SUPPLEMENTAL MATERIAL

Sigg, http://www.jgp.org/cgi/content/full/jgp.201210859/DC1

Derivation of linkage equations for the generalized
Scheme 3

The general gating scheme (Scheme 3) illustrated in
Fig. 4 of the main text possesses a binary pore, but the
other modality-specific domains may be composite,
characterized by multiple equilibrium constants (J, K)
and internal allosteric factors (F, G). The aim of this
section is to derive linkage equations for Scheme 3,
given by Egs. 37a—d in the main text. Fig. S1 illustrates
the sub-schemes corresponding to each linkage cycle.
The linkage diagram of Scheme 3 parsed in the order
L—]Jc— Ky is given by:
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(SCHEME 3)

To construct the partition function, we follow the

same parsing scheme as in the diagram, beginning with

the voltage-dependent particles L. The first-order pars-
ing of the partition function is, as usual:

Z=7+172,",

JGP

where Z: and Z, are closed- and open-channel CPFs.
The closed-state CPF Z contains all equilibrium param-
eters except for L, C, and D, which only come into play
when the channel opens. We can write Z; = f,(J, K, E, F,
G, x), where f is a polynomial function. An unspecified
variable yx is included to allow for the possibility of ad-
ditional protomers (such as pH- or other ligand-sensing
moieties). The open-state CPF Zis also a function of f,
but with JC and KD substituting for J and K, so that we
may write Z, = fi(JD, KC, E, F, G, x;). Note the distinc-
tion between x and x;, which is important if y is cou-
pled to the pore. Assuming f; is fairly insensitive to the
differential influences of x and x;, the CPF ratio Z,/Z.
can be written as (compare with Eq. 22 in the main
text):

é: Si(JD,KC,E,F,G,x ;)

Z.  Hh(U.KEFGx,)

Recognizing that/A = YA and A =*A, and applying lever
operators to Eq. 15 in the main text, we obtain two of
the desired linkage equations (Fig. SI, A and B):

Figure S1. Sub-schemes used in the derivation of Egs.
37a-d in the main text. Elements not participating in
the linkage cycle are grayed out. (A) Conductance Hill
analysis with w as secondary activator (*AWygv). (B)
Conductance Hill analysis with Vas secondary activator
("A(Wig + 1) us)- (C) Electrical capacitance analysis
with u as secondary activator (*AWg, = Agr*AVyy). (D)
“Limited” electrical capacitance analysis with u as sec-
ondary activator and pore locked in closed or open po-
sition (AW = Ag*AVmic or 01)-
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FAWiys) = ~4AWG,
VAW +111) ey = —4A W)

Note that in deriving these linkage relations from the
above expressions for Z,/Z; we invoked the last two
rules in Table 3 of the main text, which specify that un-
der limiting conditions, the CPF of a composite subsys-
tem is equal to either 1.0 (negative endpoint) or the
product of composite equilibrium constants and inter-
nal coupling factors (positive endpoint).

Choosing to perform the second round of parsing
with respect to the composite voltage-sensor J, we ex-
pand Z; and Z; but write down only the first and last
terms, corresponding to the limiting states J_, and J,:

Zo=Zep +...+ JGZy, (S4a)

Z() = ZOR +...+ JDGZOA. (S4b)

The second-order CPFs Zcg, Zca, Zor, and Zy, are all
functions of the same polynomial f. In particular, we
have Z :fz(K FE X), Zor :];(KC, F x1), Zea :fz(KE F,
X)), and Zps = fo(KCE, F, ;). The CPF ratios that are of
greatest interest to us (that is, related to the global work
function W) are the following:

Z,

Z0A _(CE), ,

7 =(CE)

{ZCA ~ ZOA} ~(E),.
ZCR ZOR K

The approximation symbol in curly brackets is meant
to show that, although the two CPF ratios are not ex-
actly equal, they are similar in form and are equal for
saturating concentrations. Applying the lever operator
*A to Eq. 33 in the main text (assuming An;, and Az are
zero), and substituting the above expression for Zy,/
Zck, we obtain the third linkage relation (Fig. S1 C):

H AW, = —HAW, + AW).

Recognizing that, with the pore locked in either the
closed (L-y = C) or open (L, = O) positions, the “lim-
ited” global work function W1 represents the selec-
tive activation of composite voltage sensor, and applying
the lever operation “A to the CPF ratios in curly brack-
ets, we derive the last of the linkage equations (Fig. S1
D):

HAW,

clyje() = ~HAWp:

S2 Linkage analysis in ion channels

Linkage relations used to discriminate between
mechanisms of phenotype reversal in chimeric
temperature-sensing TRP channels

One of several compelling pieces of evidence that a sub-
set of TRP channels possesses a modular sensor for tem-
perature regulation came from a chimera study by
Brauchi et al. (2006), in which C-terminal domains be-
tween cold-activated TRPMS8 and heat-activated TRPV1
channels were swapped, resulting in an exchange of
temperature-sensing phenotypes, albeit with some loss
in temperature sensitivity. It would appear from these
experiments that the C terminus is a modular tempera-
ture sensor in the same way that the gating ring is a Ca®*
sensor for BK. For purposes of discussion, we will accept
this at face value and illustrate the use of linkage analy-
sis to distinguish between possible mechanisms of ac-
tion, explaining the observed interchangeability of
temperature phenotypes.

