q...... E......... S.G......A 

N. coriiceps   41 ..I....GV. ...Q...... E......... S.G......A 

B. saida       41 ..I....FL. .......... .......... S.G......A 

 
 

C. carpio(1)   81 ETKTFLKAGD SDGDGKIGVD EFTALVKA 

M. salmoides   81 .......... .......... ..A..... 
C. aceratus(2) 81 ...A...... I....M..I. ..ASM... 

N. coriiceps   81 ...A...... I.......I. ..A..... 

B. saida       81 ...A...... .......... ..A....G 
 

 

CD binding site 

 EF binding site 
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coriiceps) are from the same suborder (Notothenoidei), but are not even in the same order 

(Perciformes) as the carp (Cypriniformes) or B. saida (Gadiformes).  Geographic separation 

precludes gene flow among organisms; this is certainly true for the teleosts in this species, which 

inhabit an extreme gradient of latitude.  Also, the amount of time that has passed since two 

organisms diverged from one another plays a major role in the amount of genetic drift that 

orthologous proteins experience. 

 The active binding sites of parvalbumin are the CD and EF sites.  Parvalbumins from 

carp, bass, and B. saida share 100% homology in these binding loop regions.  Previous work 

with enzymes demonstrated that substitutions leading to alterations of thermal sensitivity of 

function occurred outside the active sites (Holland et al., 1997).  The homology of the CD and 

EF sites for three parvalbumin orthologs recapitulates observations for thermal adaptation of 

enzymes.  The two Antarctic teleost parvalbumins do have substitutions in the CD and EF sites.  

Parvalbumin from N. coriiceps deduced in our study has substitutions at positions 4 and 11 of the 

CD site, as well as positions 2 and 10 of the EF site.  It is important to note that none of these 

residues are responsible for coordinating calcium or magnesium ions (positions 1, 3, 5, 7, 9, and 

12); (Drake et al., 1996).  Whether these substitutions truly constitute alterations to the “active 

site” of parvalbumin is unknown.  Sequence data for C. aceratus acquired by another group 

(Hendrickson, 2005 M.S. Thesis, University of Maine, unpublished) indicate that in addition to 

the substitutions noted above for N. coriiceps, position 7 of the EF loop is occupied by 

methionine (lysine in the other four species).  This is an interesting finding; position 7 is a cation 

coordinating residue.  Our functional data indicate that the thermal response of parvalbumins 

from N. coriiceps and C. aceratus is virtually identical.  Whatever the ramifications of this 

particular substitution, they do not seem to affect calcium and magnesium binding as a function 

of temperature. 

 Many of the amino acid substitutions observed between cold-adapted and temperate zone 

teleost parvalbumins occur within the AB domain, a region with no notable binding activity.  

Alteration or deletion of the AB domain in rat parvalbumin affects calcium and magnesium 

binding affinities (Cox et al., 1999; Thepaut et al., 2001).  Our findings are consistent with the 

possibility that the AB domain, while not capable of binding divalent cations, nonetheless has an 

influence over the binding properties of the CD and EF sites.  If this is true, the AB domain may 

   64 

 



be a potential target area for tuning of parvalbumin function in response to environmental 

factors, including temperature. 

 The deduced amino acid sequences can be compared to crystal structures reported for 

other parvalbumins.  Many of the major structural features of parvalbumin have been preserved 

in all teleost species from this study, including the I57-I97 β-sheet, the R75-E81 salt bridge, and 

the residues (F24, F29, F30, L35, F47, I58, L63, L67, F70, L77, I97, F102, and V106) that form 

the hydrophobic core (Richardson et al., 2000; Thepaut et al., 2001).  However, amino acids 

corresponding to a few structural features have undergone modifications in the Antarctic and 

Arctic teleost sequences.  Position 54 is typically occupied by a basic lysine reside that forms an 

unusual left-handed α-helix (Richardson et al., 2000); a glutamine residue (acidic amide) has 

been substituted at this position in the two Antarctic teleost parvalbumins.  Of particular note are 

the residues seen at position 19, which can participate in hydrogen bonding with R75 

(Richardson et al., 2000).  The temperate zone, Antarctic, and Arctic teleost parvalbumins have a 

lysine, threonine, and glutamine residue at position 19, respectively.  The enhancement or 

disruption of hydrogen bonding at this position may affect overall protein stability and influence 

the thermal sensitivity of function.  Finally, positions 61-62 and 79-80 have been identified as 

hinge regions for a DE linker region shift during ion coordination (Thepaut et al., 2001).  We see 

a shift from aspartate to glutamate at position 61 in the two Antarctic teleost parvalbumins as 

well as a shift from glycine to alanine at position 80 for all but the carp parvalbumin. 

