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Abstract
This chapter explores the structural responses of a massive, hetero-oligomeric protein complex to
a single allosteric activator as probed by a wide range of chemical, biochemical, and biophysical
approaches. Some of the approaches used are amenable only to large protein targets, whereas
others push the limits of their utility. Some of the techniques focus on individual subunits, or
portions thereof, while others examine the complex as a whole. Despite the absence of
crystallographic data for the complex, the diverse techniques identify and implicate a small region
of its catalytic subunit as the master allosteric activation switch for the entire complex.

Keywords
Protein structure; Hetero-oligomeric protein complexes; Chemical crosslinking; Proteolysis;
Electron microscopy; Chemical footprinting; Small-angle X-ray scattering; Allosteric switch

1. Introduction
The large protein complex that is featured in this chapter as a model system for the detection
of conformational changes caused by an allosteric activator is skeletal muscle phosphorylase
kinase (PhK), the first protein kinase to be purified and characterized (1). It remains one of
the most complex enzymes known, being composed of 16 subunits (αβγδ)4, and having a
total mass of 1.3 × 106 Da (2). The γ subunit is catalytic, but accounts for only 13.7% of
PhK’s mass. The remaining subunits are regulatory and impose quaternary constraint on the
activity of the catalytic subunit in PhK’s nonactivated basal state. A wide variety of
allosteric activators act upon the regulatory subunits of PhK, and these include ADP, GDP,
glycogen, acidic phospholipids, certain gangliosides, and phosphorylation of the α and β
subunits; however, the most fundamental allosteric activator is Ca2+, because the enhanced
activity induced by all other activators is completely Ca2+-dependent. It appears that there is
a fundamental tier of Ca2+-dependent conformational changes leading to activation, with
additional conformational changes induced by the other activators being layered upon this
fundamental tier to cause as much as a 100-fold cumulative activation at physiological pH.
Consequently, we have sought to elucidate the Ca2+-dependent conformational changes in
the PhK complex as the first step in understanding its overall allosteric activation. Although
the large mass of the complex limits some of the physicochemical approaches that can be
used, in contrast, it opens the door to a large number of informative approaches not practical
with smaller enzymes.

The primary target for Ca2+ ions in the PhK complex is undoubtedly the δ subunit, which is
calmodulin (CaM), although a recent sequence analysis suggests the presence of calcineurin
B-like domains in the α and β subunits that may also be potentially capable of binding Ca2+
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(3). The behavior of the CaM subunit of PhK has long been known to be unusual in two
ways. First, it remains a tightly bound subunit of the complex even in the complete absence
of Ca2+; and second, it has been reported to bind only three Ca2+ ions, despite its four EF-
hands (4). Results from a variety of techniques are consistent with the catalytic γ subunit
being a major interaction partner for the CaM (δ) subunit within the PhK complex: an
isolated γδ dimer retains Ca2+-dependent kinase activity (5); the carboxy-terminal
regulatory domain of γ (γCRD) beyond its catalytic domain contains two distinct regions
with high affinity for CaM (6), and removal of these regions from the isolated γ subunit
results in Ca2+-independent kinase activity (7); and a γδ conjugate can be formed by
chemical crosslinking of the (αβγδ)4 complex (8, 9). A variety of chemical, biochemical,
and biophysical approaches have been utilized to determine the effects of Ca2+ on PhK’s
structure and properties.

2. Effects of Ca2+ on Individual Subunits in the PhK Complex
Many of the approaches used have sought to identify specific sub-units of PhK that are
structurally affected, either directly or indirectly, by the binding of Ca2+. As will be
described, each of its four different subunits has been shown to be affected. Yet, one of the
most informative and specific techniques for detecting conformational changes, namely,
hydrogen–deuterium exchange, has yet to be evaluated with PhK ± Ca2+, because of the
very large size of the complex.