We begin by comparing ionic currents of the native
TRPMS channel (Brauchi et al., 2004) with those of the
so-called CTctVR chimera, in which the C terminus of
TRPV1 is spliced onto the core body of TRPM8 (Brau-
chi etal., 2006). At a fixed voltage of +60 mV, the native
(cold-sensitive) TRPMS8 channel is activated by an
~10°K decrease in temperature centered at 291°K. The
heat-activated chimera CTctVR at +80 mV demonstrates
a similarly steep response centered at 298°K (although
somewhat attenuated and left-shifted compared with
the native TRPV1 channel; see Yao et al., 2010). Assum-
ing for the sake of argument that a single particle (K) is
responsible for the observed temperature sensitivity, we
may ascribe to it the following particle potential: ng =
AHy — ASKT, where AH and AS are the activation en-
thalpy and entropy per mole of substrate, respectively
(assigned calorimetry units of cal/mol/K and kcal/
mol). As demonstrated in the main text, the tempera-
ture sensitivities (10°K) of these channels correspond
to entropy changes of ASx= —251 cal/mol/Kfor TRPMS8
and ASg = +251 cal/mol/K for CTctVR.

In light of the tetrameric structure of TRP channels,
we can model their temperature sensitivity using Scheme
1 (ignoring for the purpose of this discussion their small
voltage sensitivity), in which the K particles are temper-
ature activated as above, but the particle potential of
the pore is constant: 7, = AH;. The entropy require-
ments can be split among the four K particles, with each
requiring a minimum of 251 + 4 = 63 cal/mol/K to de-
nature. However, we’ll arbitrarily allocate to each parti-
cle 100 cal/mol/K to allow for less than perfect
efficiency in allosteric coupling with the pore. Hill anal-
ysis can be used to evaluate the interaction energy AW,
(in calorimetry units of R7T) between K and L particles
by applying the temperature lever operator A to Wyy.



We note that, although the value of C=exp(—AWy/RT)
varies over the temperature range of interest, the term
1/RTresponsible for temperature sensitivity (assuming
AW is purely enthalpic) is canceled by the leading fac-
tor of RT in Eq. 15 of the main text (after substituting
kT with RT), thereby predicting an exact difference of
—4A W, between the two 7 asymptotes in the linkage
plot. Introducing an entropic component to the cou-
pling energy AW, generates a change in the slope of the
positive asymptote by an amount AS, similar to a case
where a small charge in the coupling factor G of Scheme
4 produced diverging asymptotes (Fig. 13 of main
text).
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Figure S2.

It is worth emphasizing that the remarkable aspect of
the chimera experiment is that the TRPMS8 and TRPV1
C termini, which share a rough proximal homology de-
spite being different in their distant sequences, con-
ferred exactly opposite phenotypes when spliced onto
the main body of TRPMS8. Here it is important to re-
mind ourselves that peptide denaturation is generally
associated with an increase in entropy and is therefore
favored by higher temperatures. If we assume that the
folded form of the C terminus favors closing by holding
together the S6 bundle helices of the internal gate (de-
naturation would presumably relax this arrangement,
allowing the channel to open), then this would be con-
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Scheme 1 models of temperature-sensitive TRP channels. All three schemes incorporate the following expression for the K

particle potential: ng= (AC, — ASk,) (T — T,) — AC,TIn(T/T;). (A) G-T curves for the cold-sensitive TRPMS8 channel (black solid line)
and the heat-sensitive chimera CRctCV (gray solid line). Parameter values are given by 7, = 287.8°K, T, = 287.8°K, AS, = 10% cal/mol/K,
AC,= 10® cal/mol/K, AH; = +5.7 kcal/mol, and AW, = —2.0 kcal/mol. The values of 7, T, and AH; were obtained by fits to the tempera-
ture curves of TRPM8 and CRctCV channels (closed circles) derived from the experimental work of Brauchi et al. (2004, 2006), as ex-
plained in the main text. Activity curves for the isolated K particles, equal to K/ (1 + K), are shown as dashed lines. (B) Conductance
energy Hill plots (W, vs. T) for TRPM8 and CRctCV models. Dotted lines indicate what the Hill curves would look like if ACp = 0. (C
and D) Same as in A and B, except for the following parameter changes: 7, = 277.7°K, AH; = —5.7 kcal/mol, and AW = +2.0 kcal/mol.
(E and F) Same as in A and B, except for the following parameter change: 7; = 353.7°K. The shaded portion of the plots indicates tem-
perature range where bath is frozen.
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sistent with a “hot-activated” channel such as CTctVR.
How then, reversing the usual direction of enquiry,
does swapping out the TRPV1 C terminus in exchange
for the original TRPMS fragment reestablish cold sensi-
tivity in the reconstituted TRPM8 channel?

