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Single Protein Pores Containing Molecular
Adapters at High Temperatures**

Xiao-feng Kang, Li-Qun Gu, Stephen Cheley, and
Hagan Bayley*

Protein pores are being developed for use in biotechnology.
Many applications require that pores be stable at high
temperatures. Herein we report single-molecule activity
measurements on three proteinaceous membrane pores at
temperatures close to 100°C. We also show that one of the
pores can bind a molecular adapter, 3-cyclodextrin (BCD), at
elevated temperatures. The complex retains the ability to
recognize small molecules which permits stochastic sensing in
aqueous solution under extreme conditions (Figure 1a). The
structures of many integral membrane proteins remain intact
at high temperatures,” and the existence of extremophiles
implies that membrane proteins function at 100°C and
above.”] However, few measurements of membrane-protein
activity have been made at temperatures above 55°C, and
none have been made for ion channels and pores. The
photocycle of bacteriorhodopsin, for example, has been
examined at temperatures up to 85°C. The activity is
compromised above 60°C because the chromophore, a trans-
retinal Schiff base, isomerizes to the 13-cis form. Trans-
membrane proton pumping was not measured directly in
these experiments. Macroscopic current recordings with
valinomycin, a macrocyclic antibiotic, have been carried out
at up to 80°C in bilayers comprising lipids from the hyper-
thermophile Caldariella acidophila.” In the case of proteina-
ceous channels and pores, activity has been measured at up to
55°C. For example, multichannel recordings of vanilloid
receptors (temperature-sensitive cation channels) have been
made after expression in Xenopus oocytes, and several
subtypes of the receptor remain active at 55°C.l Recently,
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single-channel recordings of the vanilloid receptor VR1 have
been made at up to 55°C."! The transmembrane domains of
these proteins are presumed to be largely a-helical.

Measurements on the pore-forming toxin o-hemolysin
(aHL), one of the proteins examined in the present work,
have been made previously at up to 50°C.[*% This protein is
largely made up of f structure. Indeed, all three of the
proteins examined herein contain f§ barrels, which are formed
from either a single subunit (OmpG), seven subunits (¢HL),
or eight subunits (Luk). OmpG is a 280-residue polypeptide
that most likely forms a f3 barrel of 16 antiparallel strands.
Unlike most porins, which are trimeric, OmpG functions as a
monomer.""! The homoheptameric pore formed by oHL is a
mushroom-shaped structure.'? The stem of the mushroom is
a l4-stranded transmembrane [} barrel with two strands
contributed by each subunit. The stem is capped by a large
hollow extracellular domain. The Luk pore contains two
subunit types, F and S, which are related in sequence and
structure to oHL.['*'¥ The pore is a heterooctamer containing
four F and four S subunits.'”l Despite the presence of only one
additional subunit, the unitary conductance of the Luk pore is
more than three times that of the aHL pore.['"]

Previous work established the electrical stability of lipid
bilayers at high temperatures. For example, planar bilayers
made with bipolar lipids from the hyperthermophile Caldar-
iella acidophila are stable at up to 80°C.’! Our experiments
were carried out with planar bilayers made from 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), which
exist as a single phase at up to 120°C as determined by
NMR spectroscopy and X-ray diffraction.!’” In our hands, the
bilayers remained stable at 98°C as determined by capaci-
tance measurements (Supporting Information). The saturated
isoprenoid side chains of DPhPC resemble those found in
certain thermophiles' and may contribute to the stability of
the bilayers. Multichannel current recordings in response to a
temperature ramp were carried out on wild-type aHL pores
incorporated as preformed heptamers into DPhPC bilayers
from the cis chamber. In all the experiments reported herein,
both chambers contained 1M NaCl with 10 mm sodium
phosphate at pH 7.5, and unless otherwise noted, recordings
were made at —40 mV. The oaHL pores were stable at up to
94°C (Supporting Information), which is surprising. Wild-
type oHL pores had been shown by SDS-polyacrylamide gel
electrophoresis to be stable in SDS at up to 65°C.l*? The
present experiments show that the pores are both stable and
functional at much higher temperatures.