 A great deal of structural characterization has been done for hyperthermophilic enzymes 

from archaea bacteria, and specific patterns of structural alteration in response to temperature 

have been observed (Hochachka and Somero, 2002).  These patterns include an increase in the 

number of charged residues (arginine, lysine, glutamate, and aspartate), a decrease in the number 

of uncharged, polar residues (serine, threonine, asparagine, and glutamine), and a shift in 

hydrophobic residues to more bulky side chains (ex. leucine to isoleucine).  We have previously 

postulated that the conservation of parvalbumin functional parameters follows similar patterns to 

those previously observed for enzymes; it follows that adjustments to parvalbumin structure 

might occur in a similar manner to enzymes as well.  Because our study focuses on parvalbumins 

from cold-adapted teleosts, we might expect to see opposite shifts to those described above for 

hyperthermophilic enzymes.   
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The first prediction is that parvalbumins from teleosts native to cold environments will 

have a decreased number of charged residues to reduce ionic interactions and overall protein 

stability.  The Arctic teleost parvalbumin gains one charged residue (D28) but loses two (K71 

and D73) for a net loss of one; the Antarctic teleost parvalbumins gain three charged residues 

(K7, K25, and E28) but lose five (E16, K19, K54, K71, and D73) for a net loss of two charged 

residues.  The second prediction is that polar teleost parvalbumins will have an increased number 

of uncharged, polar residues.  The Arctic teleost parvalbumin has a net loss of three such 

residues (two gained, five lost), while the Antarctic teleost parvalbumins have a net loss of one 

(five gained, six lost).  The third prediction is that polar teleost parvalbumins will have a shift in 

hydrophobic residues to less bulky side chains, leading to more loosely packed residues in the 

interior of the protein and a reduction in van der Waals interactions.  The Arctic teleost 

parvalbumin has two substitutions leading to less bulky side chains but four leading to more 

bulky side chains.  Antarctic teleost parvalbumins have four substitutions leading to less bulky 

side chains and three leading to more bulky side chains.  On balance, the Arctic teleost 

parvalbumin seems to follow the first prediction, but not the second or third, while the Antarctic 

teleost parvalbumins seem to follow the first and third predictions, but not the second.     
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CONCLUSIONS 

  

This study set out to thoroughly characterize the thermal sensitivity of calcium and 

magnesium binding for parvalbumins from teleost fish.  In the first set of experiments, the 

calcium affinity was measured as a function of temperature for parvalbumins from Antarctic and 

temperate zone teleosts.  While the pattern of thermal sensitivity for the Antarctic teleost 

parvalbumins was very similar, calcium KDs were significantly greater at every temperature 

tested than the temperate zone teleost parvalbumins.  However, at the native temperature of each 

species calcium KD was approximately the same.  This finding suggested that calcium affinity, as 

well as other binding parameters, might be conserved in parvalbumins from teleost fish.  In 

addition, we demonstrated that the change in entropy associated with calcium binding to 

parvalbumin indicated that parvalbumins from cold-adapted species are more flexible than those 

from temperate zone species. 

 Parvalbumin also binds magnesium as part of its physiological role.  Before similar 

experiments could be performed for magnesium, we had to develop an assay for magnesium 

binding to parvalbumin similar to the fluo-3 method for calcium.  To that end, the fluorescent 

indicator Magnesium Green was used in fluorescence titrations to determine magnesium KD and 

those values were compared to estimates of magnesium KD derived from two other methods.  

This set of experiments demonstrated that Magnesium Green could be used in a rapid, accurate 

assay for magnesium affinity. 

 Like the Antarctic Notothenioids, Arctic teleosts are adapted to live in cold environments.  