There are at least three possible mechanisms to ex-
plain this result, each of which assumes allosteric link-
age in the form of Scheme 1. The first explanation (see
Fig. S2 A) is that, somehow, the mechanism by which
the TRPMS8 C terminus activates the pore is reversed in
TRPV1 C terminus; that is, if we assume that the dena-
tured form of the chimeric channel opens the pore,
then the folded form of the cold-activated TRPMS8 chan-
nel must close the channel. Mathematically, this is
equivalent to reversing the sign of ny, i.e., specifying
that the folded conformation is the active state of K.
Given the proximal sequence homologies between the
TRPMS8 and TRPV1 C termini (Brauchi et al., 2006),
this seems unlikely but not impossible. The second ex-
planation (Fig. S2 C) is superficially related to the first
in that, rather than the denatured form of TRPMS in-
teracting positively to open the pore, it inhibits pore
gating instead. In Scheme 1, this is mathematically
equivalent to reversing the signs of both AW, and AH,.
Although these first two mechanisms appear related in
that they both involve interactions with the pore, they
generate quantitatively different linkage plots, distin-
guishable by the second mechanism predicting an in-
creased maximum value of TRPM8 Wy, compared
with TRPV1 (see Fig. S2, B and D).

A third possibility, recently put forward by Clapham
and Miller (2011), can also be used to explain the chi-
mera experiments. This relates to the hydrophobic ef-
fect, which is the primary source of entropy production
during denaturation, and which generates a substantial
increase in a denatured protein’s heat capacity (C,)
compared with the folded state. The assumption of con-
stant AC, (Baldwin, 1986) leads to the following modi-
fied particle potential: ng = (AC, — ASg,)(T — 1)) —
AC,TIn(T/T,) centered around the characteristic “melt-
ing” temperature 7, = AHg,/ASk, as described in the
main text. The value of 7, varies with channel type; thus,
T, can be renamed 7, for “cold-activated” TRPMS8 and 7},
for “hot-activated” TRPV1. The particle potential devi-
ates from linearity if AC, > 0, reaching a maximal value
at a lower temperature 7; when the transition entropy
ASx = ASk, + AGIn(T/T,) equals zero. The difference
between the zero-energy or “melting” temperature 7,
and the zero-entropy temperature 7; is given by AT =
T,(1 — exp(—ASk,/AC,)), which, assuming AC, >> ASg,,
is roughly equal to AHy,/AC,. This nonlinear tempera-
ture dependence of protein denaturation was included
in all three proposed mechanisms for the purpose of
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Fig. S2, but it achieves special significance in the case of
the third scenario, which postulates a second “melting”
point occurring where the bell-shaped ngversus 7 curve
crosses zero at a lower temperature. In contrast to the
“high temperature” crossing at 7,, the “low tempera-
ture” crossing occurring at T'= T, — 2AT has a positive
slope, thereby conferring “cold activation” to the K par-
ticle. In principle, a normally “hot-activated” K particle
can be turned into a “cold-activated” K particle simply
by right-shifting the G-V on the temperature axis by an
amount 2AT. This property of K could subsequently be
transmitted to the pore gate through allosteric coupling
(Fig. S2 E). A relatively small increase in AHy, (5.2 kcal/
mol/K, or a 17% increase per subunit) is sufficient to
transform the heat-activating TRPV1 C terminus into a
cold-activating TRPMS8 C terminus. The high tempera-
ture behavior of the TRPMS8 Hill plot (characterized by
an upward deflection in Wy, preceding the conduc-
tance rise; see Fig. S2 F) is sufficiently different from
that predicted by the first two mechanisms in that it
could be used to support the third mechanism, if
observed.

Calorimetry experiments could be used to quantify
the thermal response of the excised C terminus by de-
termining the values of AS,, AH,, and AC, (Schellman,
1987). It is interesting to note that circular dichroism
measurements of the TRPM8 C-terminal subunit dem-
onstrates a 7, that is fairly rightshifted (~333°K; Tsu-
ruda et al., 2006), indicating that, if the C terminus is
the T-sensor, it must be strongly linked to pore activa-
tion to account for the observed temperature midpoint
(~291°K) of the intact channel.

If Clapham and Miller’s hypothesis is correct, the
nonlinearity caused by hydrophobic effects in the acti-
vation potential of K would generate a roughly para-
bolic U-shaped plot of Wk versus 7, unlike the straight
line predicted for individual voltage and Ca** sensory
particles of the BK channel. However, if K is not obliga-
torily linked to pore activation, but rather allosterically
linked (Latorre et al., 2007; Matta and Ahern, 2007), a
weakly temperature-dependent pore should flatten the
Wiig versus T'curve at limiting temperatures (Fig. S2, B,
D, and F). Distinguishing between the different linkage
patterns seen in Fig. S2 using a limited range in temper-
ature may be difficult from an experimental standpoint,
but observing a characteristic pattern of linkage could
lend support for a particular mechanism. Combining
linkage methods with mutational analysis (see Chowd-
hury and Chanda, 2010) can also theoretically be used
to distinguish between perturbations affecting the par-
ticle potential (intrinsic activation energy) of a putative
T-sensor and allosteric factors coupling the sensor to
the pore.
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