2.1. Single-Pair Fluorescence Resonance Energy Transfer
Fluorescence resonance energy transfer (FRET) is an extremely sensitive method for
assessing conformational dynamics in proteins, and in the case of PhK, it was used to
determine the conformations of its δ (CaM) subunit in the absence and presence of Ca2+

(10). A double mutant of CaM was first derivatized with a fluorescent donor–acceptor pair
at opposite ends of the molecule. A small amount of this derivatized CaM was then
exchanged for wild-type CaM in the (αβγδ)4 PhK complex by incubation with low
concentrations of urea (0.5 M) in the absence of Ca2+, following which, the PhK was
repurified by size-exclusion HPLC. Because of the theoretical possibility of different PhK
complexes containing different numbers of derivatized CaM subunits (1–4), single molecule
fluorescence spectroscopy was employed to assess the conformational substates of the PhKδ
subunit, with the distribution of FRET distances representing compact to extended
conformations. This approach revealed that the conformational substates of CaM bound as
the δ subunit of the PhK complex compared to free CaM were greatly skewed toward a
higher percentage of extended conformations in the complex (40% vs. 26%). The binding of
Ca2+ to PhKδ further increased the percentage of extended conformers to 45%, which again
was markedly different than the conformational substate distributions of free Ca2+ CaM.
These results indicate that the other subunits of PhK exert a dramatic effect on the
conformation of CaM bound as PhKδ.

Intrinsic to the above interpretation that populations of bound CaM molecules with the
donor–acceptor pair at different apparent distances represent different conformational
substates of the δ subunits is the assumption that the conformational substates of the δ
subunit are in dynamic equilibrium, as is observed with free CaM. The large size and
consequent slow diffusion rate of PhK allowed evidence to be gained in support of this
assumption. Trajectory studies over time, some for up to 4 ms, followed single molecules of
PhK having bound derivatized CaM that was observed to repeatedly jump from one
conformational substate to another (10). Thus, the small δ subunits of PhK exercise
considerable conformational plasticity, even when loaded with Ca2+ and interacting with the
other subunits within the complex.
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2.2. Partial Proteolysis
Limited proteolysis followed by analysis on SDS–PAGE gels is a simple, yet effective,
method for detecting ligand-induced conformational changes in proteins (see Note 1). It is
especially useful for large, hetero-oligomeric complexes, because specific subunits affected
by a ligand can usually be detected. Using a wide variety of 11 different proteases, the α
subunit within the nonactivated (αβγδ)4 PhK complex was observed to generally be the
most rapidly degraded, followed by the β subunit, with the γ and finally δ subunits being
relatively resistant to hydrolysis (11). Utilizing partial proteolysis as a conformational probe
successfully detected activated conformers of PhK produced by a number of ligands and
phosphorylation. In the case of the allosteric activator Ca2+, the β subunit was protected
from hydrolysis by trypsin (11), whereas the rate of hydrolysis of the α subunit by
chymotrypsin was stimulated threefold (12). These results indicate that conformational
changes induced in the δ subunit by the binding of Ca2+ are transmitted to both of PhK’s
large regulatory α and β subunits.

2.3. Immunochemical Analysis
Conformation-sensitive antibodies represent another highly sensitive tool that is unaffected
by the size of the protein target, and as above, it allows specific subunits in a complex to be
targeted. Based upon their earlier work using overlapping synthetic peptides corresponding
to the γCRD to identify two noncontiguous CaM-binding domains within that region of γ
(6), Blumenthal and colleagues generated monospecific polyclonal antibodies against four
synthetic peptides that covered the entire length of the γCRD. Using ELISA, these
antibodies were then screened as conformational probes of the regulatory region of the γ
subunit within the (αβγδ)4 complex (13). Ca2+ was reported to exert its greatest effect on
the antibodies against regions nearest to the catalytic domain of γ, with their binding being
enhanced, suggesting the activator causes increased exposure of the epitopes in question.
Comparing the effects of these antibodies on Ca2+-dependent activity vs. their dependence
on Ca2+ for binding allowed insightful inferences to be made regarding the functional roles
of these regions of the γCRD on the allosteric activation by Ca2+.

Monoclonal antibodies specific for the individual subunits of PhK have also proved to be
sensitive conformational probes for the effects of a variety of activators, but none of them
detected structural changes caused by Ca2+ (14, 15). These antibodies were, however,
valuable in mapping the relative locations of epitopes of PhK’s individual subunits by
immunoelectron microscopy (immunoEM), which is shown for a single αβγδ protomer in
Fig. 1. Note that the catalytic γ subunit is surrounded by portions of its three regulatory
subunits (14–17).