The calcium affinity of parvalbumin from an Arctic teleost was measured as a function of 

temperature and compared to results from chapter 2 to probe for similarities in thermal 

adaptation.  We found that, despite great geographic and phylogenetic separation, the calcium 

affinities of parvalbumins from Arctic and Antarctic teleost have very similar patterns of thermal 

response.  This finding strongly supported conservation of calcium affinity at native temperature.  

In addition, the amino acid sequence of an Arctic teleost parvalbumin was deduced and 

compared to parvalbumin from carp.  The two were very similar (83% homologous), and the ion 

binding sites of both parvalbumins were identical.  Many of the substitutions occurred within the 

non-functional AB region of the protein. 
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 The magnesium affinity of parvalbumin was also measured as a function of temperature 

for Arctic, Antarctic, and temperate zone teleosts.  As with calcium, magnesium KDs for the 

Arctic and Antarctic teleost parvalbumins were very similar, but significantly greater than KDs 

for the temperate zone teleosts.  We also observed similar conservation of magnesium affinity at 

native temperature for all teleost species, indicating that both calcium and magnesium affinity 

are conserved.  This finding is likely a reflection of the physiological importance of both calcium 

and magnesium binding to parvalbumin function. 

 Finally, the instantaneous rate constants for calcium and magnesium dissociation from 

parvalbumins from Arctic, Antarctic, and temperate zone teleosts were measured by stopped-

flow spectrometry.  Magnesium koff were very similar at the native temperature of each species, 

while calcium koff varied more sharply.  This finding indicated that the dissociation rate of 

magnesium from parvalbumin is likely more strictly conserved at native temperature, consistent 

with the role of magnesium in the proposed function of parvalbumin in vivo. 

 One of the major goals of this study was to determine if parvalbumin, a non-catalytic 

protein follows similar patterns of thermal adaptation to those seen for enzymes.  We have 

shown that the thermal sensitivity of several binding characteristics of parvalbumin are 

conserved at the native temperature of teleost fish, akin to similar conservation of Km and kcat in 

enzymes.  Parvalbumins from cold-adapted teleosts are more flexible, reflected in the increased 

reliance in entropy change associated with binding.  Preliminary sequence data indicates that 

most of the major structural features are conserved in cold-adapted teleost parvalbumins, 

including the majority of the cation binding residues.  Substitutions leading to shifts in the 

thermal sensitivity of binding parameters (particularly koff) likely occur outside the active 

binding loops of the protein, possibly in the non-binding AB domain or in regions responsible for 

molecular motions during cation interactions.  Taken in concert, our findings suggest that the 

paradigms of thermal adaptation for enzymes may be closely paralleled in parvalbumin, possibly 

expanding these paradigms to a new class of proteins. 
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APPENDIX 

 

Calcium equilibrium affinity and rate constants for teleost parvalbumins 

Species Temp. (°C) KD (nM) koff (s
-1

) kon (nM
-1

 s
-1

)

C. carpio 0 0.85 ± 0.28 1.16 ± 0.26 1.36 

  5 1.16 ± 0.27 2.15 ± 0.28 1.85 

  15 3.93 ± 0.35 3.20 ± 0.36 0.81 

  25 6.63 ± 0.57 5.29 ± 0.21 0.80 

M. salmoides 0 0.70 ± 0.23 1.25 ± 0.52 1.79 

  5 1.54 ± 0.28 2.35 ± 0.35 1.53 

  15 4.09 ± 0.47 3.36 ± 0.36 0.82 

  25 6.44 ± 0.55 4.65 ± 0.62 0.72 

G. gibberifrons 0 6.03 ± 0.75 2.42 ± 0.35 0.40 

  5 7.19 ± 0.79 4.07 ± 0.15 0.34 

  15 12.08 ± 0.70 5.79 ± 0.53 0.48 

  25 18.01 ± 0.81 8.35 ± 0.42 0.46 

C. aceratus 0 7.03 ± 0.72 2.41 ± 0.26 0.34 

  5 8.34 ± 0.65 4.01 ± 0.45 0.48 

  15 13.29 ± 0.73 5.60 ± 0.91 0.40 

  25 17.98 ± 0.78 10.10 ± 0.36 0.56 

B. saida 0 4.92 ± 0.54 2.12 ± 0.18 0.43 

  5 6.68 ± 0.59 3.60 ± 0.19 0.54 

  15 15.49 ± 1.34 5.11 ± 0.66 0.33 

  25 18.51 ± 1.58 8.33 ± 0.17 0.45 
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Magnesium equilibrium affinity and rate constants for teleost parvalbumins 

