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Abstract

Allostery has been studied for many decades yet it remains challenging to determine
experimentally how it occurs at a molecular level. We have developed an approach combining
isothermal titration calorimetry, circular dichroism, and nuclear magnetic resonance spectroscopy
to quantify allostery in terms of protein thermodynamics, structure, and dynamics. This strategy
was applied to study the interaction between aminoglycoside N-(6")-acetyltransferase-li and one
of its substrates, acetyl coenzyme A. It was found that homotropic allostery between the two active
sites of the homo-dimeric enzyme is modulated by opposing mechanisms. One follows a classical
KNF paradigm while the other follows a recently-proposed mechanism in which partial unfolding
of the subunits is coupled to ligand binding. Competition between folding, binding, and
conformational changes represents a new way to govern energetic communication between
binding sites.

Allostery is a key feature of biological systems in which covalent modification or ligand
binding at one site influences the activity at distant sites in a macromolecule or
macromolecular assembly. Allosteric regulation plays a central role in metabolism and cell
signaling, and has been identified as a source of new drug targets=5. Thus detailed
descriptions of allostery have far reaching implications. A number of systems have been
explained in terms of mechanistic models, yet allostery takes a variety of forms and many
details of this phenomenon remain unresolved®=2. Homotropic allostery (or homotropic
cooperativity) involves interactions between a macromolecular system and two or more
identical ligands. Cooperativity implies that binding depends on the ligation state, i.e. the
first ligand is bound with a different affinity than the second, etc. This occurs frequently in
oligomeric proteins and many theoretical models have focused on such systems. For
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example, in the Monod-Wyman-Changeux (MWC) model, ligand binding leads to
simultaneous conformational changes in all subunits of an oligomeric protein, thereby
altering their binding affinities for the next ligand(s)2. In the Koshland-Nemethy-Filmer
(KNF) model, free and bound subunits adopt different conformations, and cooperativity
results from inter-subunit interactions®. Recently, Hilser and Thompson (HT) have proposed
a model in which allostery is mediated by coupled folding and binding of adjacent protein
domains or subunits!?. A key difference between these last two paradigms is that the KNF
model assumes that conformational changes occur only upon ligand binding, while the HT
model explicitly includes conformational equilibria in the unbound subunits. The MWC,
KNF, and HT models are illustrated schematically in Figure 1. Other allosteric models have
also involved coupled folding and binding!?, invoked changes in protein flexibility12-14, or
networks of interacting amino acid residues'>-16, and emphasized the role of shifting
populations within conformational ensembles!’-23,

We have used a combination of nuclear magnetic resonance (NMR), isothermal titration
calorimetry (ITC), and circular dichroism (CD) spectroscopy to characterize the allosteric
mechanism of acetyl coenzyme A (AcCoA) binding to aminoglycoside A-(6")-
acetyltransferase-li (AAC(6")-1i) from Enterococcus faecium. This homo-dimeric enzyme
confers bacterial resistance to aminoglycoside antibiotics by transferring an acetyl group
from AcCoA to the 6"-N position of the drugs?4. The structure of AAC(6”)-li has been
solved by X-ray crystallography, with CoA, AcCoA2>-27  or inhibitors2® bound in the two
active sites of the homo-dimeric enzyme. It has recently been shown that AAC(6")-li binds
two molecules of AcCoA with positive cooperativity, likely reflecting energetic coupling
between the active sites?9. We find that this interaction varies unexpectedly with
temperature, shifting from positive to negative cooperativity as the temperature is raised.
This behavior can be quantitatively explained in terms of a novel arrangement in which an
HT-type coupled folding and binding mechanism is superposed on a classical KNF-type
interaction. This finding provides experimental validation for the recently-proposed HT
paradigm, and to our knowledge represents the first example in which it appears in the
context of a hybrid allosteric mechanism.

Isothermal Titration Calorimetry

A total of 28 ITC experiments were performed at 8 temperatures ranging from 10 to 40°C,
titrating AcCoA into solutions of AAC(6”)-li (Supplementary Fig. 1 online). All ITC data
were fitted simultaneously to a sequential two-site binding model, using a global strategy
that exploits the van’t Hoff relationship to improve the accuracy of extracted binding
parameters (see Supplementary Methods online). This method yields apparent equilibrium
association constants (K47, K4/PP) and enthalpy changes (4H.4%PP, AH 5 FAPP) for
binding of the first and second molecules of AcCoA to the enzyme as a function of
temperature (Fig. 2a,b, Supplementary Table 1 online). At 10°C, Ka A% > K47,
indicating that the second molecule of AcCoA binds more tightly than the first and the
interaction is positively cooperative. The difference between K4 P and K4 ,%°P decreases
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as the temperature increases and the situation reverses to negative cooperativity, K4/ <
Ka,%P, starting at around 37°C.