2.4. Chemical Footprinting
Chemical modification of proteins has been used for many years to assess the functional
roles and solvent accessibility of specific amino acids. The latter, often referred to as
chemical footprinting, is especially useful for detecting conformational changes in
oligomeric complexes at the subunit level by measuring differences in the extent of their
modification in the absence and presence of an allosteric ligand (see Note 2). The most
useful chemical footprinting reagents contain functional groups that allow the reagent to be

1When evaluating partial proteolysis as a conformational probe, a wide variety of proteases should be screened, as in ref. 11, and of
course, this should be done under the conditions that the enzyme in question demonstrates its allosteric response. For analysis of a
response to an allosteric effector, the proteolysis should still be in its linear phase, so that either inhibition or stimulation can be readily
observed. Also, it is important to test the same protease against several other protein substrates to ensure that any observed effect of a
ligand is due to its action on the protein of interest, and not on the protease being used. Finally, with the widespread availability of
mass spectrometry to readily analyze protein fragments, this technique is becoming even more useful.
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readily detected and that react preferentially with specific amino acid side chains (Table 1).
Using 3H-iodoacetate (a reagent that preferentially targets protein thiols) and formaldehyde
(a compound that bis-methylates lysine ε-amines in the presence of NaCNBH3), Ca2+ was
found to increase labeling of the catalytic γ subunit in the PhK complex by both reagents
(18), consistent with the immunochemical results described above.

2.5. Chemical Crosslinking
Crosslinking is a technique used to covalently link two or more chemical functional groups,
in this case amino acid side chains, and it can detect conformational changes in proteins and
within protein complexes (19). As an extension of general protein chemical modification,
chemical crosslinking is an empirical technique that is governed by the same variables
described for chemical footprinting; however, because crosslinking utilizes reagents
containing more than one reactive functional group (Table 1), the number of potential
products formed is far greater than those generated using simple monofunctional reagents.
As depicted in Fig. 2, crosslinking is an ongoing process in which coupling reactions
between two proteins may progress from a single heteromeric conjugate to large polymeric
arrays of indeterminable stoichiometry. The specificity of crosslinking is directly dependent
on the selectivity of the crosslinking reagent used and stringent control of the crosslinking
reaction, both of which are determined empirically by screening the protein target with a
variety of cross-linkers under a range of conditions (19). For an oligomeric complex, the
overall goal of such a screening is to limit the formation of crosslinked conjugates to a few
readily identifiable species, so that each is formed in sufficient quantity for analysis of its
subunit composition by apparent mass (SDS–PAGE), cross-reaction against subunit-specific
antibodies (Western blots), or its primary structure (gas phase sequencing, MS). Although
crosslinking can occur within a given subunit of a protein complex, we refer in this section
only to crosslinking between subunits of that complex (see Note 3). For in-depth reviews on
chemical crosslinking, see the books of Hermanson (20) and Wong (21).

An allosteric ligand may alter the extent of formation of a given conjugate, or produce a
different subunit crosslinking pattern, or both. In the case of PhK, Ca2+ was shown to
increase the formation of αγγ and αδ conjugates that were initially observed after cross-
linking the native complex with phenylene dimaleimide (PDM) (18). Similarly, a Ca2+-
dependent increase in formation of a βδ conjugate by the crosslinker m-maleimidobenzoyl-
N-hydroxysuccinimide ester was observed; however, Ca2+ promoted crosslinking of
different regions of the δ subunit to β in that conjugate (18). A novel αγδδ conjugate was
observed when PhK was crosslinked by PDM only in the presence of Ca2+ (18). Formation
of a γδ conjugate by the zero-length crosslinker N-ethoxycarbonyl-2-ethoxy-1,2-