Species Temp. (°C) KD (µM) koff (s
-1

) kon (µM
-1

 s
-1

)

C. carpio 0 10.8 ± 1.1 1.25 ± 0.23 0.12 

  5 12.4 ± 1.0 2.35 ± 0.36 0.19 

  15 16.7 ± 0.5 4.12 ± 0.28 0.25 

  25 21.4 ± 1.0 7.34 ± 0.46 0.34 

M. salmoides 0 11.6 ± 1.0 1.50 ± 0.26 0.13 

  5 13.2 ± 0.8 2.20 ± 0.31 0.17 

  15 17.6 ± 1.5 3.90 ± 0.25 0.22 

  25 22.2 ± 1.4 6.92 ± 0.29 0.31 

G. gibberifrons 0 22.6 ± 1.2 5.28 ± 0.34 0.23 

  5 25.5 ± 1.4 7.43 ± 0.60 0.29 

  15 32.2 ± 0.9 10.66 ± 0.36 0.33 

  25 37.9 ± 1.3 15.09 ± 0.20 0.40 

C. aceratus 0 23.1 ± 0.5 5.43 ± 0.33 0.23 

  5 26.4 ± 1.4 7.25 ± 0.28 0.27 

  15 32.0 ± 0.9 11.10 ± 0.59 0.35 

  25 37.9 ± 0.9 15.32 ± 0.52 0.40 

B. saida 0 21.0 ± 0.8 4.21 ± 0.25 0.20 

  5 23.5 ± 0.9 5.98 ± 0.30 0.25 

  15 29.8 ± 1.2 9.03 ± 0.55 0.30 

  25 35.7 ± 0.9 13.22 ± 0.28 0.37 

 

 

 

 

 

 

 

 

 

 

   70 

 



REFERENCES 

  

Agah, S., Larson, J. D. and Henzl, M. T. (2003). Impact of proline residues on parvalbumin 

stability. Biochemistry 42, 10886-10895. 

 

Blancuzzi, Y., Padilla, A., Parello, J. and Cave, A. (1993). Symmetrical rearrangement of the 

cation-binding sites of parvalbumin upon Ca
2+

/Mg
2+

 exchange.  A study by 
1
H 2D NMR. 

Biochemistry 32, 1302-1309. 

 

Blumenschein, T. M., Gillis, T. E., Tibbits, G. F. and Sykes, B. D. (2004). Effect of temperature 

on the structure of trout troponin C. Biochemistry 43, 4955-63. 

 

Cates, M. S., Teodoro, M. L. and Phillips, G. N., Jr. (2002). Molecular mechanisms of calcium 

and magnesium binding to parvalbumin. Biophysical Journal 82, 1133-46. 

 

Chen, G., Carroll, S., Racay, P., Dick, J., Pette, D., Traub, I., Vrbova, G., Eggli, P., Celio, M. and 

Schwaller, B. (2001). Deficiency in parvalbumin increases fatigue resistance in fast-

twitch muscle and upregulates mitochondria. American Journal of Physiology: Cell 

Physiology 281, C114-22. 

 

Cox, J. A., Durussel, I., Scott, D. J. and Berchtold, M. W. (1999). Remodeling of the AB site of 

rat parvalbumin and oncomodulin into a canonical EF-hand. European Journal of 

Biochemistry 264, 790-799. 

 

Cox, J. A., Milos, M. and MacManus, J. P. (1990). Calcium- and magnesium-binding properties 

of oncomodulin. Direct binding studies and microcalorimetry. Journal of Biological 

Chemistry 265, 6633-7. 

 

Doumen, C. and Ellington, W. R. (1992). Intracellular free magnesium in the muscle of an 

osmoconforming marine invertebrate: measurement and effect of metabolic and acid-base 

perturbations. Journal of Experimental Zoology 261, 394-405. 

 

Drake, S. K., Lee, K. L. and Falke, J. J. (1996). Tuning the equilibrium ion affinity and 

selectivity of the EF-hand calcium binding motif: substitutions at the gateway position. 

Biochemistry 35, 6697-6705. 