In many systems, the binding enthalpy depends linearly on temperature with a slope equal to
the difference in heat capacity between the bound and free forms. In contrast, for AAC(6")-
li, the binding enthalpies for the first and second molecules of ACCoA (AH4,%P, AH,FPP)
exhibit curvature above about 30°C. 4H 4% deviates slightly upwards, while AH 4 AP
exhibits a sharp decrease. Curved enthalpy profiles of this sort are characteristic of systems
that populate both an active free form (F) and an inactive partly unfolded or fully unfolded
form (U) that is higher in enthalpy, within the temperature range studied39-32. At low
temperatures (Fig. 2a,b), almost all protein molecules are in the active F state and ITC
detects the intrinsic heat of binding, i.e. the difference in enthalpy between the bound (B)
and F states. At high temperatures, free proteins populate the inactive U state. When ligand
is added, the proteins must both fold and bind (U—F—B) and 4H4%" contains
contributions from both folding and the intrinsic binding enthalpy. We show below that the
curvature in both the AH4,%°P and AH4PP profiles can be quantitatively explained by a
model involving multiple states with coupled partial unfolding of the two enzyme subunits.

Circular Dichroism Spectroscopy

The CD spectrum of AAC(6")-1i was monitored at 222 nm, from 0.1 to 71°C in the absence
of AcCoA. The molar ellipticities of both alpha-helices and beta-sheets are large and
negative33-34, while those of unstructured polypeptides are close to zero or slightly positive
at this wavelength33-35, The CD data show a sigmoidal decrease in the absolute molar
ellipticity from about 35 to 45 °C (Fig. 2c). Curvature of the ITC-derived binding enthalpies
is observed within the same temperature range. These data are thus consistent with an
endothermic transition from the native free F state to a partly or fully unfolded U state that is
unable to bind AcCoA, at around 40°C. We investigated whether the AAC(6”)-1i dimer fully
dissociates when subunits are in the U state by repeating the CD experiments with the
enzyme concentration reduced by about a factor of three. If unfolding and dissociation are
concurrent, then lowering the concentration by a factor of 3 would be expected to reduce the

RT?n3
melting temperature by approximately ﬁHU where AHy is the enthalpy of the transition
at the midpoint temperature, Tyy. Using the values obtained from the joint ITC/CD fitting
described below, this predicts a reduction in the midpoint temperature of 2.7°C. The two CD
traces are nearly superimposable and yield midpoints that differ by only about 0.1°C
(Supplementary Fig. 2 online).

We therefore conclude that the transition to the U state does not involve the complete loss of
structure and dissociation of the subunits, but rather involves partial unfolding that leaves the
dimer intact. This is supported by the observations that the enzyme elutes from size-
exclusion chromatographic columns as a dimer, even in dilute solutions, and that binding
cooperativity is not affected by protein concentration?®.
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Nuclear Magnetic Resonance Spectroscopy

Two dimensional 1H/A5N NMR correlation spectra of AAC(6”)-1i in the free (apo) and
ligand-saturated (holo) forms provide evidence that large structural and dynamical changes
accompany AcCoA binding (Fig. 3a,b). The apo-spectrum contains only about 137
distinguishable backbone amide peaks, 60 of which are baseline-separated, while 172
signals are expected (Fig. 3a). The remainder of the signals are either located in a highly
overlapped region in the center of the spectrum, or are absent altogether, possibly due to
dynamical broadening or rapid hydrogen exchange with water. In contrast to the free form,
the spectrum of the AcCoA-saturated enzyme is typical of a folded globular protein,
containing about 166 well-resolved backbone amide resonances, 89 of which are baseline-
separated (Fig. 3b). This suggests that in the absence of AcCoA, much of the protein is
highly mobile or partially disordered, while a few ordered regions give rise to a number of
well-dispersed signals. As a result, it was not possible to assign the apo spectrum directly.
Nevertheless, we were able to transfer 32 assignments from the holo to the apo spectrum,
based on 2D exchange spectroscopy (EXSY) experiments3® and the superposition of some
peaks in both spectra. On average, one in every 6 residues in the apo spectrum of AAC(6”)-li
has been assigned. Therefore it is notable that a stretch of about 46 residues, from 105 to
150, gives rise to no assigned peaks (Fig. 3c (red), and Supplementary Fig. 3 online). This
region is implicated in undergoing extensive dynamical broadening in the free form of the
enzyme. The NMR measurements were performed under stabilizing conditions where free
subunits are almost entirely in the F state. The U state, which predominates at higher
temperatures, is presumably even less structured.