2Chemical footprinting and all other protein chemical modification methods are empirical techniques that are influenced by a number
of variables, including the concentrations of reactants, time and temperature of the reaction, and the pH value (19). The variability
inherent in these techniques derives primarily from the protein itself, specifically the numerous potentially reactive amino acid side
chains that may be targeted selectively by different classes of reagents. With only a few exceptions, the amino acids that typically
undergo chemical modification (tyrosine, lysine, cysteine, histidine, aspartic acid, and glutamic acid) contain ionizable nucleophilic
side chains. The microenvironment (location in the protein) of a side chain functional group directly influences its accessibility,
polarity, and noncovalent interactions with other residues or solvent. These and other factors ultimately lead to differences in
reactivity for a given functional group that can occur even on the surface of a protein, thus causing difficulty in selectively targeting a
particular side chain with a single reagent. To optimize selectivity and extent of modification of a protein, it is important to screen
multiple reagents having different reactive functional groups (Table 1), water solubility, reporter groups, etc., while varying the time,
pH, and concentration of the reactants. As with partial proteolysis, screens should be performed under conditions in which the target
protein responds to its cognate allosteric ligand and undergoes chemical modification linearly with time.
3A necessary precaution in determining whether a given crosslinking reagent is a suitable conformational probe is to verify that a
covalent conjugate of interest is derived from crosslinking within a complex as opposed to between complexes. This verification can
usually be achieved by size-exclusion chromatography (SEC) over a matrix capable of separating the native complex from its dimers
and higher order multimers (22). Following crosslinking, the reaction is quenched (using an excess of a general nucleophilic reagent
such as mercaptoethanol or lysine) and applied to SEC. The protein fractions that coelute with the native complex are collected and
analyzed by SDS–PAGE. Any conjugates detected in these fractions represent intersubunit crosslinking within the complex.
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dihydroquinoline (EEDQ) was inhibited by Ca2+ (9), and a Ca2+-dependent linkage between
the γ and α subunits was revealed when PhK was crosslinked with N-5-azido-2-
nitrobenzoyl-oxysuccinimide (22), 4-phenyl-1,2,4-triazoline-3,5-dione (23), or
formaldehyde (12). Moreover, nearly all the other known allosteric activators of PhK
besides Ca2+ increased crosslinking between the α and γ subunits in the PhK complex (24),
suggesting structural similarities among the conformers induced by these activators and that
enhanced αγ crosslinking is a marker for activated forms of PhK (24). Evidence for the
latter came from showing that the complex remained partially activated after crosslinking in
the presence of activators, even after they were subsequently removed (18, 22, 24),
suggesting that structural features of the activated conformers were trapped by crosslinking.

Recent advances in MS and search engine technologies have considerably strengthened the
utility of the crosslinking approach by enhancing the identification and characterization of
crosslinked peptides from digests of nanomolar amounts of protein conjugates (ref. 25 and
references therein). Although Fig. 2 indicates products from the crosslinking of proteins to
already be complex, the number of potential products generated after digesting conjugates of
large proteins is immense, and such products are essentially impossible to characterize in
their entirety without computational assistance. We have recently employed search engine
technologies developed by our laboratory (26) and by Yu et al. (27) in combination with FT-
ICR MS to determine specific crosslinked residues in βγ (28) and γδ (9) conjugates formed
in the PhK complex. In each case, the crosslink to γ was within its CRD, with the γδ EEDQ
zero-length conjugate being of special interest, because the residue of δ (CaM) crosslinked
to a γ-lysyl group was an aspartyl residue in its third EF hand, indicating that within the
PhK complex that Asp, normally a Ca2+ ligand in CaM, is in a salt-bridge with the Lys, thus
explaining the binding of only three Ca2+ ions by PhKδ (4). These crosslinking studies
provided the first direct evidence for linkages in the PhK complex between functional
domains of its regulatory α, β, and δ subunits and the regulatory domain of its catalytic γ
subunit (Fig. 3).

3. Effects of Ca2+ on the Overall Structure of the PhK Complex
The experimental approaches described above indicate that the structure of every individual
subunit of the PhK complex is altered by the binding of Ca2+ to its δ subunit. A number of
biophysical techniques corroborate the notion that Ca2+ does indeed induce widespread
structural changes throughout the large PhK complex, involving alterations in its secondary,
tertiary, and quaternary structure.

3.1. Conformational Changes Observed Through Spectroscopy
Tertiary structure was examined through second derivative UV absorption spectroscopy to
monitor changes in the microenvironments of PhK’s 428 Phe, 460 Tyr, and 124 Trp residues
upon the binding of Ca2+. The second derivative spectrum for the nonactivated enzyme
showed six negative peaks having the following residue assignments: Phe (~245 and 251
nm), Tyr (~260 and 270 nm), overlapping Tyr/Trp signal (~276 nm), and Trp (~285 nm)
(29). The only peak shifts observed to occur upon the binding of Ca2+ were for those
assigned to Tyr residues, which were shifted to a longer wavelength, suggesting that those
residues then occupied a more apolar environment (30).