 

Eberhard, M. and Erne, P. (1991). Analysis of calcium binding to α -lactalbumin using a 

fluorescent calcium indicator. European Journal of Biochemistry 202, 1333-1338. 

 

Eberhard, M. and Erne, P. (1994). Calcium and magnesium binding to rat parvalbumin. 

European Journal of Biochemistry 222, 21-26. 

 

Erickson, J. R., Sidell, B. D. and Moerland, T. S. (2005). Temperature sensitivity of calcium 

binding for parvalbumins from Antarctic and temperate zone teleost fishes. Comparative 

Biochemistry and Physiology: Part A, Molecular & Integrative Physiology 140(2), 179-

85. 

   71 

 



 

Falke, J. J., Drake, S. K., Hazard, A. L. and Peersen, O. B. (1994). Molecular tuning of ion 

binding to calcium signaling proteins. Quarterly Review of Biophysics 27, 219-90. 

 

Fields, P. A. and Somero, G. N. (1998). Hot spots in cold adaptation: localized increases in 

conformational flexibility in lactate dehydrogenase A4 orthologs of Antarctic 

notothenioid fishes. Proceedings of the National Academy of Science U.S.A 95, 11476-

81. 

 

Gerday, C., Goffard, P. and Taylor, S. R. (1991). Isolation and characterization of parvalbumins 

from skeletal muscles of a tropical amphibian, Leptodactylus insularis. Comparative 

Physiology B 161, 475-481. 

 

Gillis, T. E. and Tibbits, G. F. (2002). Beating the cold: the functional evolution of troponin C in 

teleost fish. Comparative Biochemistry and Physiology: Part A 132, 763-772. 

 

Heizmann, C. W. (1984). Parvalbumin, an intracellular calcium-binding protein; distribution, 

properties, and possible roles in mammalian cells. Experientia 40, 910-921. 

 

Henzl, M. T., Larson, J. D. and Agah, S. (2000). Influence of monovalent cations on rat alpha- 

and beta-parvalbumin stabilities. Biochemistry 39, 5859-67. 

 

Henzl, M. T., Larson, J. D. and Agah, S. (2003). Estimation of parvalbumin Ca
2+

 and Mg2
+
 

binding constants by global least-squares analysis of isothermal titration calorimetry data. 

Analytical Biochemistry 319, 216-33. 

 

Hochachka, P. W. and Somero, G. N. (2002). Biochemical Adaptation. Oxford: Oxford 

University Press. 

 

Holland, L. Z., McFall-Ngai, M. and Somero, G. N. (1997). Evolution of lactate dehydrogenase-

A homologs of barracuda fishes (genus Sphyraena) from different thermal environments: 

differences in kinetic properties and thermal stability are due to amino acid substitutions 

outside the active site. Biochemistry 36, 3207-15. 

 

Hou, T. T., Johnson, J. D. and Rall, J. A. (1991). Parvalbumin content and Ca
2+

 and Mg
2+

 

dissociation rates correlated with changes in relaxation rate of frog muscle fibers. Journal 

of Physiology 441, 285-304. 

 

Hou, T. T., Johnson, J. D. and Rall, J. A. (1993). Role of parvalbumin in relaxation of frog 

skeletal muscle. Advances in Experimental Medicine and Biology 332, 141-51. 

 

Hou, T.-T., Johnson, J. D. and Rall, J. A. (1992). Effect of temperature on relaxation rate and 

Ca
2+

, Mg
2+

 disassociation rates from parvalbumin of frog muscle fibers. Journal of 

Physiology 449, 399-410. 

 

   72 

 



Kayne, F. J. and Price, N. C. (1972). Conformational changes in the allosteric inhibition of 

muscle pyruvate kinase by phenylalanine. Biochemistry. 11(23), 4415-20. 

 

Kretsinger, R. H. and Nockolds, C. E. (1973). Carp muscle calcium-binding protein. II. Structure 

determination and general description. Journal of Biological Chemistry 248, 3313-3326. 

 

Kushmerick, M. J., Dillon, P. F., Meyer, R. A., Brown, T. R., Krisanda, J. M. and Sweeney, H. 

L. (1986). 
31

P NMR spectroscopy, chemical analysis, and free Mg
2+

 of rabbit bladder and 

uterine smooth muscle. Journal of Biological Chemistry 261, 14420-14429. 