Information on the conformational transition from the active free (F) to the bound (B) states
can be obtained from a comparison of the apo and holo spectra. Several of the well-resolved
apo-peaks due to F disappear upon addition of AcCoA (for example Leu56, located 15 A
from the active site). This strongly suggests that the free enzyme adopts a distinctly different
configuration than that of the bound enzyme. It is unlikely that dynamical broadening in the
unbound enzyme is due to excursions between the “free” and “bound” conformations in the
absence of AcCoA. Millisecond-timescale exchange between F-type and B-type
configurations would preferentially broaden signals whose chemical shifts change the most
upon AcCoA binding. This is not apparent. Furthermore, no holo signals are observed when
AcCoA is not present. We therefore conclude that the population of B-type conformations in
the absence of AcCoA is below our detection limit (*1%). As discussed above, only a
relatively small number of spectral assignments could be obtained for the unbound enzyme.
Thus in order to map ligand-induced changes onto the protein structure, we calculated
minimum chemical shift differences (A8,pp)°’, which are defined as the distance between
each holo-peak and the nearest signal in the apo-spectrum. All residues with large values of
A84pp either have very different chemical shifts in the free and bound forms, or are
broadened beyond detection in the free form of the protein. Large values of Ay, are
obtained throughout the protein, notably including residues located at the interface between
the two subunits and near the bound AcCoA (Fig. 3d). This suggests that binding AcCoA
leads to remodeling of subunit interactions, and provides some insight into the mechanism
for allosteric communication between the two active sites, as discussed below.
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A series of two-dimensional protein NMR spectra were recorded as AcCoA was titrated into
a sample of AAC(6")-1i. In what follows, apo and holo are used to describe peaks appearing
in NMR spectra of the AcCoA-free and AcCoA-saturated protein, and 0-bound, 1-bound,
and 2-bound to describe the various ligated states of the enzyme. Binding occurs slowly on
the NMR chemical shift timescale therefore both apo and holo peaks are simultaneously
visible in spectra collected midway through the titration (Supplementary Fig. 4 online). The
expected fraction of enzyme in the 0-bound (£, 1-bound (£;), and 2-bound (75 forms may
be calculated based on the concentrations of AcCoA used in the titration and the binding
parameters determined by ITC (Fig. 4a). The value of 7; is predicted to increase to about
30% at partial AcCoA saturation, before decreasing at higher ligand concentrations. Notably,
we do not observe any signals in the spectra that follow this pattern of intensities. We
conclude that all signals from the 1-bound form are either coincident with those of the 0-
bound and 2-bound states (i.e. contribute to the apo and holo peaks or are located in
overlapped regions) or are dynamically broadened beyond detection. In order to discriminate
between these two possibilities on a peak-by-peak basis, we developed a joint analysis of the
NMR and ITC data. The intensity profile of each well-resolved apo and holo peak was fitted
using the sets of ITC-derived 7, f;, and £, values, adjusting only the relative contribution of
the 1-bound state to the apo or holo peak as follows: the initial intensity of each apo peak
was normalized to 2, and the final intensity of each holo peak was normalized to 2. Peak
intensities throughout the titration were calculated as 1452*° = 2x fy+ £;1,2P° and l;o°l° =
111010 + 2x £, The values of 1,2P° and 1,1 were optimized for each apo and holo peak,
respectively. Excellent agreement was obtained with all NMR titration data (Fig. 4b and
Supplementary Fig. 5 online). The value of 112 or 1,010 thus quantifies the contribution of
the 1-bound form to each signal, relative to that of a single subunit of the 0-bound or 2-
bound form, respectively. The 62 values of 1,101 cluster about a value of 1 (Fig. 4c). This
strongly suggests that a single subunit of the 1-bound enzyme resembles those of the 2-
bound state, and produces a set of signals coincident with the holo spectrum. The 10 values
of 1,3P° are more heterogeneous, ranging from 0 to 1. The presence of five peaks with 1,2°
much greater than zero suggests that the unbound subunit in the 1-bound enzyme may
somewhat resemble those of the 0-bound form, and produces some signals coincident with
the apo spectrum. The five values of 1,2P° close to zero could result from increased
dynamical broadening, hydrogen exchange with solvent, or movement of peaks to
overlapped regions of the spectrum. Due to the lack of unequivocal data, we hesitate to
propose a specific model for the unbound subunit of the 1-bound enzyme, and will refer to it
as the F state, to distinguish it from the F subunits of the 0-bound state. This analysis
provides a basis for discriminating between the classical KNF> and MWC? paradigms (Fig.
1a,b). The KNF model predicts that the 1-bound enzyme contains one B-type subunit and
one F-type subunit. Values of 1;2°° and 1;1"°1° should thus both be close to 1. This
corresponds closely to what is observed experimentally, although some values of 1,2° are
smaller. In contrast, the MWC model predicts that the 1-bound enzyme contains two B-type
subunits and no F-type subunits. Values of 1;2P° should be 0, while values of 1;°1° should be
close to 2. This is not observed.

Given the large conformational changes exhibited by AAC(6")-i, it is of interest to
understand the binding reaction pathways, or the sequences of events that occur as AcCoA is
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taken up by the enzyme. This process has historically been described by an “induced-fit”
model, in which ligands bind weakly to F-type molecules, which subsequently convert to the
tightly-bound B form38. More recent work has focused on a “conformational selection”
model, in which ligands bind directly to a small, pre-existing population of unbound, high-
affinity B-type molecules’-39, It has been noted that the conformational selection and MWC
models are similar, since both models invoke small pre-existing populations of unbound B-
type molecules®?. As well, the induced fit and KNF paradigms are similar, and KNF is
sometimes referred to as an “induced-fit” model*L. However, our identification of a KNF-
type allosteric mechanism in AAC(6")-li does not necessarily imply that ligands are taken
up through an induced-fit pathway. The KNF paradigm describes binding purely in terms of
thermodynamics and ligands can be taken up by either induced fit or conformational
selection pathways®. The contributions of the two pathways are governed by the microscopic
rate constants for binding and conformational transitions®#%:42-44 and also by protein and
ligand concentrations#3-44, Thus it is quite challenging to determine the extent to which a
particular system follows the conformational selection or induced-fit binding pathway. We
cannot confidently assign either model to AAC(6”)-1i, given the data at hand. Discriminating
between the KNF and MW(C allosteric models is more straightforward than identifying the
binding pathway. According to the MWC model, the 1-bound enzyme exists in a BB-type
conformation (Fig. 1a), while according to the KNF model, the 1-bound enzyme exists in a
BF-type conformation (Fig. 1b), irrespective of ligand concentration or the rates of binding
or conformational transitions. Based the on the NMR titration data and this criterion, we can
confidently assign a KNF-type model to the interaction of AcCoA with native AAC(6”)-li.