Single-channel current traces of wild-type aHL pores
were obtained at up to 93°C (Figure 1b). The single-channel
current increased linearly from 26.4 pA at 22°C to 91.9 pA at
93°C. In a similar manner, single-channel recordings were
obtained from the Luk and OmpG pores (Figure 1c). Again
the currents increased linearly with temperature: Luk,
72.0 pA at 23°C to 210 pA at 90°C; OmpG, 25.5 pA at
25°Cto 101 pA at 97°C. The highest temperatures quoted are
those that were reached before technical problems were
encountered (such as the insertion of a second channel), or a
reverse temperature ramp was intentionally initiated; the
pores may well be stable at yet higher temperatures. The
occurrence of numerous spikes toward zero current®! dis-
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Figure 1. Single-channel currents at elevated temperatures. The buffer in both chambers was sodium phosphate (10 mm, pH 7.5), containing
NaCl (1 m). Transmembrane potential was —40 mV. a) Schematic representation of one of the pores used in this work. Three states of the aHL
pore in a lipid bilayer are shown. At high temperatures, the unoccupied pore (left) retains its ability to bind molecular adapters such as fCD
(center, rendered in green), which can in turn bind guest molecules (right, shown in black). b) Representative single-channel current traces of
unoccupied wild-type aHL pores at different temperatures. c) The variation of single-channel currents with temperature for wild-type aHL (0),
Luk (), and OmpG () pores. The experimental values from four different experiments are compiled in each plot. The single-channel currents
depended linearly on the temperature: wild-type aHL, I(pA) =4.18+0.944 T(°C) (R=0.999); Luk, I(pA) =26.4+2.04 T(°C) (R=0.999); OmpG,
I(pA) =0.3734+1.05T(°C) (R=0.999). d) The changes in single-channel currents are reversible: wild-type aHL (0,®), Luk (2,A), and OmpG (o,m)
pores. The data are from single representative experiments. Empty symbols represent data obtained as temperature increased, the filled symbols
show data collected as temperature subsequently decreased. ) Plots of the percent change in g/k as a function temperature for wild-type

oHL (o), (MT13N); (@), (M113N),-BCD (&), OmpG (o) and Luk (2) pores. The values at 23 °C were set to 0%. Single-channel conductance
values (g) were from Figure 1c¢, with additional data for (M113N); and (M113N),-3CD obtained under the same conditions (Supporting
Information). Values of solution conductivity (k) were determined from a linear fit to experimental x values measured at different temperatures.
aHL=a-hemolysin; BCD = B-cyclodextrin; Luk =leukocidin; (M113N),= Met113-to-Asn replacement on aHL, in which all seven subunits bear

the mutation.

tinguished the OmpG traces from those of the oHL pore,
which has a similar conductance, thereby ruling out sample
contamination. Again, the stabilities of the Luk and OmpG
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glucopyranoside at 63°C.""! The changes in single-channel
current associated with the temperature ramp were fully
reversible (Figure 1d). Three main factors contributed to the
ability to record single-channel currents at high temperatures
(Supporting Information). First was the use of an aperture
with a diameter of ~ 100 um. (With a larger orifice, multiple
channels were incorporated too readily and the bilayer
tended to break.) Second, bilayers were formed with a large
mass of DPhPC (200 pg lipid per chamber: electrolyte volume
=1.5mL, surface area=0.72cm?). Third, dilute protein
samples were used (experimental details can be found in
the Supporting Information).

The strong temperature dependence of the single-channel
conductance values (g) of the three pores is largely a result of
the variation of solution conductivity (x) with temperature,
which suggests that there is no appreciable molecular
reorganization or subunit dissociation at elevated temper-
atures. The conductivity of the buffer was found to increase
linearly with temperature from 20 to 90°C (x=3.74+
0197 Sm™' (T=temperature in °C; R=0.998 for all data
points plotted from three experiments)), which is similar to
literature values for 1M NaCLP? When g/« is plotted as a
function of temperature, the value increases slightly with
temperature for all the pores examined (Figure 1e). For the
Luk pore, g/k increases by ~ 13 % over the 70°C range. For
wild-type aHL, the aHL mutant form (M113N),, and OmpG,
the changes in g/k are larger at 26%, 25%, and 24 %,
respectively. Because these relatively wide pores allow the
passage of hydrated ions, the dominant effect of x in
determining g is reasonable. The small change in g/k with
temperature did not result from a change in the pH value of
the solution nor from the development of a small electrical
potential in the apparatus (Supporting Information). There-
fore, the most likely explanation derives from the mechanism
of ion transport through the pores. While the pores we have
examined transport hydrated ions, they are weakly ion-
selective. The selectivity derives from the interactions of the
ions with the walls of the pore lumen. As the temperature
increases, these interactions are weakened and the conduc-
tance of the pore increases to a greater extent than would be
predicted from bulk conductivity measurements. By compar-
ison with the {} barrels, it is notable that the gating kinetics of
several channels, including the temperature-gated vanilloid
receptors, are characterized by dramatic responses to temper-
ature (at <55°C).