 

Laberge, M., Wright, W. W., Sudhakar, K., Liebman, P. A. and Vanderkooi, J. M. (1997). 

Conformational effects of calcium release from parvalbumin: comparison of 

computational simulations with spectroscopic investigations. Biochemistry 36, 5363-71. 

 

Laforet, C., Feller, G., Narinx, E. and Gerday, C. (1991). Parvalbumin in the cardiac muscle of 

normal and hemoglobin-myoglobin-free Antarctic fish. Journal of Muscle Research & 

Cell Motility 12, 472-8. 

 

Laney, E. L., Shabanowitz, J., King, G., Hunt, D. F. and Nelson, D. J. (1997). The isolation of 

parvalbumin isoforms from the tail muscle of the American alligator (Alligator 

mississipiensis). Journal of Inorganic Biochemistry 66, 67-76. 

 

Laughlin, M. R. and Thompson, D. (1996). The regulatory role for magnesium in glycolytic flux 

of the human erythrocyte. Journal of Biological Chemistry 271, 28977-83. 

 

Lawson, J. W. and Veech, R. L. (1979). Effects of pH and free Mg
2+

 on the Keq of the creatine 

kinase reaction and other phosphate hydrolyses and phosphate transfer reactions. Journal 

of Biological Chemistry 254, 6528-37. 

 

Lostroh, A. J. and Krahl, M. E. (1973). Insulin action. Accumulation in vitro of Mg
2+

 and K
+
 in 

rat uterus: ion pump activity. Biochimica et Biophysica Acta 291, 260-8. 

 

Malmendal, A., Linse, S., Evenas, J., Forsen, S. and Drakenberg, T. (1999). Battle for the EF-

hands: magnesium-calcium interference in calmodulin. Biochemistry 38, 11844-50. 

 

Moeschler, H. J., Schaer, J. J. and Cox, J. A. (1980). A thermodynamic analysis of the binding of 

calcium and magnesium ions to parvalbumin. European Journal of Biochemistry 111, 73-

8. 

 

Muntener, M., Kaser, L., Weber, J. and Berchtold, M. W. (1995). Increase of skeletal muscle 

relaxation speed by direct injection of parvalbumin cDNA. Proceedings of the National 

Academy of Science 92, 6504-6508. 

 

O'Grady, S. M. and DeVries, A. L. (1982). Osmotic and ionic regulation in polar fishes. Journal 

of Experimental Marine Biology and Ecology 57, 219-228. 

 

   73 

 



Pauls, T. L., Durussel, I., Cox, J. A., Clark, I. D., Szabo, A. G., Gagne, S. M., Sykes, B. D. and 

Berchtold, M. W. (1993). Metal binding properties of recombinant rat parvalbumin wild-

type and F102W mutant. The Journal of Biological Chemistry 268, 20897-20903. 

 

Rall, J. A. (1996). Role of parvalbumin in skeletal muscle relaxation. News in Physiological 

Sciences 11, 249-255. 

 

Resnick, L. M., Gupta, R. K. and Laragh, J. H. (1984). Intracellular free magnesium in 

erythrocytes of essential hypertension: relation to blood pressure and serum divalent 

cations. Proceedings of the National Academy of Science U.S.A 81, 6511-5. 

 

Richardson, R. C., King, N. M., Harrington, D. J., Sun, H., Royer, W. E. and Nelson, D. J. 

(2000). X-ray crystal structure and molecular dynamics simulations of silver hake 

parvalbumin (isoform B). Protein Science 9, 73-82. 

 

Robertson, S. P., Johnson, J. D. and Potter, J. D. (1981). The time-course of Ca
2+

 exchange with 

calmodulin, troponin, parvalbumin, and myosin in response to transient increases in Ca
2+

. 

Biophysical Journal 34, 559-569. 

 

Sidell, B. D. (2000). Life at body temperatures below 0°C: the physiology and biochemistry of 

Antarctic fishes. Gravitational and Space Biology Bulletin 13, 25-34. 

 

Somero, G. N. (1995). Proteins and temperature. Annual Review of Physiology 57, 43-68. 

 

Somero, G. N. and Low, P. S. (1977). Eurytolerant proteins: mechanisms for extending the 

environmental tolerance range of enzyme-ligand interactions. The American Naturalist 

111, 527-538. 