Thermodynamic Description of Allostery

Temperature-dependent allostery in AAC(6”)-li can be explained by a model comprising a
hybrid of the KNF and HT paradigms (Fig. 5). The ITC, CD, and NMR data indicate that
each subunit of the enzyme can exist in at least 3 (likely more) distinct conformational
states. The enzyme loses structure and binding activity as the temperature is raised, although
a dimeric form is retained. We have represented this as the transition of each subunit from a
native free (F) form to a partially unfolded (U) form. The free enzyme can therefore exist as
a mixture of FF, FU, UF, and UU states. Under stabilizing conditions where the enzyme is
entirely in the FF state, subunits undergo large conformational changes when AcCoA is
bound. This can be represented as transitions from the F state to a bound (B) state (we
assume that this conformational change does not occur to a detectable extent in the absence
of AcCoA, as discussed above). Under stabilizing conditions, the 1-bound enzyme contains
one subunit in the B form, and another that somewhat resembles the 0-bound state, i.e. BF’
and F’B. The free subunit (F") also melts, since the temperature profile of AH4 AP is
curved. For the sake of generality, we will refer to the partially unfolded subunit in the 1-
bound enzyme as U’ to distinguish it from partly unfolded subunits of the 0-bound enzyme.
Therefore a full description of the 1-bound enzyme includes the states BF’, BU’, F'B, and
U’B. The 2-bound enzyme exists simply as BB. The ITC data show that the thermal
unfolding transition depends upon the conformational state of the adjacent subunit (i.e.
FF—FU # BF'—BU’ ). This conclusion is based on the observation that if the thermal
transition of each subunit were unaffected by its neighbor, both AH 4 ,%°P and AH 4 A°P would
exhibit identical curvature, which is not the case (Fig. 2b). We therefore employed a model
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in which all thermal transitions of the 0-bound state are thermodynamically equivalent but
differ from those of the 1-bound state. The assumption that subunits partially unfold
independently in the 0-bound enzyme (FF—FU = UF—UU) is almost certainly an over-
simplification. However a more realistic description of subunit unfolding would require
additional adjustable parameters. This simple model provides excellent agreement with the
data (see below). Any additional folding parameters would therefore be ill-defined by the
data. Thus parameters extracted using this model provide effective measures of subunit
unfolding, even though the process is likely more complex in reality.

Temperature-dependent allostery in this protein is described by 12 microscopic
thermodynamic parameters. Equilibrium constants, enthalpy and heat capacity changes are
associated with the first (FF— F’B, FF—BF") and second (F'B—BB, BF’—BB) binding
events, as well as thermal transitions in the 0-bound (FF—FU, FF—UF, FU—UU,
UF—UU) and 1-bound states (BF'—BU’, F'B— U’B). In addition, the linear CD
baselines of the F and U states are each described by two parameters (slopes and vertical
positions). We fitted these parameters to the combined ITC and CD dataset, as reported in
Table 1. The lines in Fig. 2 are derived from these optimized thermodynamic parameters,
and show excellent agreement between the model and all experimental data, even capturing
the slight upward curvature of AH 4 ,%P.

Discussion

The energy of AAC(6")-1i binding to AcCoA can be separated into two distinct
contributions, based on the parameters extracted in the global fit of ITC and CD data (Fig. 2
and Table 1). The first component corresponds to the intrinsic binding affinity of the native
dimer for AcCoA, while the second arises from partial unfolding of the subunits. In order to
address the first component, the intrinsic ability of the dimer to bind AcCoA in the absence
of F—U and F'—U’ transitions can be predicted based on the model parameters, even for
temperatures where the U and U’ states are prevalent (dashed lines in Fig. 2a) The
calculations show that the native dimer binds with intrinsically positive cooperativity across
the entire temperature range studied (although the intrinsic positive cooperativity should
disappear at about 48°C due to the temperature dependences of K4;and K. According to
the NMR data, when the 0-bound enzyme binds a single molecule of AcCoA, a single
subunit converts from the F to the B state. This is consistent with a classical KNF
explanation of allostery®. We hypothesize that binding of the first ligand (FF—BF’) is
opposed by disruption of the FF interface, while binding of the second (BF'—BB) is
promoted by formation of the BB interface; the symmetry of the FF and BB interfaces likely
make them more stable than the F’B interface of the 1-bound state.

The low intensities of some NMR signals for the free subunit in the 1-bound enzyme (F")
suggest that it may undergo additional dynamics beyond those already present in the F state.
In fact, modulation of protein dynamics can provide a powerful driving force for protein
allostery2-14 It is possible that the intrinsic positive cooperativity of the AAC(6”)-li dimer
derives from a combination of these two effects. This idea is supported by the extracted
thermodynamic parameters (Table 1). Compared to binding the first molecule of AcCoA,
binding the second is enthalpically more favorable (AAHa=-3.4 kcal mol™1 at 10°C),
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consistent with the formation of additional contacts, and entropically less favorable (AASp=
-10 cal mol~1 K~1 at 10°C), consistent with the dampening of internal motions.