The conclusions from second derivative UV absorption spectroscopy were consistent with
those from intrinsic fluorescence spectroscopy. Although the intrinsic fluorescence emission
peaks of Tyr and Trp residues in proteins overlap, these residues can be distinguished
through the synchronous fluorescence technique (31, 32), which utilizes simultaneous
scanning by the excitation and emission monochromators. Again, the binding of Ca2+,
especially at pH values >7.0, showed burial of Tyr residues (29, 33). Given that the α and β
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subunits of PhK contain 82% of its Tyr residues, the spectral changes described most likely
reflect structural changes in those subunits.

Circular dichroism was used to investigate changes in the secondary structure of PhK caused
by the binding of Ca2+. The spectrum showed two minima near 208 and 220 nm, which is
characteristic of proteins containing significant α-helical content. At pH values >7.0, the
addition of Ca2+ shifted the second peak to 223 nm and increased its intensity, whereas the
ellipticity at 208 nm was reduced without a change in peak position (29). Because the ratio
of negative ellipticity at 222–208 nm is an index of the extent of interaction between α-
helices and β-sheets (34, 35), the binding of Ca2+ can be considered to decrease the
interactions between these structural elements in the PhK complex.

Examination of secondary structure by Fourier transform infrared (FTIR) spectroscopy also
showed Ca2+-induced spectral changes, especially at 1,652 cm−1, a frequency near the band
normally assigned to α-helices (36). The second derivative spectrum of the nonactivated
conformer of PhK in this region suggested the presence of simple α-helices, whereas the
Ca2+-activated conformer showed a new shoulder at 1,647 cm−1 (37). Second derivative
minima near 1,645 ± 4 cm−1 are typically assigned to unordered structure (36) or distorted
helices (38). Thus, the binding of Ca2+ by PhK may decrease the amount of highly ordered
α-helices within the complex.

For all of the spectral techniques in this section but FTIR, it was possible to vary the
temperature, and without exception, the spectral signals were maintained to a significantly
higher temperature with the nonactivated, Ca2+-free conformer (37). Thus, the secondary
and tertiary structures were maintained to higher temperatures. Upon binding Ca2+, PhK
becomes increasingly labile to thermal perturbation, suggesting that activation by Ca2+ is
associated with a less stable conformation of the complex.

3.2. Conformational Changes Detected Zeta Potential by Analysis
The zeta potential reflects the colloid shear surface to solvent interface environment (Stern
Layer), a relatively ordered layer of solvent molecules that diffuses as part of the colloid
particle. A change in electrostatic surface potential as a result of alterations in the
interactions of solvent-accessible charged residues will alter the Stern Layer of a protein,
and consequently, its zeta potential (39). Thus, zeta potential values provide an estimate of
effective surface charge. At neutral pH, the nonactivated conformer of PhK has a zeta
potential of −33 mV; however, upon binding Ca2+, its zeta potential becomes dramatically
less negative, to between −22 (36) and −13 mV (29). That this change in zeta potential is
associated with PhK’s activation, rather than just the binding of Ca2+ ions, is confirmed by
the observation that increasing the pH to >7, which also activates the enzyme through
deprotonation of residues on its regulatory α and/or β subunits, causes a similar change in
zeta potential (29). Consequently, activation of PhK by either mechanism is associated with
either the burial or neutralization of acidic surface side chains or the increased exposure of
basic residues. Inasmuch, however, as the activity at elevated pH remains Ca2+-dependent,
there must be additional Ca2+-dependent conformational changes besides those associated
with just the change in zeta potential. These have, in fact, been detected as an increase in the
ratio of ellipticity at 222 nm vs. 208 nm (29), as described in the previous section; however,
the increase in this ratio occurs only in conformers of the PhK complex having less negative
zeta potential values. The pH- and Ca2+-dependent conformers of PhK that have been
observed, depicted in Fig. 4, are inter-dependent, and multiple, independent approaches,
many described herein, corroborate the conformational transitions shown. The conformer
with the greatest catalytic activity is the Ca2+-bound form at high pH.
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3.3. Conformational Changes Detected by Electron Microscopy
Electron microscopy with single-particle reconstruction provides a means for determining
low-to-medium resolution three-dimensional structures of large protein complexes that are
refractory to crystallization, such as PhK. In the single molecule approach, images of
proteins are obtained from either molecules stained on carbon grids (negative staining) or
frozen in vitreous ice (cryoEM), generating fields of the particles, which are considered as
rigid body copies in different orientations (40). Each image is assigned directional (Euler)
angles on the basis of an initial model, which may be deduced (41) or determined
experimentally by methods such as the random conical tilt (42). Fourier transforms of the
images are then aligned, averaged, and combined using best fit Euler angles from the model
in three-dimensional Fourier space, followed by back transformation to generate a real-space
reconstruction. The process is then repeated using the new reconstruction as a starting model
and continued iteratively to further refine the structure. Reconstructions of the nonactivated
and Ca2+-activated conformers of PhK were carried out with images of negatively stained
molecules of the kinase using a simple spheres starting model (41), based on a previously
deduced structure of the kinase (43). To account for potential differences in negative
staining and enzyme preparations, reconstructions from three different PhK preparations
were carried out ±Ca2+. Because the differences among the reconstructions for each
conformer proved to be minor, all the particles from each kinase preparation were combined
and averaged for each of the conformers. Comparison of the two averaged structures showed
that Ca2+ promoted significant redistribution of density in both the lobe and bridge regions
of the complex without significantly altering its maximum dimension (260 Å). Major
structural changes in the lobes occurred in regions corresponding to the approximate
positions mapped for the α, γ, and δ subunits in the complex (Fig. 1), corroborating Ca2+-
dependent structural changes detected for these subunits by crosslinking (12, 18, 22, 23).
Ca2+ also perturbed the structure of the bridges, which is consistent with the position of the
δ subunits proximal to the bridges and with the Ca2+-dependent changes in crosslinking
observed between the δ and β subunits, which are thought to compose the bridges (44).