 

Tanokura, M., Imaizumi, M. and Yamada, K. (1986). A calorimetric study of Ca
2+

 binding by 

the parvalbumin of the toad (bufo): distinguishable binding sites in the molecule. FEBS 

Letters 209, 77-82. 

 

Tanokura, M. and Yamada, K. (1987). Heat capacity and entropy changes of the two major 

isotypes of bullfrog (Rana catesbeiana) parvalbumins induced by calcium binding. 

Biochemistry 26, 7668-74. 

 

Thepaut, M., Strub, M., Cave, A., Baneres, J., Berchtold, M. W., Dumas, C. and Padilla, A. 

(2001). Structure of rat parvalbumin with deleted AB domain: implications for the 

evolution of EF hand calcium-binding proteins and possible physiological relevance. 

Proteins: Structure, Function, and Genetics 45, 117-128. 

 

Yamada, K. (1999). Thermodynamic analyses of calcium binding to troponin C, calmodulin and 

parvalbumins by using microcalorimetry. Molecular and Cellular Biochemistry 190, 39-

45. 

 

 

   74 

 



BIOGRAPHICAL SKETCH 

 

Personal 

 

Jeffrey Robert Erickson 

Born March 4, 1977 in Park Falls, WI 

 

Education 

 

September, 2005 Ph.D. in Biological Science 

   Florida State University, Tallahassee, FL 

 

August, 1999  B.S. in Biological Science 

   Florida State University, Tallahassee, FL  

 

June, 1995  Springfield North High School, Springfield, OH 

 

Professional Experience 

 

1999-2005 Graduate Research Assistant 

Department of Biological Science, Florida State University 

 

1997-1999 Undergraduate Laboratory Assistant 

Department of Biological Science, Florida State University 

 

Publications 

 

Erickson, J.E. and T.S. Moerland.  Thermal sensitivity of rate constants for calcium and 

magnesium binding to teleost parvalbumins.  In preparation. 

 

Erickson, J.E. and T.S. Moerland.  Temperature sensitivity of magnesium binding by 

parvalbumins from Arctic, Antarctic, and temperate zone teleost fish.  In preparation. 

 

Erickson, J.E. and T.S. Moerland.  Functional characterization of parvalbumin from the Arctic 

cod (Boreogadus saida): similarity in calcium affinity among parvalbumins from polar 

teleosts.  Comparative Biochemistry and Physiology: Part A.  In review. 

 

Erickson, J.E. and T.S. Moerland.  A competition assay of magnesium affinity for EF-hand 

proteins based upon the fluorescent indicator Magnesium Green.  Analytical 

Biochemistry.  In press. 

 

Erickson, J.E., B.D. Sidell, and T.S. Moerland.  2005.  Temperature sensitivity of calcium 

binding for parvalbumins from Antarctic and temperate zone teleost fishes.  Journal of 

Comparative Biochemistry and Physiology: Part A.  140: 179-185. 

 

Presentations 

   75 

 



   76 

 

Thermal adaptation of ion-binding function in parvalbumin.  Invited lecture: Vanderbilt 

University.  June 27, 2005. 

 

Thermal adaptation of ion-binding function in parvalbumin.  Invited lecture: University of 

Colorado, Boulder.  March 4, 2005. 

 

Calcium-binding characteristics of parvalbumin isolated from the Arctic cod (Boreogadus 

saida).  Society for Integrative and Comparative Biology 2004.  New Orleans, LA  January 5-9 

2004. 

 

Living at Extreme Temperatures: Genes to Organisms.  Experimental Biology 2002.  New 

Orleans, LA  April 20-24 2002.  

 

Awards and Honors 

 

American Heart Association Predoctoral Fellowship (2004-2005)  Structural and functional 

characterization of the calcium binding protein parvalbumin 

 

University Dissertation Fellowship (2003-2004): To defray the cost of a small number of 

consumable supplies in the laboratory during dissertation research 

 


	The Florida State University
	DigiNole Commons
	9-19-2005

	Thermal Sensitivity of Calcium and Magnesium Binding for Parvalbumins from Teleost Fish
	Jeffrey Robert Erickson
	Recommended Citation


	Parvalbumin Sequence Determination
	Statistical analysis
	Results