The unbound subunits undergo partial unfolding as the temperature is raised. The process is
endothermic and entropically favored as would be expected, AH;,= 71, 93 kcal mol~1 and
AS;;= 230, 300 cal mol~ K= at 37°C in the 0-bound and 1-bound states, respectively. The
model predicts that subunits are slightly more stable in the context of the 0-bound compared
to the 1-bound state, with melting temperatures of 41.2 and 39.0 °C, respectively. At 37°C,
Ky=[FU]/[FF]=0.20, while K ;;=[BU ]/[BF"]=0.38. This difference in stability may be
related to disruption of the symmetrical FF subunit interface when the first AcCoA molecule
is bound. At higher temperatures, this destabilization leads to partial unfolding of the
unbound subunit of the 1-bound enzyme (BF'—BU”), with a concomitant reduction in
affinity for the second AcCoA molecule (K4°P) and a shift towards negative cooperativity.
At lower temperatures, the unbound subunit is sufficiently stable to remain in the active (F")
state, and the intrinsic positive cooperativity of the native dimer dominates. This effect
represents a modification of the HT (coupled folding and binding) model of allostery (Fig.
1¢)19. In the HT model, ligand-induced folding of one subunit alters the folding equilibrium
of the adjacent subunit. In AAC(6")-i, each subunit can adopt at least three distinct
conformational states, and it is largely the F to B transition that modulates partial unfolding
of the adjacent subunit.

The modulation of folding/unfolding equilibria is emerging as a sensitive and versatile
mechanism for connecting distant sites in proteins'1:3245-46_For example, in SecA, the
motor protein of the bacterial Sec translocase machinery, local folding/unfolding transitions
play a key role in communicating the signal produced by ATP hydrolysis to the rest of the
multi-domain protein32. Using a combination of NMR and variable-temperature 1TC, it was
shown that loss of the y-phosphate triggers an order-to-disorder transition in the nucleotide
binding cleft. Mutations that abrogate this local folding/unfolding transition also disrupt the
ability of SecA to distinguish between ATP and ADP32. A comparison of SecA and
AAC(6")-1i highlights the ways in which folding-mediated allostery can be adapted to suit
different situations. In SecA, ligand-controlled folding in one domain conveys a heterotropic
allosteric signal to the rest of the protein via domain/domain interactions, which ultimately
governs the activity of the translocation machinery. In AAC(6"), ligand binding in one
subunit triggers a change in the subunit interface that promotes partial unfolding of adjacent
subunit, conveying a homotropic allosteric signal and modulating ligand binding.

An important consequence of the HT model, and folding-mediated allostery in general, is
that control of cooperativity can be shared by many or most residues in a protein, even those
located far from subunit interfaces or the active sites themselves, provided that these
residues influence subunit stabilityl9. This view of allostery as a decentralized process
contrasts sharply with other studies in which it has been explained in terms of specific
networks of relatively small numbers of interacting residues®>-16. In AAC(6)-1i, a
negatively cooperative HT mechanism opposes the intrinsic positive (KNF) cooperativity of
the native dimer. To our knowledge, this is the first reported observation of such an
intertwined phenomenon. Interestingly, the presence of these competing allosteric
mechanisms leads to additional properties beyond those of either the KNF or HT models
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alone. In the original HT model, the strength of subunit/subunit coupling is modulated by the
stabilities of the domains, but the sign of the cooperativity is specified entirely by whether
the interaction between the folded domains is favorable (positive) or unfavorable
(negative)10. In the hybrid KNF-HT mechanism exhibited by AAC(6)-1i, both the sign and
the magnitude of cooperativity can be modulated simply by changing the stability of the
subunits. Allostery in such systems can be defined by three parameters: the intrinsic
cooperativity coefficient of the native dimer*’, a,=K42/Ka;, the equilibrium constant for
melting in the 0-bound state, K, and the ratio of melting equilibrium constants in the 1-
bound and 0-bound forms, ¢=K 4/ Kyp. The apparent cooperativity is then given by the
expression:

aﬂpP:aint(1+Ku'o)2/(1+¢KU0)2' [1]

Even if both a;;-and ¢ remain constant, the apparent cooperativity can vary from positive
(agpp>1) to negative (agy,<1) depending only on the intrinsic tendency of the subunits to
partially unfold, K. At 37°C, global fits of AAC(6”)-1i data give an intrinsic cooperativity
coefficient, a;,~1.3, and a ratio of thermal melting constants, ¢=1.9. Cooperativity can
therefore vary between weakly positive (azpp 1.3) to weakly negative (agpy 0.36) for K1
and Kyp»>1, respectively (Fig. 6a). Interestingly, a dynamic range of up to six orders of
magnitude in a4, can be achieved if Ky varies between 1074 to 102 with a ,=¢=1,024
(Fig. 6b).