3.4. Conformational Changes Detected by Small-Angle X-Ray Scattering
The overall shape and dimensions of proteins can be determined from their small-angle X-
ray scattering (SAXS) patterns. A useful conformational parameter derived from SAXS
measurements is P(r), which is the probable distribution of distances between scattering
centers in a molecule and is obtained by calculating the inverse Fourier transform of the
scattering data. P(r) reflects the overall asymmetry and domain structure of the scattering
particle (45). SAXS complements the EM approach, in that it provides molecular weight,
volume, radius of gyration (Rg: root mean square distance of the molecule’s parts from its
center of gravity), and the maximum dimension of a molecule. In turn, EM provides
moderate resolution structural information that can be used to model SAXS data and
augment structural details for potential shape changes between conformers of allosteric
proteins. Utilizing this modeling approach, simple geometric shapes were used to simulate
the bridges and lobes of PhK in analyzing its SAXS data collected ± Ca2+ (46). As was
observed by EM, the binding of Ca2+ caused a redistribution of density in the lobe and
bridge regions of PhK without significantly changing its Rg or maximum dimension (270
Å).

4. Evidence for the γCRD Being the Master Allosteric Activation Switch for
the PhK Complex

Utilization of the various techniques reviewed in this chapter showed that the binding of
Ca2+ ions to the δ subunit of the (αβγδ)4 PhK complex causes conformational changes in
all four of its subunits. Specific regions affected include the regulatory domain of the γ
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subunit, γCRD (shown by immunochemistry), and the C-terminal region of the α subunit
(shown by partial proteolysis at Phe-1014), itself a regulatory region of that subunit having
multiple phosphorylation sites (2). In addition to perturbations by Ca2+ of the secondary and
tertiary structures of PhK’s subunits, it also altered the quaternary interactions of all four
subunits as probed by chemical crosslinking. Of particular note was the doubling by Ca2+ of
αγ conjugate formation by the very short crosslinker formaldehyde, with the crosslinked
region of α shown biochemically to be within its C-terminal regulatory domain (12). The
interaction of this region of α with γ is further supported by two-hybrid screening results,
which show an interaction between the C-terminal portion of γCRD and the C terminus of α
(12). Zero-length crosslinking to form a γδ conjugate between the third EF hand of δ and
the γCRD was also influenced by Ca2+; but unlike αγ formation by formaldehyde, γδ
formation was halved (9), instead of doubled. That the α and δ subunits both interact with
regions within the γCRD suggests a Ca2+-sensitive network of quaternary interactions
involving these three subunits that is mediated by the γCRD. In this network, the Ca2+-
induced conformational changes in δ observed by single-pair FRET (spFRET) would
perturb γ–δ interactions and concomitantly the γ–α interactions. The locations of the
subunits (δ near the bridges and the C-terminal region of α near the lobe tips) considered
together with the Ca2+-induced structural changes observed in these regions by EM provide
additional support for the existence of this Ca2+-sensitive α ↔ γ ↔ δ communication
network, which stretches from near the center of the PhK complex to the tips of its lobes, a
distance of ~84 Å. A high sequence similarity between regions of γCRD and the inhibitory
region of troponin I containing the Ca2+-dependent allosteric activation switch for the actin
↔ troponin I ↔ troponin C system has been discussed (6, 9, 47), and of course, troponin C
is a homolog of CaM, PhK’s δ subunit. These similarities, coupled with the direct evidence
described herein, support the hypothesis that the γCRD is likewise the Ca2+-dependent