We discovered earlier that host molecules such as cyclo-
dextrins can become lodged within the aHL pore, where they
can in turn bind guest molecules (Figure 1a).”* In the work
described herein, we examined the interaction of BCD with
the (M113N), pore at high temperatures. At room temper-
ature, (M113N), binds BCD > 10000-fold more tightly than
the wild-type protein.” At 31°C, BCD binding events with a
mean duration (7.;) of 14 s are observed (Figure 2). As the
temperature increases, several phenomena are observed at a
fixed BCD concentration:

1. The conductance values of both the unoccupied and
occupied states of the pore increase.
2. Short additional blockades from the (M113N),-3CD level

(substates) are observed. The frequency of occurrence of
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Figure 2. Interaction of BCD with (M113N), pores. Representative
traces obtained at various temperatures. Broken line, zero current;
level 1, current through open (M113N); pores; level 2, current through
(MT13N),-BCD. The conditions were as described in Figure 1 caption.

these events was independent of fCD concentration, so
they do not arise from the binding of a second PCD
molecule. Instead, they are assigned as a second con-
formation of the occupied state, (M113N),-3CD. Perhaps
they represent the rotation of fCD at the binding site or
dewetting transitions® within the narrow cyclodextrin
ring.

3. The dwell time of BCD (z,) and the intervals between the
binding events (z,,) both decrease.

In earlier work at room temperature, we showed that BCD
takes part in a simple binary interaction with (M113N),.”! By
a kinetic analysis, we confirmed that this was also the case at
78°C (Supporting Information). Measurements of the mean
dwell time (z,;) and the mean inter-event interval (z,,) were
used to derive association (k.,) and dissociation (k) rate
constants for BCD. At 25°C, the values were 4.5+0.6x
10°m's™! and 0.031+£0.01s (n=23) respectively, yielding
(konlkor) = K;=1.5x10"m~". (The literature reports a K; value
of 7.7 x 10°mM ™!, which was determined in a different sequence
background for aHL, “RL2”, which might explain the small
difference).”! This value is over 10000-fold greater than the
value for the interaction of wild-type oHL with BCD (K;
=290M7') reported previously.” As the temperature
increased, k,, and k. increased. For example, at 85°C, the
highest temperature reached in these experiments, Kk,
increased =~ 15-fold to 6.5+ 0.8 x 10°m~'s™! and k. increased
~800-fold to 25.04+0.3s™! (n=23) over the values at 25°C.
Because there is a larger increase in k.; than with k,, as
temperature increases, the formation constant K; decreased to
2.6x10°m ! at 85°C.

From the slope of a linear fit to In K; versus 1/T
(Supporting Information), AH® and AS° values were found
to be —60+4 kImol™ and —62+5 Jmol 'K respectively,
yielding a value of AG®°=—4143kImol ! at 25°C (n=4).
The value of AH® is close to that for the binding of fCD to
glucoamylase, whereas the value of AS® for glucoamylase is a
less favorable —90 Jmol ' K, suggesting a more favor-
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able preorganization of the binding site in (M113N),, which
would be augmented by the matching C; symmetry of the
oHL pore and BCD. By comparison, for the formation of an
eight-nucleotide DNA duplex under similar conditions,!'"!
AH°=—-144kJmol™!, AS°=-359Jmol 'K}, and AG°=
—37kImol ', In this case, a highly favorable enthalpic
contribution compensates for a far larger entropic penalty.
Interestingly, binding experiments with fCD and the hetero-
mericP®*3 pore containing one wild-type (WT) subunit
(WT,(M113N)) vyielded AH°=-514+2kJmol™!, AS°=
—59+3Jmol 'K, and AG°=-33+2kJmol™ at 25°C
(Supporting Information). The decrease in affinity brought
about by the loss of one asparagine residue is almost entirely
derived from a change in AH°®, again suggesting a preorgan-
ized binding site.

Values of AG*, AH* and AS™ for BCD and (M113N),
were determined by using In k/¢p = —(AH/R)-1/T+ AS™IR; ¢
is a frequency factor in a simplified transition-state theory
that is useful for comparisons with related systems (Support-
ing Information).’*! For the dissociation of BCD, AH*
=99 kImol™" and AS* =130 Jmol 'K, with ¢ at 1 ns.[*
At 25°C, AG*=60kJmol'=24RT; at 85°C, AG*
=53kImol™' =21RT. For the association of BCD, AH*
=39kJmol™" and AS*=66Jmol 'K when ¢=1ns".
Association at 25°C gives AG*=19kJmol '=7.7RT; at
85°C AG"=15kImol'=6.1RT. The value of AS*
=130 Jmol 'K~ for dissociation can be compared with the
value of 310 Jmol 'K ' (¢ =1 ns™') for the dissociation of the
duplex formed by two complementary eight-base DNA
strands.'”! In the latter case, the approach to the transition
state must reflect a relatively large increase in disorder by
comparison with that in BCD dissociation.