Several important lessons can be drawn from AAC(6")-1i as a model system. It represents
one of clearest examples to date of a system following the HT coupled folding/binding
allosteric model. It provides proof-of-principle for competition between simultaneous
positive and negative cooperative mechanisms, and suggests a scenario in which the sign of
cooperativity can be modulated simply by altering subunit stability. Finally, aspects of the
approach we took to characterize this enzyme have the potential to be quite useful in future
studies of allostery. The generalized global fitting scheme we employed for the variable-
temperature ITC data greatly reduces the scatter in the extracted 4H4%°P and K 4P values,
and permits definitive characterization of coupled folding and binding (fits using non-global
methods are shown in Supplementary Fig. 6 online). Simultaneous analyses of variable-
temperature ITC and CD data have been performed previously3L, but to our knowledge this
the first application of this method to study homotropic allostery. In addition, the combined
analysis of ITC and NMR titration data facilitates characterization of the spectral properties
of the 1-bound protein, even though its signals are not directly distinguishable. We have
identified a new form of allosteric regulation in AAC(6”)-li by applying calorimetric and
high-resolution spectroscopic techniques in concert. It seems likely that similar
superpositions of MWC, KNF, and HT allosteric mechanisms will be observed in additional
systems as more studies are performed using this sort of approach.
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Sample Preparation

ITC

CD

NMR

AAC(6")-1i (182 residues per subunit) was expressed in £, coli and purified by anion
exchange, gel filtration and affinity chromatography as previously described?®. NMR
samples were isotopically enriched with 13C and/or 1°N according to the procedure of
Bracken et al 48

Isothermal titration calorimetry measurements employed a MicroCal VVP-ITC instrument
(MicroCal, North Hampton, MA, USA). Samples contained enzyme (50 to 200 uM)
dialyzed against a solution of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(25 mM, pH 7.5) and Ethylenediaminetetraacetic acid (EDTA) (2 mM). Experiments were
performed at 10(3), 15(3), 20(6), 25(4), 30(3), 34(2), 37(3), and 40(4) °C, where values in
parentheses indicate the number of replicates obtained at each temperature. Titrations
employed an initial delay of 60 s, a 2 pL initial injection volume followed by a 150 s delay,
25 x 10 pL injections followed by 330 s delays and a final 10 L injection followed by a 600
s delay.

Circular dichroism measurements were performed using a JASCO J-810 spectrometer and a
0.2 cm path length cuvette. Samples contained protein (1.5-5 puM) in HEPES buffer (25
mM, pH 7.5) supplemented with EDTA (2 mM). Scans from 200 to 300 nm were collected
in triplicate at temperatures from 0.1 to 71°C using a Pelletier temperature controller. Melts
performed in increments of 1°C with four minute equilibration times and increments of 3—
5°C with 10 minute equilibration times were superimposible over the full temperature range
and were fully reversible. The melting temperature was about 7°C higher in NMR buffer
containing 100 mM sodium phosphate.

NMR experiments were performed on Varian INOVA spectrometers equipped with high-
sensitivity cold-probes operating at 500 and 800 MHz *H Larmor frequencies. Spectra were
collected for protein samples (0.6 to 1.5 mM) in sodium phosphate buffer(100 mM, pH 6.5)
containing EDTA (2mM) and D,0 (10% v/v) at 37°C. ITC experiments performed under
these conditions yield K4;#P=4.5x10* M1, AH 4 ;7P=-21 kcal mol™1, K4 4P=19.5x10* M
-1 and AH 4 APP=-24 kcal mol~1. Backbone assignments were obtained for 166 of 172 non-
proline residues in AcCoA-saturated AAC(6)-li using standard triple-resonance
experiments*9. EXSY spectra3® were collected for a 50% AcCoA-saturated sample with
mixing times of 500 and 1000 ms. The presence of faint exchange cross-peaks in these
spectra implies that dissociation rate constants are on the order of about 1 s71.

1H/15N heteronuclear single quantum coherence (HSQC spectra)®® were collected for
AAC(6")-1i with 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.1, 1.4, 1.7, 2.0 mM AcCoA. In the
titration analysis, only well-resolved signals from apo peaks that disappear at high AcCoA
concentrations and holo peaks that are not present in the absence of AcCoA were
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considered. Peak intensities were quantified using the NMRPipe/NMRDraw5? suite of
software and were corrected for dilution of the sample caused by addition of AcCoA by
multiplying each intensity by a factor of (V+AV))/Vj, where Vjis the initial sample
volume (910 pL) AV;is the total volume of AcCoA added by step /(100 pL in total). The
fractions of protein in the 0-bound, 1-bound and 2-bound states at each titration point (7, 73,
1) were calculated as described in the Supplementary Methods, online. The intensities of
apo and holo peaks were fitted using the series of £, f;, and > values, as described in the
text. The values of 1,2°° and 1,1°!° were varied on a per-peak basis in order to maximize
agreement between experimental and calculated intensities in a non-linear least-squares
analysis using MATLAB (7.8.0.347 MathWorks). The enzyme concentration was adjusted as
single global variable in order to simultaneously optimize agreement for all apo and holo
peak intensity series, and was within 10 % of the initial concentration estimate based on
Apgg measurements.