allosteric activation switch for the PhK complex. Not only its proximal interactions with the
δ subunit and the regulatory C-terminal region of the α subunit are Ca2+-dependent, but
chemical crosslinking has also shown it to be situated relatively near the N-terminal
regulatory region of the β subunit that is phosphorylated by cAMP-dependent protein kinase
(2, 28). The interactions of γCRD with PhK’s three regulatory subunits, depicted in Fig. 3,
would seem to require that it be conformationally dynamic in order to function as an
allosteric activation switch, which is consistent with the experimental data. It might also be
noted that the γCRD is very basic with a pI of 10.0 (9); thus, increased exposure of this
domain upon activation could explain PhK’s significantly less negative zeta potential upon
its binding of Ca2+ ions.
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Fig. 1.
Three-dimensional structure of PhK at 25 Å resolution reconstructed from ~5,000 images of
frozen hydrated particles in cryoEM (16). Each lobe is an (αβγδ)2 octamer and four bridges
separate the two lobes. The positions of specific regions of the four subunits of a single
αβγδ protomer are denoted. The regions of the α, β, and γ subunits represent epitopes
recognized by monoclonal antibodies that were localized by immunoEM of negatively
stained complexes (14, 15), with those locations then transferred to the cryoEM structure.
The δ subunit was directly visualized by scanning transmission EM of PhK in which a
fraction of its δ subunits had been exchanged with mutant calmodulin derivatized with
Nanogold (17). Its location was also then transferred to the cryoEM model.
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Fig. 2.
Protein crosslinking. Protein side chains react with bifunctional reagents to form mono-
derivatized and cross-linked forms of interacting proteins. Subclasses within each form
simultaneously occur through different combinations of mono-derivatization and
crosslinking. In the continuous process of crosslinking, conjugates of increasing size may
also be formed, progressing from dimers, tetramers, etc. to large extensively crosslinked
polymers.
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Fig. 3.
Linkage map of PhK’s regulatory subunit interactions with the γCRD determined by
chemical crosslinking.
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Fig. 4.
Schematic depicting the effects of Ca2+ and pH on the structure of PhK as defined through
circular dichroism and zeta potential. The four conformers, two at pH 6.8 (H-E and H-E-Ca)
and two at pH 8.2 (E and E-Ca), are vertically arranged according to the values of their zeta
potential, with the Ca2+-free form at pH 6.8 having the most negative zeta potential and
negligible catalytic activity. The numbers represent conformational transitions between
forms, and the waved line intersecting conformational transitions 3 and 4 represents the
occurrence of a greatly increased θ222/θ208 ratio. The Ca2+-bound conformer at pH 8.2 has
by far the greatest catalytic activity. Copyright 2008 Wiley: used with permission from Liu,
Weiya; Priddy, Timothy S.; Carlson, Gerald M., Physiochemical changes in phosphorylase
kinase associated with its activation, Protein Science, John Wiley and Sons.
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Table 1

A partial list of chemical functional groups that are targeted preferentially by reactive amino acid side chains

Functional group

Targeting nucleophile Optimal pH Amino acid targetName Structure

N-Hydroxysuccinimide ester Amine >7 Lysine

Protein N-termini

Imido ester Amine 8–9 Lysine

Protein N-termini

Maleimide Sulfhydryl 6.5–7.5 Cysteine

Cyclohexanedione Guanidine >7 Arginine

Phenyl azide Amine 7 Cysteine

Phenol Arginine

Double bond Lysine

Histidine

Tyrosine

Phenylalanine

Tryptophan
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