BCD is a host for a wide variety of guest molecules.?"
Therefore, the aHL pore equipped with BCD as a molecular
adapter can act as a sensor element for the stochastic
detection of small organic compounds.”?” Herein we demon-
strate this approach at elevated temperatures with adaman-
tane-1-carboxylic acid as a model analyte.’*! Although the
(M113N), pore binds BCD at high temperatures, the appear-
ance of substates (partial closures during occupancy by fCD,
Figure 2), which are dependent on both temperature and the
applied potential, limits its use in stochastic detection. We
therefore used a homoheptameric pore made from the double
mutant M113F/K147N, which has the following character-
istics (unpublished work): 1. there are no substates during
occupancy by BCD; 2. the binding affinity for fCD is high,
with K; (trans)=134+02x10°m! at —40mV (n=4), in
comparison with wild-type oHL,™ K; (trans)=3.0x 10*°m~};
and interestingly, 3. BCD binds from both the cis and trans
sides of the bilayer. In wild-type a HL and most mutant forms,
BCD binds only from the trans side. fCD (cis) bound to
(M113F/K147N), for extended periods (7,z=7.0+03s at
—60 mV (n=3)), during which an interaction with adaman-
tane-1-carboxylic acid (trans) could be observed (Figure 3).
At 22 and 65°C, we ascertained that the mean residence time
(to5) of the analyte was independent of analyte concentration
and that 1/r,, (z,, denotes the inter-event interval) was
linearly dependent on the analyte concentration; this is
diagnostic of a bimolecular interaction between the analyte
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Figure 3. Interaction of the model analyte adamantane-1-carboxylic
acid with BCD lodged in the (M113F/K147N); pore. Representative
traces showing the interaction of (M113F/K147N),-$CD with adaman-
tane-1-carboxylic acid at various temperatures. fCD (40 pum) was
applied to the cis side of the bilayer; adamantane-1-carboxylic acid
(20 um) was applied to the trans side. All other conditions were as de-
scribed in Figure 1 caption, except the applied potential was —60 mV.
Broken line, zero current; level 1, (M113F/K147N),-BCD; level 2,
(M113F/K147N),-BCD blocked with adamantane-1-carboxylic acid.

(MT13N/K147N), =mutant form of aHL, in which all seven subunits
bear the double mutation Met113- and Lys147-to-Asn.

and BCD.”¥] Kinetic constants were determined from 7,
and 7, values. Over the temperature range from 22 to 78°C,
k., for adamantane-1-carboxylic acid increased by about
sixfold from 25+02x10°M7's™ (n=3) to 1.440.1x
10’m7's™" (n=3), and k, increased by = 43-fold from 2.1+
02x10*s™! (n=3) to 9.3+£0.6x10°s™! (n=3) (Supporting
Information). The corresponding K; values at 22 and 78°C,
were 1.240.1x10*M™" and 1.540.1x10°m~!, respectively.
From a plot of In K; versus 1/T (Supporting Information), we
obtained AH® and AS° values of —3142 kJmol ! and —28 +
1 Jmol 'K, respectively, yielding AG® = —23 +2 kJmol ' at
25°C (n=3). At least seven values for the standard thermo-
dynamic constants are available in the literature for adaman-
tane-1-carboxylic acid as the carboxylate.® They are in rough
agreement with each other: AH°=-22kJmol!, AS°=
+10Jmol 'K, AG°=—25kJmol~'. Although the value of
AG?" is close to that obtained in our work, AH® and AS® differ.
Within the aHL pore, the enthalpy change for the interaction
is more favorable, but a less favorable TAS® compensates.
Perhaps the BCD presents only one face to the guest
presented from the trans side or the BCD is in a different
conformation when lodged inside the pore than it is in
solution. Pore-bound $CD may form a binding site that offers
more favorable noncovalent bonding interactions, but which
is associated with, for example, less favorable solvent
reorganization.

Our experiments show that the properties of protein pores
can be examined at temperatures approaching 100°C at the
single-molecule level by planar bilayer recording. The
approach we have developed will be useful in studies of the
fundamental functional properties of ion channels, and how
they fold and assemble. All three pores that we examined
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contain transmembrane [} barrels, and it will be interesting to
apply this approach to channels that are predominantly o-
helical. The pores we examined are functional at high
temperature, although they originate in mesophilic bacteria.
It will also be worth examining channels and pores from
thermophiles to understand how they contribute to the
physiology of these organisms.”! From the biotechnological
point of view, the ability to observe channels and pores at high
temperatures will aid our ability to engineer stable membrane
proteins[l] to act as components of devices such as sensors*!
or DNA sequencers.”” In that respect, we have shown herein
that an aHL pore containing a molecular adapter retains its
ability to bind a model analyte at elevated temperatures.
Recently, we have used the aHL pore as a nanoreactor for the
examination of single-molecule chemistry.***! The ability to
record at high temperatures will greatly extend the power of
this methodology.
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