Allosteric Model

The experimentally observable parameters: Ka %P, AH PP, K4 PP, AHAPP, were re-cast in
terms of microscopic model parameters, which describe 4 thermodynamic transitions:
binding of the first and second molecules of AcCoA to the native enzyme and subunit
melting in the 0-bound and 1-bound forms. Each of these transitions is associated with 3
parameters: an equilibrium constant (K") and enthalpy change (A~') at an arbitrary
reference temperature (77) and the change in heat capacity (4Cp). The temperature
dependences of microscopic equilibrium constants and enthalpies are given by

, AH /1 1\ AC T T
K{T}Kexp{— e <ln{—,+—1}>}
R (T T> R T 2]

and
AH{T}=AH'+AC,(T = T'). [3]

The apparent equilibrium association constants for the first and second molecules of AcCoA
are given by the expressions

(1+Ky,)

Kor—p Ao
B CE o P L 7Y

and
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1

K%P=FK  ——
e R HEL)T [E)

where K47 and K4 are the intrinsic association constants of the native enzyme for the first
and second molecules of AcCoA and Ky = [FU]J/[FF] and K ,;=[BU’J/[BF'] are

equilibrium constants for partial unfolding in the 0-bound and 1-bound states, respectively.
The apparent binding enthalpies for the first and second molecules of AcCoA are given by

K 2K
AHPP=AH, +AH,, UL AH, Lo
Al A1+ U1l 1+KU1 Uo 1+KUU [6]
and
K,
AHZZPZAHA2 - AHU‘I - )
1+K,, [7]

where AH4; and AH 4 are the intrinsic binding enthalpies of the native enzyme with the
first and second molecules of AcCoA and AHpand AH,; are the melting enthalpies in the
0-bound and 1-bound forms, respectively. Additional explanation and derivations of these
expressions are given in the Supplementary Methods, online. We found that the affinity and
enthalpy profiles were relatively insensitive to the choices of AC,, ypand AC), ;. We
therefore fixed both parameters equal to the value we have previously determined for a
monomeric mutant of AAC(6”)-li, 2.1 kcal mol™ K=, The molar ellipticity of the protein
was fitted as the population-weighted average of those of the F and U states, which were
assumed to be linear functions of temperature, according to the expression

1
1+K,,

(16) +my x (= T")) 4o (6] b, x (T~ 11)

[OT}= K

(8]

where [6]’r and [A]’ are the molar ellipticities of the F and U states at T” and mgand my,
are the corresponding temperature dependences. Fourteen parameters (K’ 47, AH 4z,

ACp a1 K a2 AH 42, ACpp0 K vo AH 1o K vz, AH 1, [E'F, mg [E]'u, my) were
adjusted to minimize the residual function
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K7 2 AHT,

AL2 fexp

(6]

exp

(9]

using in-house MATLAB scripts, where the sums run over all data points. Errors in the
thermodynamic parameters were calculated using a Monte Carlo technique described in the
Supplementary Methods online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic representation of homotropic allosteric models for a dimeric protein. O and O

correspond to subunits in binding-incompetent, and binding-competent states, respectively.
(&) Monod-Wyman-Changeux (MWC): The symmetry of the dimer is preserved, so that
only OO and OO states are permitted. In the absence of ligand, both states are populated,
while ligand binding forces the dimer into the OO state. If the initial equilibrium favors the
O O state, binding is positively cooperative, since the energetic cost of the O O toO O
transition is paid by binding the first, but not the second ligand. Note that in the standard
MWC model, both O O and O O bind ligand, but with different affinities. For the sake of
simplicity we have shown the limiting case where O O is binding-incompetent. (b)
Koshland-Nemethy-Filmer (KNF): Each subunit converts from the O to the O state only
upon binding ligand. Cooperativity is explained in terms of the strengths subunit-subunit
interactions. If the transition from the O O to O O interface is energetically more favorable
than from the O O to O O, binding is negatively cooperative, and the first ligand is bound
more strongly than the second. If the transition from the O O to O O interface is less
favorable than from the O O to O O, binding is positively cooperative, and the second
ligand is bound more strongly than the first. (c) Hilser-Thompson (HT): In this case, O and
O correspond to the unfolded and folded states, respectively. Each unbound subunit can
populate either the folded or unfolded state, and the folding equilibrium is influenced by the
state of the adjacent monomer. If folding (O) of one subunit promotes folding (O) of the
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adjacent subunit, binding is positively cooperative. Conversely, if folding (O) of one subunit
promotes unfolding (O) of the adjacent subunit, binding is negatively cooperative.
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Temperature dependence of AAC(6")-li binding thermodynamics and secondary structure.
(a) Equilibrium association constants for the first and second molecules of AcCoA, plotted
as a function of temperature. Solid lines correspond to the best fit obtained with Egs. 2 to 9.
Dashed lines indicate the predicted affinities in the absence of thermal melting of the
subunits. (b) Binding enthalpies of the first and second molecules of AcCoA. Inset shows
the fraction of free subunits that are melted in the 0-bound and 1-bound forms. (c) Molar
ellipticity (222 nm) of AAC(6”)-li as a function of temperature. Dashed and dash-dot lines
correspond to the pre- and post-transition baselines, respectively.

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 January 20.



1duosnuey Joyiny ¥HIO 1duasnuey Joyiny JHID

1duasnuel Joymny YHID

Freiburger et al.

Page 19

a 105/ Lo b e
e " e -
110 R L : . el 5?*
€ 115 §§.3°§ ¥ g 8 %e:fﬂ
° 'i“';— % o * ) doe* % _.°
2 120 t*’?‘};g %' e ; i l' .8!? ‘:2; 5
] _é"-a'l:: h ° ..Q a® 2‘ * °
125 0% B% *Peog oo 8
,oo ﬁpﬂ . L] l.' ® ] ™
o RN ¥ i« ipe. F
130 4 ¢ o :

Figure 3.
Changes in AAC(6”)-1i NMR spectra produced by AcCoA binding. (a,b) 1H/°N correlation

spectra of AAC(6")-li free (a) and saturated with AcCoA (b). (c) X-ray crystal structure of
the enzyme (PDB 2A4N2%) bound to CoA (sticks) with blue spheres indicating the locations
of residues with assigned cross-peaks in apo spectra. The backbone is color-coded according
to the distance in the 1° sequence (/) from the nearest assigned residue according to 1<n<2
(light blue), 3<n<5 (white), 6<1<10 (pink), /710 (red) (d) Apparent minimal chemical shift

differences (20app= \/ (10 X A5iﬁ;)2+(A5i§é\] )2) between the free and bound states,
mapped onto the X-ray crystal structure (PDB 2A4N25). Backbone amide nitrogen atoms are
indicated with spheres for one subunit of the dimer and colored according to A8,,,<0.5 ppm
(white), 0.5=A6,pp<1 (light yellow), 1<A8,p,<2 (yellow), 2<A6,p,<4 (orange), 4<Adqpp
(red). Unassigned residues, including prolines, are indicated with gray spheres. Structures
were generated using PyMOL.
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Figure 4.
Analysis of NMR titration data. (a) Fraction of the enzyme in the 0-bound, 1-bound, and 2-

bound states determined by ITC. (b) Intensities of the apo (dashed line) and holo (solid line)
peaks for Leu56 as a function of [AcCoA]. The intensities were analyzed to extract the
relative contribution of the 1-bound enzyme to the signals (1;2P°:"°1%) as described in the text.
The lines correspond to the optimized theoretical intensities. (c) Histograms of the relative
contribution of the 1-bound enzyme to apo (112°°) and holo (1;M°1°) peaks in titrations of
AAC(6")-1i with AcCoA.
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Figure5.
Schematic representation of the allosteric binding model. B corresponds to the bound state.

F(F") and U(U") correspond to the free folded and partially unfolded states that are adjacent
to a free (bound) subunit, respectively. Transitions involving the symmetry-related F'B and
U’B states are not shown.
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Figure®6.
Dependence of the apparent cooperativity coefficient (az,p) on subunit instability

(Ky=[UF)/[FF]) calculated using Eq. [1] and (@) the intrinsic cooperativity coefficient
(ajn1.3) and ratio of melting equilibrium constants constants (¢=1.9) determined for
AAC(6”)-li at 37°C and (b) hypothetical proteins in which a,=¢=4,16,64,256,1024. The
circle in (a) corresponds to the Ky value obtained for AAC(6”)-li at 37°C (0.2).
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Table 1

Thermodynamic parameters describing allostery in AAC(6”)-li

K a1 (x10° MY)2 21 01
K 42 (410 M0 26 w01
K v 020  0.06
K v 038  +0.07
AG’ 44 (kcal mol™1)€ -6.13  +0.03
AG' 4 (keal mol™)f -632  £0.02
4G yp (keal mol)d 10 02
4G’y (keal mol ™)/ 06 01
AH 4y (keal mol™)’ -229 08
AH 4 (keal mol™y/ 281 208
AH yp (keal m0|—1)k =71 +7
AH y; (keal mol ™)/ 93 6

ACP,AJ (cal mol-1 K—l)m =790 +40

AC, 4(cal mol-! K-1)7? -820 +30

AC, yp (cal mol™t K1) 2100 NA

AC, (cal mol~ K10 2100 NA

[O] 'k (deg cm? dmorl)p -7600 +200

e /U (deg cm? dmorl)q -4040 +20

me(deg cm? dmol-L K1) 54 3

my (deg cm? dmol-t K-1)S 8 £2

T'=37°C

aEquiIibrium association constant for the native (non-melted) enzyme and the first AcCoA molecule at T
quuiIibrium association constant for the native (non-melted) enzyme and the second AcCoA molecule at T’
DEquiIibrium constant for subunit melting in the 0-bound enzyme at T*

quuiIibrium constant for melting of the unbound subunit in the 1-bound enzyme at T’

e - . ,
Free energy change upon binding of one molecule of AcCoA to the native (non-melted) 0-bound enzyme at T

f - . ,
Free energy change upon binding of one molecule of AcCoA to the native (non-melted) 1-bound enzyme at T
gFree energy change upon melting of a single subunit in the 0-bound enzyme at T’

hFree energy change upon melting of the unbound subunit in the 1-bound enzyme at T’

IEnthaIpy change upon binding of one molecule of AcCoA to the native (non-melted) 0-bound enzyme at T’
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jEnthaIpy change upon binding of one molecule of AcCoA to the native (non-melted) 1-bound enzyme at T’

kEnthaIpy change upon melting of a single subunit in the 0-bound enzyme at T”

/Enthalpy change upon melting of the unbound subunit in the 1-bound enzyme at T’

mHeat capacity change upon binding of one molecule of AcCoA to the native (non-melted) 0-bound enzyme

nHeat capacity change upon binding of one molecule of AcCoA to the native (non-melted) 1-bound enzyme

OHeat capacity change upon subunit melting. These values were fixed at the value obtained for a monomeric mutant of AAC(6”)-li
pCD molar ellipticity of a native (non-melted) subunit at T”

qCD molar ellipticity of a melted subunit at T’

rTemperature dependence of the molar ellipticity of a native subunit

S N .
Temperature dependence of the molar ellipticity of a melted subunit
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